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ABSTRACT

The first part of this thesis is devoted to reviewing the characteristics
of the complex signal received in a mobile radio environment. Two
models are used, firstly a two-dimensional model in which the incoming
multipath waves are constrained to the horizontal plane and secondly a
more general three dimensional model in which the incoming vertically
polarised waves do not, necessarily, travel horizontally. The second
model is more realistic and more relevant to a study of propagation in
small cells. Results, in particular those pertaining to correlational

properties, are presented which show the different effects of the two
models.

A review of predetection diversity strategies, is presented in terms
of the cumulative distribution function, level crossing rate and average
fade duration of the signal envelope together with a derivation of the
cumulative distribution function of random FM for selection diversity.
This review collates together, for the first time, first and second order
envelope statistics In terms of uncorrelated and correlated diversity
branches.

A novel receiver is described which was used to measure the com-
plex correlation between the signals on two spaced antennas. The data
gathered, using the receiver, enabled a realistic comparison to be made
between several predetection diversity strategies in terms of both envel-
ope and phase-related statistics. Cross-correlation measurements at both
the base and mobile stations suggest that antennas vertically separated
by 82 to 134 (base station) and < 11 (mobile station), can be usefully em-
ployed, in a cell of radius 1.3km, in conjunction with various diversity
strategies. Measured envelope, phase and correlational statistics show
considerable improvement for each of the diversity strategies considered

at both stations using vertically separated antennas.
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CHAPTER 1. INTRODUCTION.

Man has always had the need to communicate quickly and faultlessly
with his fellow man, such communication being required for social,
business, political or emergency reasons. Ideally, the means by which
the information is conveyed should be simple, inexpensive and be able
to operate from any location and without excessive delay. Radio com-
munications provides an attractive solution, but the RF spectrum over
which the information is carried is a natural resource that requires both
efficient and effective management if the information transmitted is to
reach its destination intact. Mobile radio, i.e. when one of the parties
1s not fixed to a specific location, attempts to meet each of the above
criteria; however, it 1s not a universal panacea. Mobile radio systems
have to operate under the adverse effects of severe and rapid fading
(especially whilst one or both of the terminals is in motion) which arises

from the destructive interference of multipath waves.

Notwithstanding these problems, mobile radio has seen a steady
growth from the 1950s, when the invention of the transistor facilitated
the design of reliable and lightweight communication systems. Since the
beginning of 1985 commercial cellular radio (which is just one aspect
of mobile radio) has seen a spectacular growth in the number of sub-
scribers. The current UK cellular radio system, TACS (Total Access
Communications System), employs analogue techniques. Second gener-
ation systems will employ digital techniques[1] that will provide an im-
proved and greater choice of services to the user because of the greater
flexibility provided by “digital modulation, compared with analogue
techniques. The Pan-European Digital Cellular Mobile Radio Network
(1.e. Groupe Speciale Mobile-GSM) that will be introduced in 1991 is a
wideband scheme with 270kb/s GMSK|[2] modulation in a Time Division
Multiple Access (TDMA) mode. The GSM systems contrasts markedly
with the current narrowband scheme employed in the FDMA (Frequency
Division Multiple Access) TACS system (FM modulation with 25kHz
channel spacing). It is not known, at this stage, what schemes will be

employed in future generation systems beyond GSM. The consensus in
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Japan[3], and to a certain extent in the USA, is towards narrowband
schemes employing narrow channel spacings (e.g. 125 Hz) with
spectrally efficient digital modulation techniques such as GMSK to-
gether with diversity to combat the adverse effects of multipath. There
is no reason to suggest that future generation systems in Europe might
not follow similar trends. It is therefore vitally important for the suc-
cess of these future generation systems that the narrowband channel is
fully quantified in terms of both the envelope and phase characteristics
in order that both diversity strategies and spectrally efficient high order
modulation schemes can be evaluated.

To the author’s knowledge the envelope and phase characteristics
of the narrowband channel have never been investigated with the spe-
cific purpose of implementing diversity strategies employing spatial an-
tenna separation. The author has previously investigated several
diversity strategies for vertically separated antennas at the base station,
only in terms of the envelope[4-10]. Appendix A of this thesis contains
several publications reporting this work. The extent of the improvement
provided by spaced antenna diversity is dependent upon the degree of
correlation between the signals received on the two antennas. In this
work therefore, the cross-correlation is examined for complex signals
received on vertically separated antennas at both base and mobile
stations. The effects of cross-correlation on the performance of several
diversity strategies is then examined in terms of statistics associated

with the envelope and phase. The thesis can be summarised .as follows;

Chapter 2 contains a review of the received signal statistics for
two propagation models. The well-known, two-dimensional model in
which the incoming multipath waves are constrained to propagate in a
horizontal direction is considered and this leads to statistical results
principally based on classical Rayleigh fading. A three-dimensional
model is also considered in which the constraint of horizontal propa-
gation is removed. In this later model the statistics show a departure
from those of the two dimensional model for the correlational properties
(i.e. spectra etc.). but not for the envelope and phase. The three di-
mensional model, it is considered, probably becomes more important for

small cells where the effects of height are more apparent.
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In the third chapter a variety of diversity schemes are reviewed
with predetection diversity combining using spaced antennas, being
considered in detail. The statistics of several diversity combiners are
discussed in terms of an equivalent envelope and phase which results
from the action of the diversity system on two correlated signals which
exhibit Rayleigh statistics. The statistical parameters of the envelope
considered are the Cumulative Distribution Function (CDF), the Level
Crossing Rate (LCR) and Average Fade Duration (AFD). In addition,
selection diversity is considered in terms of the instantaneous frequency
(i.e. random FM) of the complex signal received on the individual
branches and that of the equivalent output of a selection diversity re-
ceiver. The CDF of the random FM for selection diversity is derived
and compared with that for a single branch.

Chapter 4 outlines the basic concept of a direct conversion, vector
demodulator receiver, in which the carrier envelope and phase are de-
termined at baseband frequencies using the quadrature outputs of the
receiver. Several sources of error associated with such a receiver are
discussed in terms of their effect on the envelope and phase measured
at the output of the receiver. The sources of error considered are;
quadrature channel mismatch, quadrature dc offset and quadrature er-
ror. Several methods are described by which these sources of error can
be quantified and reduced. The concept of the vector demodulator re-
ceiver is then advanced to the development of a dual-branch amplitude
and phase measuring receiver. This receiver has been used in conjunc-
tion with two vertically spaced antennas, for a direct study of the effects
of complex cross-correlation between the signals received on two spaced
antennas (at base and mobile stations). It is believed that this is the
first time such a study has been undertaken. In addition, it is the first
time that a realistic evaluation of several diversity combiners has been
carried out in terms of statistics associated with both the envelope and
phase. This novel receiver is discussed in terms of its phase noise per-
formance with respect to a transmitter/receiver arrangement which was
used to measure the complex signals on two vertically spaced antennas

at base and mobile stations.
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Chapter 5 discusses the experimental arrangements in which the
receiver was operated. Firstly, the receiver was used in conjunction
with two vertically separated antennas at the base station. The trans-
mitter, located at the mobile, was driven around a preplanned route.
Antenna displacements of 21 to 204 were used, in steps of 11. Secondly,
the transmitter and receiver locations were reversed and antenna sepa-
rations from 0.5 to 4.04 in steps of 0.51 were used at the mobile. The
data digitisation is discussed together with initial data reduction. The
data reduction includes normalisation of the data to remove the slow
fading component, which is caused by variations in the gross terrain
features along the propagation path. This procedure also allows the
subsequent comparison of simulated diversity schemes with results pre-
dicted by theory for a pure fast fading (i.e. Rayleigh) environment. The

slow fading component is estimated by a moving average technique.

The results of the various field trials are presented in Chapter 6
in three distinct sections. Firstly, results are presented in terms of a
single branch for the envelope, phase and various spectra (e.g. Doppler,
envelope and random FM) for signals received in both Rayleigh and
non-Rayleigh fading conditions. The results for non-Rayleigh fading
conditions are considered in terms of a two-ray propagation model where
there exists direct and indirect paths which combine to form a standing
wave pattern which produces a CDF with a considerably higher proba-
bility of deep fades than that experienced under pure Rayleigh fading
conditions. In addition, the results, particularly those pertaining to
correlational properties (i.e. spectra), are considered for a three dimen-
sional propagation model in which the multipath waves arriving in ele-
vation can significantly modify the Doppler and envelope spectra. These
phenomena are probably of considerable importance for propagation in
small cells. Secondly, the cross-correlation between the signals received
on two vertically separated antennas, at various values of displacement,
are presented for the cases when the receiver is located at the base and
mobile stations. A scattering model is then developed which describes
the degree of cross-correlation between the two antennas, in terms of
how the spaced antennas view the scatterers surrounding the mobile.

Finally, several predetection diversity strategies are simulated and their
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performance evaluated using the data recorded by the dual branch vec-
tor demodulator receiver. The diversity simulation, which enables a
realistic comparison between the various schemes, is considered in terms
of the quadrature signals, which allows the various strategies to be as-
sessed in terms of the statistics related to the envelope and various

spectra (e.g. Doppler, envelope and random FM).

The final chapter summarises the results of the work and dis-

cusses several proposals for future work which have arisen out of this
research.
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CHAPTER 2. THE COMPLEX SIGNAL FOR
A NARROWBAND MOBILE RADIO
CHANNEL.

2.1 INTRODUCTION.

In this and the following chapter no attempt is made at a complete
derivation of statistical formulae which can, in any case, be found else-
where. The purpose of Chapters 2 and 3 is to bring together pertinent
information from various texts[1,2,3] and recent papers regarding the
nature of the complex narrowband mobile radio channel and the im-

provements afforded by various predetection diversity schemes.

The signal received, both at the mobile and base stations, is sub-
ject to rapid fluctuations in field intensity, as the vehicle progresses
along a route. These rapid variations in signal strength occur due to
the superposition of multipath waves, at the receiving antenna, which
have undergone propagation by various modes e.g. reflection and
diffraction. Naturally, such phenomena would have a deleterious effect
on information transmitted over the mobile radio channel, especially
when digital techniques are employed. To quantify the phenomena ex-
hibited by such a channel the statistics associated with a mathematical
channel model will be reviewed in this chapter.

In the ensuing discussion only those statistics pertaining to the
fast fading component in a narrowband channel will be described. By
fast fading we mean that the slow fading associated with the local mean,
which is due to variations in the gross terrain features, will not be
considered. By narrowband we mean that frequency-selective fading
does not occur across the band. In addition, we shall assume the sta-
tistics to be stationary over a distance of the order of tens of wave-
lengths.
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The model used to describe the channel is that of Aulin[4]. This
model is an extension of the more commonly used Clarke model[5],
which is confined to the superposition of waves travelling in a horizon-
tal plane only. Aulin’s model includes those vertically polarised waves
which are not travelling horizontally. This later aspect is of particular
importance to this work, where the use of small cells in urban areas is
considered. The statistics presented will be related only to the electric
field component i.e. the signal as sensed by a vertical monopole or dipole
antenna. In addition, the results will be elucidated to give the more
familiar results associated with waves only travelling horizontally.
Aulin’s results only show departure from those of Clarke because of the
non-zero distribution of waves out of the horizontal plane. This dis-
tribution of waves in elevation is generally unspecified. In general
Aulin’s model shows a departure from that of Clarke’s for correlational

properties (e.g. spectra) but not for the envelope and phase statistics.

2.2 THE MATHEMATICAL MODEL.

Aulin[4] considered several component plane waves combining together
in three dimensional space (see Fig.2.1). A single component has an
amplitude ¢,, an angle of arrival, relative to the x-z plane, a,, and &,
relative to the x-y plane and a phase angle ¢,. The parameters
Cn, O, &n and ¢, are random and statistically independent. The resultant

wave at a point (xo,0,20) 1s given by

N
E@O)= ) Eq® @1

n=1

where
E,(t) =c, cos[wt — —ZI— (xg cos a, cos e, +yysina, cosg, +2zpsineg,) +¢,1  (2.2)

In the above w, and A are the carrier angular frequency and wavelength
respectively. This reduces to Clarke's model[5] if all the plane waves
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are confined to the x-y plane (i.e. cos ¢, = 1). If the point (xo,y0,20) 1s now
displaced with a velocity V in the direction y, relative to the x-z plane
(1.e.(x0.Y0,20) = (V cos y, V sin y,2,)) then the resultant field is

E({t)=1(t) coswt — Q(t) sin wt (2.3)

where I(t) and Q(t) are the in-phase and quadrature components seen by

a quadrature detector receiver[6] viz,

N
I()= ) ¢, cos[wgt +6,]
n=1

- 2.4)
Q)= Y ¢, sinfwyt +0,]

n=1
and

w, =wp cos(y —a,) cos g,
20

A

0,=2nr—sing, + ¢, 2:5)

w, is the Doppler angular frequency component of the n™ wave and wp
1s the maximum Doppler angular frequency
(= 2nfp, fp is the maximum Doppler frequency). Waves arriving from
ahead of the vehicle have a positive Doppler shift, those arriving from
behind have a negative shift. Again the above simplify to Clarke's

model[5] when confined to the horizontal plane, i.e. p(e =0) = 1.

2.2.1 The Quadrature Components I(t) and Q(t).

When N becomes sufficiently large (typically N > 6) I(t) and Q(t), by the
central limit theorem, become zero mean Gaussian processes with equal

variance (¢?). Thus I(t) and Q(t) have a Probability Density Function
(PDF) of the form

px) = g\/lﬁ exp{ - ﬁ} x=1(t) or Q) 2.6)
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The Cumulative Distribution Function (CDF) of the quadrature compo-
nents is given by

PEr<X)= JX p(r)de =1 [1 + erf ( 6X2 )} @7

where erf if the error function defined as

2 [V
erf (y) = \/; J.oe dt (2.8)
The PDF and CDF of a zero mean Gaussian distribution, which could
have either I(t) or Q(t) as the variate, is shown in Figure 2.2. Note that

for a zero mean Gaussian distribution the median and the mean are
1identical.

2.2.2 The Received Signal Envelope r(t).

The envelope of the received signal is defined in terms of the quadrature
components as,

rt) = I + Q%) 2.9)

The envelope has been shown by Rice[7] to be Rayleigh distributed with
a PDF given by

2
p(r) = Lzexp{ 2 } (2.10)

g g

where ¢? is the local mean power and r2/2 is the short-term signal power.
The CDF is then given by

R 2
PR)= J.o p(rdr=1 — exp{ - R—} (2.11)

20'2

Appendix B shows how the Rayleigh PDF can be expressed in dB terms.
Figures 2.3 and 2.4 show the PDF and CDF, expressed in dB terms, of
a normalised signal envelope respectively. Notice that the PDF is
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asymmetric such that a fade of 10dB below the local mean (0dB) is more

likely to occur than a 10dB enhanced signal above the local mean.

2.2.3 Statistical Parameters of the Envelope.

The envelope is the most commonly recorded parameter of the received

signal. If the envelope conforms to a Rayleigh distribution then the
following parameters apply.

2.2.3.1 Mean strength of the envelope.

The mean value of the envelope rn.. is given by the expectation of
r(i.e. E{r}) which, since we are dealing with ergodic processes[3], is
given by the ensemble average of r' (i.e. <r>). The expectation of a

variate is then given by the integration of that variate with its PDF
over all possible values of the variate i.e.

Trmea =E{r}=<r>=Jwrpr dr = = 2.12
mean . () N (2.12)
The variance of the envelope ¢? is given by

2
2 =E(rY) — E{nff=20"- o= 02( “‘T” ) (2.13)

1 F is not used here since this representation is used for the arithmetic sample average and
not ensemble average and in addition, is confusing in complicated expressions.
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2.2.3.2 Median signal strength.

The median of the envelope, .4, which represents the envelope value
at which 50% of the distribution lie below and 50% lie above this value
1s found from

fr"""p(r) dr=05 (2.14)
0

rmd=0'\/2 In2

Hence the median of the envelope is 0.94r,.., i.e. expressed in dB terms

the median is 0.54dB below the mean value of the envelope.

2.2.3.3 Mean signal strength in dB units.

Commercial signal strength measuring receivers usually have a loga-
rithmic IF(Intermediate Frequency) detector whose output voltage 1is
linearly proportional to the input power expressed in dB units. In this

situation the envelope, expressed in dB units, can be written as
ryp(®) = 20 log r(t) = a In r%(¥) (2.15)
where
a=10/1n10=4.34

Again the mean of the dB-expressed envelope values i.e. <rgu > is given
by

oo
<rgg>= L rqg P("4B) drap (2.16)
However < rqg > can be expressed in linear envelope terms with the ap-

propriate conservation of probability space (i.e. p(r)dr = p(rus)dras),

hence
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<rgg>= J. aln rzp(r) dr (2.17)
0

= a{In(26%) - €} (2.18)
where C = Euler’s constant = 0.5772.
< rgg>=10log(26%) — 2.51 (2.19)

Hence the average of the dB expressed envelope values is 2.51dB below
the mean envelope power (202).

The standard deviation of the dB expressed envelope values,
0.(dB), can be determined in the manner of equation (2.13). This form
of derivation is shown in appendix C. Another derivation of ¢,(dB) can
be determined by considering the autocorrelation, £(z), of the dB ex-

pressed envelope values 1.e.

f(‘r) =< rdB(t).rdB(t + T) > (2.20)

The autocovariance of a random variable is related to the

autocorrelation, {(r), and mean, m, of the random variable by[8]

Y(x) = &(x) — < m > (2.21)

The autocorrelation of the dB expressed envelope values has been
found[9] such that

2n
E(x) = azz Lo lz +a%(In@26?) - C)? (2.22)
n

Now the second term in {(t) is simply < ruz >2? (see equation (2.18)) i.e.
m?, hence the autocovariance is simply
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2n
Y(r) = 022 lo |2 ’ (2.23)

The variance of the dB expressed envelope values, 62(dB), is given by
Y(r) at 7 = 0 i.e.

o¥dB) = ¥(0) = azziz (2.24)
n=1 "
since |p| = 1lp(x)| = |p(0)| =1. The summation term can be further
simplified[10]
1 1r2
$2-4
n=1
hence
) o2n?
or(dB) =<5~ (2.26)
dB) =-2%- = 5.57dB 2.27
o (dB) G (2.27)

Regardless of whether the envelope values are expressed in linear
or dB terms the median occurs at the same point in the distribution.
In other words for a given set of envelope values the number of values
that lie above and below the median is the same for both cases. The
dB median value is then simply the linear median value expressed in dB
terms, 1.e.
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Fined(dB) = 20 log 1.y = 10 log(26%) — 159 dB (2.28)

Hence the median of the dB expressed envelope values is 1.59dB below
the mean envelope power (i.e. E{r?}).

2.2.4 The Received Signal Phase.

The received signal phase ¢(t) is given in terms of the quadrature com-
ponents by

1) Q®
$(t) = tan {W} (2.29)

If viewed in the complex plane, where I(t) and Q(t) are the real and
imaginary parts respectively, the point z(¢)(z(¢) = I(¢) +jQ(?)), moves in
a random manner. The PDF of the received phase is rectangularly dis-
tributed’ between 0 and 2z such that

p(¢)=—217—r- 0<<2n (2.30)

The mean phase value, < ¢ >, is given by

2n
<¢$>= . ¢p(p)dd=mn (2.31)

The mean square value of the phase is therefore

27 2
<4?>=| $'p@)dp =15 2.32)
hence the variance of the phase, o3 is given by

2
o§,=<¢2>—<¢>2=i‘3— (2.33)

2 The term rectangularly distributed is also referred to as uniformly distributed.
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Figure 2.5 shows the random motion of the phase and the absolute signal
strength of the received signal envelope corresponding to the phase
shown. The in-phase and quadrature signals, used to determine the
signal envelope and phase, shown in Figure 2.5 were obtained using the
dual branch vector demodulator receiver (see Chapter 4). The motion
of the vector can be related in phase from one position to another. If
we consider a vector having an envelope and phase of r, and ¢,, and at
another point r, and ¢, then there exists a four-fold joint PDF, between

the envelopes and phases, given by[1]

nra
p(r17r27¢1’¢2)= 2 2 X
@rpy(L - 1)
r% + r22 —2rrd cos(py — p; — 0) (2.:34)
expl — 3
2u(1 - 1)
2 2
+
where tan 0 = Kack " pL P17 e
M “2

p=<(r|cos qSl)z >
py = < (rycos ¢ )(rycos ¢y > (2.35)
Ho = < (r| cos ¢)(ry siN ¢y) >

now r; and r, are such that 0 < ry, r,, < oo, therefore the joint PDF be-

tween ¢, and ¢, can be found from[1,4]

by, bg) = mowp(rl, ry by g dridry, 0 by, dy<2n (2.36)

_ 2
P(by ) = o x

\/1 — ¢ COSZ(¢1 — ¢y) +{ cos(¢)— ¢o) cos [~ ¢ cos(d — ¢,)]
(1 - cos’(d) — ¢o))*

(2.37)

where { = {(z) = a(t)/a(0), is the normalised autocorrelation function (see
section on spectra for a(r)). If we now consider the phase difference
between the phase at two separated points in space (i.e. A¢p = ¢, — 1)
then the PDF for A¢ is given by

-2.10 -



_ 2
pAg) = = E X

4r

11— Cz cosz(Acﬁ) + { cos(A¢)[7 — cos—l(C cos(Ad))] (2.38)

(1 — % cos¥ag))? 108D

which reduces to the simpler model[5] when p(e =0)=1, ie. {(7) is the
normalised autocovariance function given by Jo(BV7) ( f = 2r/A,J, is the
zero-order Bessel function of the first kind).

The PDF of the phase difference is shown in Figure 2.6 for various
separation distances (/1) between two points, using the autocorrelation

function of the Clarke two dimensional model. Naturally, the smallest

separations are associated with the highest probability and a 7 phase
change occurs at separations of 1/2. When the two points are separated
by a distance of 0.384 they are uncorrelated and hence the joint PDF
becomes that of two uniform distributions 1.e.

P(P1, d2) = p(d1).p(¢2) = 1/4n2

The statistics associated with the phase gradient, ¢, are consid-
ered separately in the section titled ‘'Random FM'.

2.3 SECOND ORDER STATISTICS.

In this section we consider the higher order statistics associated with
the envelope i.e. those which are dependent upon time. Since the dis-
tribution of the multipath waves in elevation has little effect on these
statistics[4] the simpler two dimensional model[5] will be considered
here. The Level Crossing Rate (LCR) and Average Fade Duration (AFD)
are important statistical parameters which must be considered when
digital transmission systems are employed. The AFD 1is particularly
important when choosing transmission bit rates, word lengths and cod-

ing schemes in relation to vehicle speed and carrier frequency.
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2.3.1 The Level Crossing Rate (LCR).

As a vehicle proceeds along a route the fading rate and hence the rate
of change of the envelope varies with vehicle speed. This can be
quantitatively expressed in terms of the LCR, Ng, defined as the rate a
particular signal level R, is crossed in either a positive or negative
sense (but not both). The LCR is shown schematically in Figure 2.7 for
a threshold level of -10dB. The LCR is given by the number of times

that a particular threshold level is crossed in a one second period. This
is expressed by[1]

Np= fo “r ot ) dr (2.39)

where p(r, r’) is the joint PDF of r and 7, which is given by

. oo (27 . . .
p iy =" [ b0, ) s b (240)

now p(r, r, ¢, (})) is given by[1] as

. 2 2 e 2%2
. 1/ r r R4
p(rrd,d)=—F—exps —=| —+-—+ 2.41
4n’byb, 2\ b by b @41

where b, and b, are the spectral moments given by [1,8]

by=<I’t)>=< Q%) > =0’

. . 22 (2.42)
by=< ()" >=< QW) >=—5>
o_r 2 1 2
p(r,r) 2 OXP{ _ 2r02 }. G(DD\/.; exp{ —a—zrg} (2.43)
=p(r)+P() (2-44)

where p(r, r) =p(r)p(r) because r and r are independent and uncorre-
lated. Then N is simply

R - RY2c
Np=afpee B2 (2.45)
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2.3.2 The Average Fade Duration (AFD).

The AFD is the average duration of a fade below a particular threshold
level and is shown schematically in Figure 2.7 for a -10dB threshold.
For a particular threshold level, the AFD is given by the total amount
of time that the envelope is below that level, divided by the number of

times that the envelope faded below that level. Mathematically the
AFD 1s given by[1]

P(R)

= N . (2.46)
O_(eR2/202 -1
R 0

Figure 2.8 shows Ny and 7z for a Rayleigh distributed envelope using
normalised axes. = The normalised LCR and AFD are given by
Nr/fp and 7xfp respectively. Notice that the maximum LCR occurs at
-3dB and that Np and 7z are linearly dependent upon the normalised

signal strength, expressed in dBs, for signal levels less than -10dB.

2.4 THE RECEIVED SIGNAL SPECTRA.

Having dealt with the statistical properties of the envelope we can now
turn to a consideration of the received signal spectra. In this section

we shall be concerned with two particular spectra associated with the

recelved signal;

(1) The RF input spectrum.

(ii) The spectrum of the envelope.
The spectrum of the differential phase, random FM, will be discussed
separately in a later section. The results will be considered for both the

three[4] and two[5] dimensional models.
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2.4.1 The RF Input (Doppler) Spectrum.

The RF input spectrum, sometimes called the Doppler spectrum, shows
how the transmitted carrier frequency is displaced as a result of the
vehicle travelling through the scattered field. The shape of the spec-
trum can be evaluated from a knowledge of the quadrature

autocorrelation function, a(7)[4] which is given by
a(t) = E{ cos w,} (2.48)

Now a(t) is affected by the PDF of the arrival angles in azimuth, p(x)
and elevation p(g). A reasonable assumption for p(x) is that it is
rectangularly distributed between 0 and 2n. The PDF in the vertical
plane, p(¢), is more difficult to specify. Aulin[4] does not give any gen-
eral expression although p(¢) must be known in order to evaluate a(7).

In the two-dimensional model[5] the autocorrelation function is given
by?

ag(1) =E{fVrcos(y —a)} =Jy(f V1) (249)

The RF input spectrum Sgri(f) is simply the Fourier Transform of a(1)
Sgr(f) = Fla(z)} (2.50)

where F{.} is the Fourier Transform given by

Ffa(x)} = Joo a(r)e V¥%dx (2.51)
Equation (2.50) can be integrated numerically to give the RF input
spectrum. A closed form solution, for the two dimensional model, can
be obtained by considering the angular contribution of multipath waves

received by a vertical monopole antenna[l,11]

3 @ is used to represent the two dimensional model autocorrelation function compared with
that for the three dimensional model a(7).
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02 3

Spr) =op v (2.52)
)]

The factor of 3 arises from the directivity of a vertical whip antenna
(G=1.5) and the fact that p(«) is an even function[1]. This spectrum
together with its autocorrelation (i.e. a¢(t) = Jo(fV'7) ) function is shown
in Figure 2.9 where the spectrum is centred on the carrier frequency and
the frequency deviation is normalised by the maximum Doppler fre-
quency fp . This spectrum is 'U’ shaped with frequency cutoffs occurring
at 4+ fp. The observed power spectral density at low frequencies is
greater than that predicted by equation (2.52). Aulin[4] therefore, con-
sidered p(¢) in an attempt to predict higher values for this region of the
spectrum. No experimental studies have been published which give

values for p(¢). In this work the results will be discussed only

qualitatively in terms of p(e).

2.4.2 The Spectrum of the Received Envelope.

Earlier we saw that the received signal, when viewed by a quadrature
detector receiver, could be represented as a vector moving around the
complex plane in a random manner. The magnitude of the vector, i.e.
the envelope, clearly has a time varying nature, which is described as
fast fading, and conforms to a Rayleigh distribution.! The fading spec-
trum of the envelope can be found from the envelope autocorrelation

function. The envelope autocorrelation function, for a Rayleigh fading
signal, is given by[1,4]

2
E{r(t)r(t + 1)} =5 02F< - % — % ; 1;( :8 ) ) (2.53)

4 For this part of the discussion we assume that there is no local mean variation and that
there does not exist a dominant specular component.
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where F(.) is the hypergeometric function. The Fourier Transform of the
above cannot be carried out exactly. The hypergeometric function can,
however, be expanded in polynomial form, and approximated by neg-

lecting terms beyond the second degree[7]. In this case the envelope
spectrum is given by[1] as

2 f 2
Senl)= 52 - K (1 - (—270—) ) (2.54)

where K[.] is the complete elliptic integral of the first kind. In this case
the frequency cutoff occurs at 2f). Figure 2.10 shows the spectrum of the
envelope, given by equation (2.54), with the abscissa normalised by the
maximum Doppler frequency together with the envelope autocorrelation

function (aj(r) =J3(fV7)). The spectrum of the envelope can be deter-
mined numerically by noting that

Sensf) = F{< r(t).r(t + 1) > } = Fla’(x)} (2.55)

In the case of the two dimensional propagation model[5] this is given
by

S o H=F(IE(BV)} (2.56)

Again Aulin[4] considered propagation of multipath waves, out of the
horizontal plane, to explain the differences between observed spectra
and that derived for the simpler two-dimensional model[5]. The differ-
ences most notably occur in the lower frequency region of the spectrum
and at the cutoff frequency (2fp). The modified spectra, like the Doppler

spectrum, depends upon the expression assumed for the PDF, p(e).

In both spectra mentioned so far it was assumed that the PDF of
the azimuthal angle of arrival, of the multipath waves, was
rectangularly distributed between 0 and 2zn. Although this assumption
might be reasonable for most cases, situations can arise when it is no
longer true. Naturally both forms of spectra, the Doppler and envelope,
might be altered if such a situation occurred. The problem then arises
of distinguishing between the effects p(x) and p(¢) on the spectra. The

uncertainty involved in distinguishing between the effects of
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p(@) and p(e) could be resolved by means of a sectored antenna arrange-
ment in both azimuth and elevation.

2.5 RANDOM FM.

If we represent the received signal, s(¢), as

s(f) = Re{z(t)e V*}

= r(t) cos(w.t) 2.57)

where z(¢) is a complex Gaussian process, then the received vector moves
in a random manner in the complex plane. This motion introduces a

differential phase, ¢, which appears to the receiver as noise i.e.

. 020 | a _1f Q)
e 2 B

which will be superimposed on any desired modulation[9]. This random
FM noise can best be described in terms of its PDF and power spectrum.

2.5.1 The PDF and CDF of the Random FM.

The motion of the received vector gives rise to a phase that changes
with time. This differential phase manifests itself as noise to the de-
tector of an FM receiver and other receivers that use phase-sensitive
demodulators. This noise is often referred to as random FM. The PDF
of the random FM, p((})), is obtained by appropriate integration of the
joint PDF of the envelope and phase and their differential counterparts.
This can be achievgd by rearranging the integration of the four-fold

joint PDF, p(r, 7, ¢, ¢), and leads to

p($) = jo i j: JO Cp(r, 6, $)drdf dg (2.59)
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[ L ] _3/2
P(¢) = —— % (1 + —22— ¢2> (2.60)

The CDF of (2) is given by

L ¢ L] L
P =] pdd 261

—00

o . _112
R 2
P(¢)=%[1+ﬁ%<l+%) ] (2.62)
D

Figure 2.11 shows the PDF and CDF of (}) Although the differential
phase is concentrated at small deviations, there is an appreciable prob-
ability of large phase excursions occurring. To see how the phase

changes with fade depth we need to consider the conditional PDF
p(¢|R)7]

. ($,R) R R%$"
pdIR) =2 = expy — —5—— (2.63)
P(R) owD\/n { a)?)oz }

The conditional PDF has a Gaussian shape with zero mean. Figure 2.12
shows the conditional PDF for various dB-expressed envelope values.

Notice that the probability of large phase excursions occurring increases
with the fade depth.

2.5.2 The Random FM Spectrum.

The random FM spectrum can be found from the Fourier Transform of

the autocorrelation of é)(i.e.< (2)(2‘).(2)(t+'c)>). The autocorrelation of
¢ 1s given by[1,4,12]°

L] 2 L2 ] 2
<$(t)d(t+17)> =% [( 28 ) ~ 28 ]m[l - ( 28 ) ] (2.64)

5 The derivative here is with respect to
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for the two dimensional model[5]

2
P __op @Il L, - 2
< ()bt +7)>= i [ - Iw) Jl(u):l xIn[1—J%w)]  (265)

where u =wpt

The random FM spectrum is then given by the Fourier Transform of the

autocorrelation function
Spu) =F{< SOt +7)>) (2.66)

Figure 2.13 shows the one-sided power spectrum of the random FM. This
was derived directly by Fourier transforming the autocorrelation of the
random FM. This spectrum is largely confined to 2fp[12], from where
the spectrum falls off as 1/f. Hence, the principal random FM noise is

concentrated in the audio band. The asymptotic spectrum beyond 2fp is
given by[12]

Srul)= 7 (2.67)

2.6 RICIAN FADING.

The discussion so far has been centred around how the various spectra
might change with respect to the type of model considered. In small
cells another situation might easily arise, namely where the fading
contains a dominant specular component. In this situation the statistics
are known to differ[7] from those discussed so far. In such a case we
might expect less predominance of deep fades and for the specular com-
ponent to become a dominant feature of the spectra[1,4,71. Some of the
statistics associated with this so called Rician fading will be presented

here for completeness.
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The joint PDF of envelope and phase, p(r, ¢), with a dominant

envelope component d i.e. Rician fading is given by{4]°

d? + r2 —2rd cos(y
P(rs $)pic =—"7 exp{ - 3 ) (2.68)
2no 20

where n=¢ — wyt — 0,

Integrating the joint PDF with respect to ¢, gives the PDF of r as

2 2
rr+d d
P(Rie =75 exp{— > }10(—’2 ) (2.69)
G 20 c

where I, 1s the modified Bessel function of the first kind and zero order.

Integrating the joint PDF with respect to r gives the PDF of the phase

PRi= | [ =S costn) exp{ sin (n)}
(2.70)
l( | — cos(r,))+—exp{ -~

Appendix D shows how the PDF for dB-expressed envelope values can
be derived. Figures 2.14 and 2.15 respectively show the PDF and CDF

(with Rayleigh axes)” for a Rician distribution, expressed in dB terms,

for various values of normalised dominant component d/o. Notice that
when there is no dominant component (i.e. d/6 =0 ) the PDF and CDF
become Rayleigh distributed. As the dominant component increases the

likelihood of deep fades diminishes and the PDF becomes Gaussian in

form.

The subscript ‘0’ here refers to the specific parameter associated with the specular compo-
nent,

By Rayleigh axes we mean that the ordinate is scaled such that a Rayleigh distribution
appears as a straight line.
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2.7 CONCLUSION.

The basic statistics associated with the complex fast fading signal of a
narrowband mobile radio channel have been presented for the case of
both two and three dimensional multipath models. Although the three
dimensional model is probably a better representation of propagation in
urban areas, using small cells, the problem of specifying the PDF of the
vertical spatial angle ¢ remains unresolved. Both models make a rea-
sonable assumption that the PDF of the arrival angles in azimuth is
rectangularly distributed. However, in both models the correlational
properties (e.g. spectra) are affected if this assumption is not valid. In
the following chapter the two dimensional model is assumed. The three
dimensional model will be referred to in the Results Chapter.

To overcome the problems associated with fading, various diver-
sity techniques may be employed. The following chapter discusses se-
veral methods of diversity together with strategies for combining
decorrelated signals from a number of antennas. Quantitative ex-

pressions, along the lines of this chapter, are presented assuming
Rayleigh fading conditions.
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Figure 2.1 The three dimensional propagation model (after Aulin{4]) for a single multipath
wave in terms of azimuth, «,, and elevation, ¢,.
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Figure 2.2 Gaussian PDF, p(x), and CDF, P(x), for normally distributed in-phase, I, and
quadrature, Q, components.
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Figure 2.5 Example of quadrature signal and envelope varying with time. The upper plot
shows the variation of the quadrature components (I and over a one second
period. The lower plot shows the time varying envelope (\/I?+ @?), for the same
period of time as that as the upper diagram.
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Figure 2.7 Illustrating the definition of LCR and AFD for a normalised Rayleigh fading en-
velope. The LCR is the average number of crossings per second of a particular
threshold. In this example the -10dB threshold is crossed approximately 25 times
per second. The AFD here is approximately 8 milliseconds.
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CHAPTER 3. THE NARROWBAND MOBILE
RADIO CHANNEL WITH DIVERSITY.

3.1 INTRODUCTION.

In the previous chapter we discussed the statistics associated with the

signal received in a mobile radio environment. The deep and rapid

fading envelope, caused by relative motion of the transmitter/receiver
can be a serious impairment to the system performance, especially when
digital transmissions systems are used. During a deep fade, bit errors
occur due to the signal falling below the detector threshold, the level
becoming indistinguishable from the noise, or, as in the case of phase
modulation schemes, undergoing an unexpected phase transition which

results from a deep fade. An examination of the Cumulative Distrib-

ution Function (CDF) of the fading envelope reveals that the deep fades
occur frequently, especially when the scattered field is seriously per-
turbed e.g. by a high vehicle speed. It is highly desirable therefore, to
find some method whereby the occurrence and depth of these fades can

be sufficiently reduced to permit an acceptable level of performance.

3.2 DIVERSITY.

Diversity 1s one means by which the degree of fading can be reduced
such that an acceptable level of performance can be achieved. Diversity
relies on the combination of two or more signals, containing the same
information, which are, to some extent, decorrelated. If two signals are
uncorrelated then the probability that both experience the same depth

of fade at the same time is the square of the probability that one of them

experiences that depth of fade. Various techniques exist[1] which can

be used to obtain signals with a sufficient degree of decorrelation. They
can be summarised as follows;
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1) Polarisation.

2) Frequency.

3) Time.

4) Spaced Antenna.

The first three of these methods will be discussed briefly, followed by

a detailed investigation of the fourth, which is used in this work.

3.2.1 Polarisation Diversity.

This scheme utilises the fact that the resultant field, after scattering,
is sufficiently depolarised for two orthogonal antennas to be used to
receive decorrelated signals. The methods of combining the signals are
the same as those to be discussed later. Results from computer
simulation[2] and experimental results[3] from field trials, have been
obtained for hand-held portable telephones which utilise polarisation
diversity. The results show that the use of polarisation diversity is

particularly well suited to hand-held phones, which are held in a variety

of orientations.

Although not quite the same as polarisation diversity, field com-
ponent diversity has many similarities. This method uses the magnetic
and electric field components of the signal to provide uncorrelated
signals for combining. In this situation the signals from co-located an-
tennas are always completely decorrelated. The use of two magnetic
loops (orthogonal to each other) in conjunction with a co-located elec-
tric whip antenna, ensures that, regardless of the horizontal orientation,
there always exists a magnetic component to be combined with the ever
present electric component (the whip antenna has omnidirectional cov-

erage in azimuth).
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3.2.2 Frequency Diversity.

For frequency diversity the information is transmitted on two or more
sufficiently separated carrier frequencies. The amount of frequency
separation required, depends upon the time-dispersive nature of the
channel. This form of diversity scheme has the disadvantage that dif-
ferent transmitters are required for each frequency and the use of dif-

ferent carrier frequencies, for the same information, entails an
inefficient use of the radio spectrum.

3.2.3 Time Diversity.

This i1s the oldest form of diversity whereby the message is repeated se-
veral times to ensure error free interpretation. The time varying nature
of the received envelope can be used to advantage in a time diversity
scheme which utilises digital transmission techniques. Use is made of
the decorrelation between envelope samples as a function of time sepa-
ration. It has been found[4] that sufficient decorrelation can be
achieved for a repetition rate in the order of 0.2fp. Indeed, time diver-
sity is employed in the FOrward Control Channel (FOCC) of the UK
TACS cellular radio system. This provides a particularly robust pro-
tection against bit errors by retransmitting words five times every 10ms.
The receiver, which has stored the repeated words, carries out a simple
majority vote decision on a bit-by-bit basis. Although this scheme has
an inefficient throughput rate, especially when no errors occur, it is
simple, easy to implement and does not require sophisticated antenna
systems nor does it make additional demands on the RF spectrum.

3.2.4 Spaced Antenna Diversity.

This diversity scheme is possibly the most commonly used in radio

communications. Two or more antennas are physically separated in

-33-



space to provide decorrelated signals. Naturally, the amount of sepa-
ration changes the degree of decorrelation, and is different at the mobile
than at the base station case. This is due to the angle subtended by the
scatterers relative to the mobile antennas being larger than that expe-
rienced by the base station antennas (see Results Chapter for further
discussion). The amount of separation required for horizontally spaced
antennas at the mobile is determined from the autocorrelation function
of the envelope. As shown by equation (2.56) this is given by J3(8!)
(where ff =2n/A and [ i1s the separation between the antennas). Uncor-
related samples occur for J§(f) =0 i.e. [ =0.381, which at S00MHz is
physically small (~13cm). The amount of separation required at both
the mobile and base station antennas, for vertically separated antennas,
is discussed in the Results Chapter.

The antenna separation discussed above only provides an im-
provement in the statistics of the fast fading component of the signal.
To eliminate the slow fading component would require antenna sepa-
rations of considerably greater dimensions than those discussed above.

The remainder of this work is only applicable to the fast fading compo-
nent.

Once the decorrelated signals have been obtained they then re-
quire combining, in some manner, to provide an improved resultant sig-
nal. The combining can be performed prior to or after detection (pre
or post detection). In what follows we consider various predetection
combining schemes for which we assume the mean noise power to be the

same in all branches. Feedforward and feedback combining schemes[5]
are not considered here.

3.3 PREDETECTION COMBINING SCHEMES.

There are various methods of combining the signals from the different
diversity branches. We shall consider four types in detail and refer to
a fifth which is considered elsewhere[6]. The five types are
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1) Maximal Ratio.

2) Equal Gain.

3) Selection.

4) Switch and Stay.

5) Switch and Examine.

In the following sections no attempt is made to derive, from first
principles, the first and second order envelope statistics for each of the
above methods. Instead, the relevant results are quoted from source in
order that all pertinent statistical equations are, for the first time, col-
lated in one piece of work.

3.3.1 The Maximal Ratio Combiner.

The predetection Maximal Ratio Combiner (MRC) co-phases the signals
from the different branches and sums them together, each branch being
weighted in proportion to its own signal voltage to noise power ratio[7].
Provided that the noise in each branch is uncorrelated then the output
carrier to noise ratio (CNR) is given by

M
Ymre = Zvi (CRY)
i=1

where M = No. of branches.
If we consider that the short-term signal power on the it branch (i.e. the
power averaged over one RF cycle) is R?/2 (R; is the envelope received

on the 1% branch) in the presence of Gaussian noise, of mean power N,
then the 'instantaneous’ CNR, y;, 1s given by

RZ

i

vi=sa (3.2)

thus
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M
Vmre = Zy,- = —2% ZR? (3.3)

If we now consider the output CNR, y,., to have an associated equiv-
alent envelope R, then

(3.4)

(3.5)

3.3.2 The Equal Gain Combiner.

The Equal Gain Combiner (EGC) is a simplified version of the MRC in

which the weighting factors are all set to unity. The output CNR is
then given by

M 2
Vege =27 <Z\/v—, > 3.6)
=1

Again if we consider the instantaneous CNR on each branch is given
by (3.2) then the output CNR for an EGC, v, is given by

2
R? M
=1 Sy o1 .
=

Thus the equivalent output envelope of an EGC is such that
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R} o\,
ege 1
Yege = 9N =2—W<ZR,-) (3.8)
which gives a resultant envelope R, (¢)

M
Rogc(t) = ‘;T (ZR#)> (3.9)

3.3.3 Selection Diversity.

In the SELection (SEL) diversity combiner the branch selected is that
with the largest instantaneous CNR 1i.e.

Ysel = Max{yy, vy, - vaq} (3.10)
which gives a resultant envelope R..(?)
R, (t) = max{R}, Ry, ... Ry} (3.11)

The predetection SEL combiner requires that all the branches are si-
multaneously monitored, all of the time, in order that the decision to
switch to the branch with the highest CNR can be made. Naturally,
such an arrangement is impractical for mobile radio use on account of
the expense of continually monitoring all of the branches.

3.3.4 Scanning Diversity.

It is sometimes useful to employ a derivative system known as scanning
diversity in which there is no attempt to find the best input, just one
which is acceptable. In principle, the inputs on the various branches
are scanned until an acceptable one 1.e. an input above a predetermined
threshold, is found. This input is then used until it falls below the
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threshold, at which time the scanning process continues until another
acceptable input is found. In its simplest form, only two branches are
used and a changeover from one to the other occurs whenever the signal

on the branch in use falls below the threshold. In this form it is known

as switched diversity.

There are two switching strategies that can be used and these
cause different behaviour when the signals on both branches fade si-
multaneously. Firstly there is the Switch And Stay (SAS) strategy iﬁ
which the receiver is switched to the alternative branch as soon as the
input on the branch in use falls below the threshold. The receiver then
stays on the new branch irrespective of whether, at that time, the new
input is acceptable or not. Secondly there is the Switch And Examine
(SAE) strategy in which, if both inputs are unacceptable, the system
switches rapidly between the two branches until the signal on one of
them rises above the threshold. It is worth mentioning that the occur-
rence of simultaneous deep fades is a rare event and that in the vast

majority of cases a switch to the other branch will result in an accept-

able input.

In both the SAS and SAE cases considered above a fixed threshold
level was assumed. In practice the threshold could be set to vary ac-
cording to the average Signal to Noise Ratio (SNR). In this manner
both strategies could be set to operate optimally. Although the SAE
strategy allows for a marginally quicker return to an acceptable input,
when the signals on both branches fade simultaneously, the rapid
switching that occurs can cause a noise burst. In most cases the SAS

strategy is therefore preferred. In the remainder of this work we shall

consider all the above strategies, except SAE.
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3.4 EQUIVALENT ENVELOPE AND PHASE FOR TWO
BRANCH DIVERSITY.

As the number of diversity branches increases, the additional improve-
ment afforded by each of the diversity schemes becomes less[5] and the
receiver structure becomes more complex. Two branch diversity (M =
2), which is probably the most practical, is therefore considered here.

To compare the various diversity combiners we shall consider the
concept of an equivalent envelope R(t), mentioned earlier, together with
an equivalent phase ¢(¢), determined from the output CNR. Using the
equivalent envelope formula given earlier the envelopes, for the various
diversity strategies are given by

2 2
Rmrc=‘\/Rl +R;

_Ri+R,

w5 (3.12)
R R R 2R,

<l "R, R <R,

The equivalent phase for the MRC and EGC cases depends upon
whether; one branch is co-phased to the other, both branches are co-
phased relative to a reference or both branches are co-phased relative
to some other function of ¢, and ¢,. In the first case the phase statistics
are identical with that of a single branch. In the second and third cases
the phase perturbations can sometimes be completely removed. In the
scanning strategies the phase of the output is simply that of the branch
selected. In summary therefore

G mre = $15 b2, 0 or some function of ¢, and ¢,
bege = P15 b2, 0 or some function of ¢, and ¢,
é, R 2R, G19
el = B
et ¢, Ry <R,

we have assumed perfect co-phasing for the MRC and EGC cases and
R =R(t), Ry = Ri(?), ¢ = ¢(¢t), 1 = ¢i(t) etc.. The derivative of the envel-
ope and phase, which are used to determine the second order statistics
and the random FM, are given by
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R,R, +R,R,

R =
mre RZ +R2
V4t 2
+ R +Ry (3.14)
ege — \/2—
+ R R >R,
sl "R, R <R,

Gpre = P15 $p, 0 or some derivative of ¢, and $2
(;’egc = q‘:l, 4;2, 0 or some derivative of ¢; and ¢
; R, >R,

i
st ¢, R <R,

The equivalent envelope, for the various diversity strategies, is
shown in Figure 3.1 using data gathered using the two branch amplitude
and phase measuring receiver that will be described in Chapter 4. No-
tice that the MRC strategy is more resilient to the deep fades than EGC,
and that the MRC envelope is always greater than, or at least equal to,
the higher of the branch envelopes. In contrast, the EGC envelope can
sometimes fall below the higher branch envelope value, particularly
when the other branch is in a deep fade (see 1580ms). Selection diver-
sity always follows the higher of the two branch envelopes. In the case
of SEL the resultant envelope 1s noticeably more variable than those
of the MRC and EGC strategies. The SAS strategy can be seen in the
lower diagram. Notice that a switch between branches occurs (e.g. 1480
and 1570ms) when one of the branches falls below the threshold (-10dB).
However, when both branches are below the threshold a disadvanta-
geous switch occurs (see 1545ms).

In the following section some theoretical results for the various
diversity schemes, in correlated fading, will be presented along the lines
used in Chapter 2. The degree of correlation between the two branches
will be given by the complex correlation p,,.°

8 The complex correlation pj2, between the two branches, will be discussed in detail in the
Results Chapter.

-3.10 -



3.5 THE CDF OF THE EQUIVALENT ENVELOPE.

A measure of the improvement afforded by diversity is provided by the
envelope statistics, in particular the PDF, and hence CDF, of the
equivalent envelope. Earlier, the equivalent envelope was discussed in
terms of the output CNR. If we return to this notation for a moment
then the PDF for a Rayleigh distributed signal is given by

p() = _y% e?/% (3.15)

y 1s the 'Instantaneous’ CNR (i.e. r?/20,?), 0,2 is the noise power, and y,
is the average CNR. The CDF is therefore given by

Py)=1—e""n0 (3.16)

The relationship between the average CNR and envelope is given by

N

<7'2>
20';)'1

'y0=<-y>=

nqwlo

(3.17)

The relationship between p(r) and p(¥) can readily be seen if it is re-
membered that p(y)dy = p(r)dr.

3.5.1 Uncorrelated Fading.

3.5.1.1 Selection Diversity.

If we consider SEL with uncorrelated branches then the probability that
the output CNR 1s below a particular level is simply the product of the
probability that each of the branches are also below that level. In other
words the output CDF is simply the product of the individual branch
CDFs. Hence, for M branches with the same y, on each of the branches
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Po(y) =1 —e "M (3.18)
In terms of the envelope
P (R)=(1— o~ 12\ M (3.19)

In the case of two branch selection diversity the CDF of the output CNR
i1s given by

Poy(y) = (1 — e’ (3.20)
Py (R) = (1 - R 122 (3.21)

The PDF 1s given by the differential of the CDF with respect to y or R
which for an M branch system is

d M ~ylyeM~1 14
PoellY) = - PO =3¢ [1—e7?7] exp{ - (3.22)

d — 226t M- 2
Psel(r) = o P(ry=M -LZ- [1 _e T2 ]1 1 exp{ - -2L—} (3.23)
I

3.5.1.2 Maximal Ratio Combining.

Earlier we saw that when each branch was co-phased and suitably
weighted, then the output CNR was provided by the sum of the indi-
vidual branch CNRs. Now the signal on each branch is composed of
in-phase and quadrature components (I and Q respectively). These
components are independent of one another and can be described in
terms of zero-mean Gaussian random variables with a variance of ¢2 (see
Chapter 2). The output CNR therefore consists of 2M Gaussian random
variables in a joint distribution of I and Q, which is a y? distribution

[9]. In this situation the PDF of the output CNR for M branches is
given by [5]
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yM —1,=vIv

Prorc(¥) =—F—— (3.24)
yol(M — 1)!
In terms of the envelope the PDF is given by
2 \M1 2
Prarc(r) = r( 2’02 ) éW Iy (2.25)

The CDF is determined by integrating the PDF over the range of the
variable

M
n-1
_ Y —1 _ —y/y (}’/70)
Pmrc()’) = J;]pmrc(y) d)’ =1 e 02’_—(”' — _1)!_‘ (3.26)
n=1
For the envelope
M
_(® _ _RY2et \  (R%[267)"
P (R)= L Pur(r)dr=1—e TSV (3.27)
n=1

3.5.1.3 Equal Gain Combining.

A good approximation for the CDF of EGC can be obtained by multi-

plying the average signal power in the expression for the CDF of MRC
by /3/2 [5]. Thus

M
2,9 2,n—1
_ 1 _ —Rp2st\ (B7[207)
Pegc(R) =1—e 1 —(n—_—l)T“ (328)
n=1
ot = o2 /3]2 (3.29)
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3.5.1.4 Switch and Stay.

In the case of SAS diversity the PDF over the whole range of envelope
values consists of two regions, with a discontinuity occurring at the

switching threshold level. The PDF above and below the threshold have
been found to be such that [8]

Psas(r) = (1 +q) p(r) r>R,
=qp(r) r<R, (3:30)
where
2 2
g=1-— e_R' 20

N (3.31)
R, = switching threshold

The CDF is found by integrating the appropriate expression for the two
regions. Thus

P (R)=(1+q)(l— e‘RZ/Z"Z) - R>R
sas q ¢

(3.32)
=g P(R) R<R,

Figure 3.2 shows the CDF of SAS for switching thresholds of -5 and
-10dB with zero correlated branches. Clearly the improvement in the
CDF afforded by SAS is dependent upon the choice of threshold level.
Too high a threshold provides limited improvement for the deep fades,
whilst, too low a threshold only reduces the occurrence of the more rare
deepest fades. Figure 3.3 shows the CDF of MRC, EGC, SEL and SAS
(at a -10dB switching threshold) for uncorrelated branches. MRC ex-
hibits the biggest improvement followed by EGC, SEL and SAS. It has
been shown that[10] MRC gives the best improvement with EGC and
SEL showing reduced improvements, relative to MRC, of -0.88dB
(i.e. 101log \/I?/E) and -1.5dB respectively.
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3.5.2 Correlated Fading.

When the two branches become correlated, e.g. if the antennas are not

sufficiently separated, the CDF for the various diversity strategies 1s
given by[5,11]

PR, =1~ L leal) R’ _(1—|912|)exp<_ R? )
mre ™ 4+ T T - 2
2|pyol 202(1+ |p12|) 2|pyal 26°(1 — lpgal)

lpa| R _RY2s% lpys|R R
P(R)sae:1~e(‘Rf2/2"2>Q<%,—p%i)—e( B j2e) l—Q( 2 L) B33)

— R219,2 |P12|R R R |P12|R
P(R)se,=1—e‘R’2"’{1—Q( — x| +Q| o=
2
x=0o\(1—lppl)

Q(a,d) is Marcum’s Q-function defined as

) 2 2
Qa,b) = J x exp( e tx >Io(ax) dx
b

2

b 2 2
=1—Jxexp(—a -;—x )Io(ax)dx
0

Io(.) is the modified zero-order Bessel function. Again a good approxi-
mation for EGC can be obtained by multiplying the average signal
power 1n the expression for the CDF of MRC by \/372—[5]. An expression
for the CDF of SAS has not yet been found for correlated fading, but it
1s identical with that of SAE for independent fading[8]. Note that the

CDF's given above reduce to the no-diversity case for perfectly correlated
branches (i.e. |ppl = 1).

(3.34)

Figures 3.4, 3.5 and 3.6 show the improvement in the CDF for MRC, SEL
and SAS (-10dB threshold), for |pul® (0w), in steps of 0.25 from 0 to
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1, respectively. Both MRC and SEL are particularly tolerant to high
values of correlation, whereas, the SAS strategy shows considerably re-
duced improvement, relative to MRC and SEL, for high values of branch
correlation. The CDF for correlated fading can be approximated for

small signal envelopes, which is when errors are most likely to occur,
to

2
RR
P(R)sas=[ — ] R<R,

9 (3.35)
R2
PR)=A for MRC, EGC and SEL.
2 2
26"\ 1= |ppal

1 SEL
A=<2/3 EGC (3.36)

1/2 MRC

Since paw~|pi2]? in Rayleigh fading{5], equation 3.35 shows that the en-
velope cross-correlation reduces the effective average power by a factor

of /1 — penn for all of the diversity combiners. When p.,, = 0.25, 0.5,
0.75 and 0.9 the diversity gain reduces by 0.6, 1.5, 3.0 and 5dB respec-
tively.

3.6 THE LCR AND AFD FOR THE EQUIVALENT
ENVELOPE.

The degree to which the envelope fluctuations are smoothed out by the
various diversity strategies, and therefore their effectiveness in reducing
the rate and length of fades, is apparent from the LCR and AFD. The
LCR for diversity can be found in the same manner as that used in
Chapter 2. The derivative of the equivalent envelope, which was derived
earlier, is used to determine Ny for each of the strategies. Closed form
solutions for the LCR and AFD, for uncorrelated fading, are given by[12]
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(3.37)

NJli—'

TR =
sel

exp| o) —
T (502) .
(—7;11) (%)

Assuming that all the multipath waves received either at the mo-

bile or base stations result from scatterers surrounding the mobile
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uniformly[5] (we assume no scatterers at the base station) then p,;, the
second derivative of the autocorrelation p(z)’ is given by

d%p  d%JyBV7)

2
= ~2(f;) (3.39)
dr* d-* b

=

Figure 3.7 shows Ny and tz for MRC, EGC, SEL and SAS(-10 dB) strat-
egles for zero correlated branches. Notice that each of the strategies
results in a considerable reduction in the level crossing rate at low
signal levels. In the case of 7z all the strategies show the same im-

provement below -10dB (except SAS), namely that 7z 1s approximately
halved.

When the two branches become correlated, for example when the

antenna spacing becomes small, the LCR and AFD can be approximated
by [6,12]

.« 2
P11

+ —2— R
1= lppl o /2
NRzV _

.~ for

2

<l (340)

sl 5 ) )
(1-1lpsl)

1 MRC
v=<4/3 EGC
2 SEL

9 p11 is used here for the autocorrelation function to distinguish it from a(r) in Chapter 2,

which is a general term for both the two and three dimensional models. Here we consider
only the two dimensional model.
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n R for — Bl (341)
2 .

2
R
o[
|
a
5
Q

o« 2
puty — %
1-—- |P12|

R<R,

saf = ﬁrleD («Rﬁ)

In the above cases |py,| and hence p,, are dependent upon the antenna
geometry in relation to the direction of vehicle motion[12]. No analyt-
ical expression is available for p,, with vertically separated antennas.
However for horizontally spaced antennas the effect of P12 can be as-
sumed to be small, provided that the antenna separation is not too
small[12], hence p;,~0. The above equations show that Ni increases as
the correlation between the branches increases and becomes 1.3 times,
twice, 4 times and ten times as large as that for the independent fading
case for |pwl® = 0.25, 0.5, 0.75 and 0.9 respectively. The AFD for SAS
is unaffected whilst again 7z for MRC, EGC and SEL is approximately

halved.

Figure 3.8 shows Ny for MRC and SAS (-10dB threshold) for cor-
relations (i.e. [p]® ) in steps of 0.25 from O to 1 for small envelope

values. Of these two diversity schemes MRC shows the best tolerance

to high values of correlation.

3.7 THE RF INPUT AND ENVELOPE SPECTRA.

No closed form expressions exist for the autocorrelation function of ei-
ther the in-phase or quadrature components or of the envelope for the
equivalent output signal of the various diversity strategies. Hence, no
closed form expressions can be derived for the Doppler and envelope
spectra. The effects of the various diversity strategies on the Doppler
and envelope spectra are studied in this work by comparing the spectra
of the equivalent signal with that of a single branch. Both of these
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spectra are determined by numerically Fourier transforming the com-
puted autocorrelation functions. Since we assume perfect co-phasing of
the branches, for the MRC and EGC cases, the RF input spectra are
assumed to be that of a double-sideband signal in which the carrier
(which 1s at OHz in our baseband case) 1s Amplitude Modulated (AM)
by the Rayleigh fading envelope sequence. Since the envelope sequence
is non-deterministic such a spectrum is unknown and therefore the RF
input spectra will only be determined for the SEL and SAS cases. The
envelope spectra will be determined for each of the diversity strategies.

3.8 THE CDF OF RANDOM FM FOR SELECTION
DIVERSITY.

Diversity can also be used to improve the receiver performance against
random FM. For MRC and EGC the extent to which the random FM
can be reduced depends upon the method of combining used[13]. If one
branch is simply co-phased with the other then the random FM will be
the same as that for a single branch. If a pilot tone is transmitted to-
gether with the information and all branches are co-phased to this tone,
then the random FM can be completely eliminated, provided that the
frequency separation between the pilot tone and carrier is much less
than the coherence bandwidth{14]. Feedback techniques such as those
used in the Granlund combiner[15] remove the random FM component
by the use of a double mixing process. Both the pilot tone method and
Granlund receiver can be used to eliminate the random FM for a single
branch. In the following we shall consider the improvement, in random
FM statistics, for the SEL case only.

Davis[13] considered the effects of random FM for selection di-

versity with uncorrelated branches. For M uncorrelated branches the
PDF of the random FM is given by[13]

-3.20 -



M-1

. =32
. M-1 2
p(é) =% ( . >( —1)k{k+1+—%2—} (3.42)

k=0

which reduces to the familiar expression for a single branch when M =1
(see equation 2.60). For two branches the PDF is given by

*9 -3/2 *) _3/2)
p(d)):%)—li(H%_) -(2+f;%) J (3.43)

= 75.— (3.44)

Adachi and Parsons[16] extended Davis’ results for SEL diversity to in-
clude correlated fading. Davis[13] did not consider the CDF of the
random FM noise. Adachi and Parsons gave an expression for the CDF
without derivation. The CDF of the random FM, P((}S), for uncorrelated
branches can be found by integrating the PDF of&)

[ ] ¢ L ] *
Pd)=[" piddd (349)

However, P(¢) cannot be found using the above limits of integration
because of the term at infinity. To solve this integral we can consider

two situations. Firstly, we shall consider P(¢) when ¢ <0, in this case

3 ¢ o . 0 ° . 0 o 3
P =] prdb=] pdrdd -] pd)ad (3.46)
—0o —o0 ¢

Now since p(c})) is symmetrical about zero the first integral on the right
hand side is simply 1/2 i.e.
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The same result is obtained when (})>0. This result differs from that
derived elsewhere [16]. Figure 3.9 shows the CDF of the random FM for
a single branch and for two uncorrelated branches. It can be seen that
two branch SEL diversity provides considerable improvement in reduc-
ing the random FM noise at high values of differential phase.

(3.47)

3.9 THE RANDOM FM SPECTRA FOR SELECTION
DIVERSITY.

The autocorrelation of (;) for selection diversity, with uncorrelated fad-
ing, 1s given by[13]

. . 4(t) - a(0)a (x) > [ 2 ]
<)t +1)>=2 In (3.48)
( 2a"() 1+/1-a%r)

the random FM spectrum is thus given by

Spah) = F{< $(0).d(t +7)>) (3.49)

again F{.} 1s the Fourier Transform. The asymptotic spectrum, for di-
versity, 1s given by[13]

3
S~ ——— (3.50)
frw  2nf

Seuh) “p

fro  4Zf
Figure 3.10 shows the asymptotic random FM spectrum for both a single
branch (see equation 2.67) and two uncorrelated branches using SEL

diversity for a vehicle speed of 10m/s. The diversity strategy clearly

(3.51)
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shows considerable improvement in reducing the random FM compo-
nents at high frequencies.

3.10 CONCLUSION.

Expressions have been presented for the equivalent output signal en-
velope of several predetection diversity systems. Closed form ex-
pressions have been presented to show the improvement in signal
statistics for the various diversity schemes. These expressions have

taken into account the degree of correlation which exists between two
antenna branches.

The following chapter discusses the design, construction and cal-
ibration of a two-branch amplitude and phase measuring receiver. This
recelver is used to measure the complex correlation between the signal
received on two spaced antennas, at both the mobile and base stations.
The complex signal envelopes, which are recorded, are used to
characterise the narrowband channel and assess the effectiveness of the

various diversity schemes that have been discussed in this chapter.
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Figure 3.1 Example of individual branch envelopes together with the equivalent envelope for
each of the various diversity strategies. A -10dB switching threshold has been
used for SAS. The example shown was detected and recorded using the dual
branch vector modulator receiver.
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Figure 3.2 The CDF of the envelope for the SAS diversity receiver, using uncorrelated
branches, for switching thresholds of -5dB and -10dB. The term 'normalised signal
level’ means that the envelope has been normalised by the average signal power
(a?) ie. r[\/2 a.
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Figure 3.3 The CDF of the envelope for each of the diversity strategies using uncorrelated
branches. The term 'normalised signal level’ means that the envelope has been

normalised by the average signal power (¢?) i.e. r[\/2 a.
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Figure 3.4 The CDF of the envelope as a function of branch crosscorrelation for the MRC
strategy. The term 'normalised signal level’ means that the envelope has been

normalised by the average signal power (¢?) i.e. r[\/2 0.
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Figure 3.5 The CDF of the envelope as a function of branch crosscorrelation for the SEL
strategy. The term 'normalised signal level’ means that the envelope has been
normalised by the average signal power (¢?) i.e. r[\/2—a.
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Figure 3.6

The CDF of the envelope as a function of branch correlation for the SAS strategy
using a switching threshold of -10dB. The term ‘normalised signal level’ means
that the envelope has been normalised by the average signal power (o?) i.e.

r/\/é_a.
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Figure 3.7 The normalised LCR (Ng/fy) and normalised AFD (txfp) for the various diversity
strategies using uncorrelated branches.
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Figure 3.8 The normalised LCR (Ng/fp) as a function of branch correlation for the MRC and
SAS (-10dB switching threshold) strategies.
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CHAPTER 4. THE RECEIVER.

4.1 INTRODUCTION.

To characterise the narrowband mobile radio channel and fully assess
the 1improvement afforded by diversity, requires the use of a different
type of receiver than that used in previous studies[1]. Generally, signal
strength measuring receivers are used to monitor the fading envelope
and not the signal phase. The received carrier phase, of a mobile radio
signal, has been used for co-phasing purposes in a dual branch equal
gain predetection diversity combiner using single sideband perturbation
techniques[2]. However this technique could not resolve the quadrature
components and hence was unable to determine the Doppler RF and
random FM spectra. At frequencies near 1GHz the relative bandwidth
that the received signal occupies is extremely small. For example a
vehicle travelling at 15m/s gives rise to a Doppler frequency spread of
100Hz at 1GHz. This proportionally small bandwidth (10-7) coupled with
a small signal strength ( ~ -100dBm) makes monitoring such signals

difficult, especially in the presence of noise.

This chapter outlines the principle of operation, design and con-
struction of a quadrature receiver which can accurately measure both
the amplitude and phase of a fading signal. The signal is received on
two phase locked branches coupled to two spaced antennas, for diversity
measurements. To the author’s knowledge this is the first time such a
receiver has been used, in the mobile radio environment, to assess the
joint statistics and the improvement obtainable from diversity, using

several combining strategies.
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4.2 CHOICE OF RECEIVER INTERMEDIATE
FREQUENCY.

To measure the carrier phase without ambiguity requires that the RF
signal is detected using quadrature demodulation (i.e. vector demodu-
lation). The complex narrowband channel characteristics are measured
using coherent detection with the transmitter and receiver quasi-
coherently' locked together. In this manner only those phase variations
introduced by the channel, and not the transmitter/receiver combination,
are measured. Naturally, the phase information cannot be realistically
studied at the carrier frequency ( ~ 1GHz). The translation of the
quadrature information, and hence the phase, to a suitable frequenéy
can be carried out in a number of ways. Heterodyning can be used to
translate the carrier information down to a suitable IF (Intermediate

Frequency). The choice of IF gives rise to two basic types of IF re-
celver.

(1) The IF Amplitude and Phase measuring receiver.
(11) The zero-IF Amplitude and Phase measuring receiver.

These two types of receiver will be discussed in terms of their respective

merits and demerits in measuring the amplitude and phase of the re-
ceived signal.

4.2.1 The IF Amplitude and Phase Measuring Receiver.

In this type of receiver the carrier information is translated, in one or
more stages, down to a suitable IF. Care is required in the choice of

IF to avoid images, arising from the mixing process, from falling within

10 The transmitter and receiver, which are physically separated, cannot be absolutely phase
locked togcther in the mobile radio environment. However, the use of extremely stable
frequency sources at both the transmitter and receiver can provide limited coherency over

the period of an experiment. Hence we shall refer to the two sources as quasi-coherently
locked together.
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the passband of the IF. This can be achieved by using a first stage
frequency upconversion, to displace the images, or through the use of
Image rejection mixers. All the mixing stages have to be phase locked
together, otherwise the signal phase information is swamped by the time
varying phase difference between the receiver stages. In addition,
careful choice of IF must be made in terms of the IF filters and detec-
tors," which could have non-linear transfer functions. Two advantages
of this receiver are that the input operating frequency is not constrained
to a narrow RF input frequency band and, in addition, the receiver can
be readily tested using network analyser techniques to isolate sources

of phase error etc. in the various RF paths of the receiver.

4.2.2 The Zero-1F Amplitude and Phase Measuring Receiver.

In this case the frequency translation is made directly down to baseband
such that the IF occurs at dc, i.e. zero-IF. For our purposes we shall
consider the frequency conversion to be carried out in one step, and we
shall refer to such a receiver as a Direct Conversion Receiver (DCR).
This form of receiver naturally has a number of associated disadvan-
tages. Firstly the operating frequency is limited by the availability of
mixers which have a sufficiently high operating frequency at the RF
port together with a dc operating IF port. The operating frequency is
largely limited to the design frequency, due to the constraint of main-
taining quadrature in the various RF paths. Secondly, high RF power
levels are usually required to drive the mixers in order that an adequate
dynamic range is achieved. These disadvantages are largely overcome
in this work because only one test frequency was used and the tests
were conducted with sufficient proximity to the base station such that

the necessary degree of RF amplification required was easily attainable.

11 Two detectors are required for each branch. One to detect the in-phase component and the
other to detect the quadrature component.
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The architecture associated with this form of receiver has certain
distinct advantages over the previous IF receiver. Firstly, the layout
is simple in that it lends itself readily to modular construction. Sec-
ondly, only one phase locked stage is required, which is particularly
useful in this work where more than one branch is employed. The single
mixing process, down to zero-IF, also provides an inherent detection
function as a result of the mixing process. Images are no longer a
problem since these are sufficiently separated from the wanted informa-
tion so that they are easily removed. Any imbalance between the in-
phase and quadrature baseband channels can be reduced through careful
calibration, or through the use of digital correction techniques[3].

Because of the advantages outlined above a dual branch DCR
zero-IF vector demodulator was designed, constructed and calibrated to
measure the complex narrowband mobile radio channel. Before dis-
cussing the receiver in detail a brief outline of the operating principles
will be presented.

4.3 PRINCIPLE OF OPERATION.

In presenting a simplified description of the vector demodulator we only
consider one branch of the receiver. Figure 4.1 shows the DCR with the
RF input given by

Re{ei(wc‘+4’(t)+ ‘/’nT(’))} (4.1)
where from the above and Fig.4.1

®, = RF input carrier angular frequency.
wy = Receiver local oscillator angular frequency.
¢(t) = Information.
V¥, 1(t) = Phase noise associated with the transmitter.
ll/nR(t) = Phase noise associated with the receiver.
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The RF input signal is split by a 3dB hybrid whose outputs are fed to
two double balanced mixers. The two mixers are fed by quadrature
components of the LO(Local Oscillator) to produce in-phase and
quadrature outputs given by I(t) and Q(t) respectively

I(t) = cos A cos B = —21— [ cos(A — B) + cos(A + B)] 4.2)

Q(f) = sin A cos B = % [ sin(A — B) — sin(A + B)] (4.3)
where

A =gt + Y,g()
B = wct + d)(t) + l/’n'l‘("‘)

In this work the experiments are performed with f. ~ 1GHz, therefore
the summed terms ( ~ 2GHz) in (4.2) and (4.3) are very high compared
with the difference terms. Neither the mixers, or the antialiasing filters
(see later sections), are able to pass the high frequency components
which are thus filtered out leaving only the difference frequency. The
phase noise terms, from the transmitter and receiver, which are uncor-

related, can be considered in terms of an effective phase noise term

V()
V() = ¥pr(t) + ¥ (0) (4.4)
The in-phase and quadrature terms thus become
I(t) = cos[(wg — wc)t — ¢(t) — ¥,(1)] (4.5)
Q(2) = sin[(wg — w )t — ¢(¢) — ¥, (1)) (4.6)

where we have dropped the proportionality term without loss of gener-

ality. Now w. and w, can be arranged, through the use of frequency
standards, to be approximately equal such that

2n
T

e

where T, is the typical duration of an experiment.
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If we consider the Doppler frequencies to be the information then
then

() = %{t— Vit cos p 4.8)
where

V = Vehicle speed.
A = Carrier wavelength (1~33cm at 1GHz).
y = Angular direction of vehicle motion relative to the base station

If we consider also that the signal to phase noise ratio is high i.e.

| ()| > | ¥a(£)| then

I(t) = cos{ - 2/11 V't cos y} 4.9)

Q(t) = sin{ _ 27” Vt cos ‘y} (4.10)

If I and Q are now monitored on a CRO, In X-y mode, and We assuxe,
for the purpose of illustration, that there is no fading, then the resultant
demodulated vector rotates in a circular manner dictated by the Doppler
frequency (2n/A)V cosy (+ve Doppler causes the vector to rotate clock-
wise whilst -ve Doppler causes an anticlockwise rotation). The same
effect would be observed if the vehicle was stationary and the trans-

mitter and receiver LOs were offset from one another.

It is easy now to visualise what happens to the vector when the
received signal has undergone propagation through the mobile radio
channel. The received vector moves in a random manner, in the complex
plane, with a time varying envelope and phase, as described statistically
in Chapter 2. If the same receiver LO is now used to also drive a second
identical branch, which is connected to a separate antenna, then the
complex narrowband channel can be assessed in terms relevant to the

performance of spaced antenna diversity systems.
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4.4 THE EXPERIMENTAL AMPLITUDE AND PHASE
MEASURING RECEIVER.

The dual branch DCR zero-IF vector demodulator is shown in Figure 4.2.
The receiver LO is fed by a 3dB quadrature hybrid (SAGE DC-751)
whose outputs provide in-phase and quadrature LO signals to the two
branches of the receiver. Each quadrature signal is further split using
a 3dB hybrid (MCL ZFSC-2-5). The four LO outputs (two in-phase and
two quadrature) are then fed at +7dBm to the LO port of each double
balanced mixer (MCL ZFM-2). The RF ports of the mixers are each fed
with a split version of the RF input signal from one of the antennas.
The split here is achieved using 3dB hybrids (MCL ZFSC-24). The re-
sultant baseband signals are dc coupled to amplifier stages with variable
dc offset (for x-y alignment purposes). The signals are then fed to
antialiasing digital filters (RETICON RF609A). From here the four
baseband quadrature signals are fed to a multitrack FM tape recorder
(RACAL STORE-7DS).

In the earlier discussion a perfect quadrature relationship was
assumed together with matched baseband stages. In a practical receiver
neither of these assumptions are necessarily valid. Departure from
quadrature and/or amplitude imbalance between the baseband signals,
causes errors in the measured signal envelope and phase. In the fol-
lowing section the sources of error associated with quadrature detection

are discussed.

4.5 THE SOURCE AND REDUCTION OF AMPLITUDE
AND PHASE ERRORS.

In describing the principle of operation, a perfect quadrature relation-
ship was assumed together with perfect channel matching. This is by
no means the case in a practical situation. Errors in amplitude and

phase can arise in several parts of the system[4]. In the following we
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shall discuss three principal sources of error which give rise to errors
in determining the amplitude and phase of the received signal. Various
methods of reducing the source of amplitude and phase error will also
be discussed.

4.5.1 Amplitude Error.

Even if the quadrature phase relationship is perfect then envelope and
phase errors can arise if the channels are mismatched in amplitude. The
envelope error arises from the fact that the resultant vector, ie. en-
velope, is directly related to the channel amplitude. If we consider a
fifteen percent difference between I and Q, for the tone measurements
discussed earlier, then the envelope will be in error by a maximum of
1.4dB. If this tone is viewed on a CRO, in x-y mode, then what should
have appeared as a circle is now an ellipse. The minor axis of the el-
lipse coincides with the reduced channel, which is orthogonal to the
major axis. In this example we consider that the error only occurs in
the quadrature branch i.e. the in-phase branch is assumed perfect. In
addition, non-linear phase error arises due to the amplitude mismatch,

since ¢ = tan Y(Q/I). Figure 4.3 shows the effect of channel amplitude
mismatch on the envelope and phase.

These errors are easily reduced by altering the appropriate baseband

channel gain until both the in-phase and quadrature outputs have the
same amplitude.

4.5.2 DC Offset Error.

Even in an otherwise perfect system, envelope and phase errors can still
arise if either, or both, of the quadrature components have a fixed dc
offset. The effect of dc offset can be seen in Figure 4.4 where errors of
0.3 and -0.2 have been simulated for I and Q respectively. Naturally, the
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receiver can no longer detect I and Q as zero mean Gaussian processes
for a received Rayleigh distributed signal. DC offset errors are reduced
through the use of dc coupled amplifier stages which are calibrated prior
to each experimental run. Alternatively the stages could be ac coupled
with an accompanying loss of some low frequency information. Small
dc offsets can also be further reduced by normalising the I and Q
channels by their respective long term average values. Implicit in such

an approach would be that I and Q have identical mean values of zero.

4.5.3 Quadrature Error.

Quadrature error refers to the two LO sources, which feed the mixers,
not being truly orthogonal. If we again consider the input tone, this
time with perfect channel match, the baseband output appears as a
skewed ellipse. The degree of skewness is related to the extent of
quadrature loss. Figure 4.5 shows this more complicated source of error.
Ideally if I has reached a maximum then there should be no signal in
Q. Clearly this will not be the case when quadrature error arises.
Again this gives rise to error in the envelope and phase of the vector.
Quadrature error is reduced by increasing or decreasing the RF path
length of either the in-phase or quadrature local oscillator line to the
mixer. This is achieved by means of a variable phase shifter or by
careful matching of the path lengths.

The extent of the amplitude mismatch and quadrature error can
also change as a function of input carrier frequency. In this application
the narrow bandwidth ensured that neither of these parameters were
adversely affected. When modulation schemes are employed (which oc-
cupy a greater bandwidth than the CW signal used in these tests) the
effect of input frequency is of greater importance. These errors can be
further reduced by the use of digital matching using Fourier transform
techniques[3].

The effect of all three sources of error on the envelope and phase
can be seen in Figure 4.6. This figure represents the combined effects
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of amplitude, dc offset and quadrature mismatch seen in Figures 4.3, 44
and 4.5 respectively. Clearly the resultant skewed offset ellipse is dra-
matically in error compared with the expected circle. In practice each
of the three sources of error were reduced, one at a time, in the manner

outlined earlier.

4.6 RECEIVER CALIBRATION.

Because the resultant signals occur at baseband, conventional network
analyser equipment' cannot be used to measure the degree of amplitude
mismatch or quadrature error, except in the RF paths. Instead, the
sources of error were measured at baseband frequencies using an input
tone, at the test frequency, that is phase locked to the LO. The ampli-
tude mismatch was reduced by varying the baseband amplifier gains
until both of the quadrature branches exhibited identical amplitudes and
zero means for the input tone signal. The quadrature error was reduced
by careful tuning of the RF path lengths until the baseband signals, of
the input tone, (i.e. tone angular frequency = |w.— w,| ) had a phase
difference of =n/2 radians. The phase difference between the two
branches of the receiver, was measured as 13.3°. No attempt was made
to eliminate this phase difference since the absolute phase difference
between the two branches could be accommodated in subsequent soft-

ware analysis.

4.6.1 Receiver Dynamic Range.

The receiver dynamic range was measured by injecting an RF tone, at
various signal levels, into both branches of the receiver, and digitising

12 Network analysers operate at IF and RF frequencies and hence are ineffective for meas-

urements at baseband frequencies.
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the quadrature outputs. Figures 4.7 and 4.8 show the calibrations for
branches 1 and 2 respectively. The regression data were used to provide
conversion of the I/Q values into envelope (i.e. vector magnitude) signal
strength. Note that both branches are extremely well matched and have
a large dynamic range for a linear detector system. Input signals of
greater than -10dBm cannot be used due to non-linear distortion arising
from the mixer diodes becoming saturated. Each of the quadrature
mixers acts as an AM linear detector. To assess the non-linear effects
of the mixers the harmonics of the fundamental were measured, for each
of the mixers, at the point of maximum distortion. These harmonics
were found to be greater than 25dB below the fundamental and hence,

have little effect on the resultant vector.

4.6.2 Receiver Quadrature Error.

The same data used to measure the dynamic range was used to measure
the degree of quadrature error as a function of RF input level. This
was achieved by software mixing the baseband quadrature outputs,
which contain the tone information, and measuring the departure from
quadrature. Figure 4.9 shows the quadrature angular error as a function
of RF input level. Again it is noticed that both receivers are well
matched and that the absolute quadrature error is small. The
quadrature error was not found to vary across the bandwidth of the re-

ceiver.

4.7 COHERENT SOURCES.

Measurement of the RF carrier phase, which has undergone propagation
through a scattering field, requires that the LOs at both the transmitter
and receiver are stable and phase locked together. A number of signal

generators were used, as LOs, for the experiments (Marconi-2019,
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Marconi-2022C and HP-8656B). Each of the signal generators derives its
output frequency from an internal frequency reference. These frequency
references are neither stable nor coherent with respect to each other.
Each of the generators was therefore driven externally from an ex-
tremely stable frequency source. Rubidium frequency standards were
used for this purpose (RACAL-DANA 9475). Coherency between the two
sources, and hence between the transmitted carrier and receiver LO, was
monitored by periodically mixing the two sources and adjusting one of
the standards to produce zero-drift.® The two signal generators could

then be considered to be quasi-coherently locked.

4.7.1 Phase Noise.

If the coherent received signal is viewed on a CRO, in x-y mode, the
resultant point vector" has a small amount of angular jitter. This phase
jitter, termed ’'phase noise’, arises from the fact that the frequency
standards are not pure sources and the signal generators themselves
derive their output frequencies through independent phase locked loops.
The degree of phase noise present, using the frequency standards, was
considerably smaller than that introduced by the channel. The phase
noise introduced by the transmitter and receiver local oscillators was
measured for a transmitted tone. The resultant phase was measured and
found to have an associated uncertainty, introduced by the phase noise,
of 1.1°. Thus the phase of the received RF signal and hence the random

FM introduced by the channel could be measured.

3 In fact a very small amount of drift was allowed, between the two sources, provided that

the period of the resultant offset frequency was considerably greater than the time required
to conduct an experiment.

14 We have assumed that there does not exist any drift between the two standards.
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4.8 THE RECEIVER FRONT-END.

To provide an adequate RF input level to the receiver (-10dBm to
-60dBm) and to provide some selectivity, a front-end, comprising of RF
amplifiers and a filter, was assembled for each branch of the receiver.
This arrangement consisted of a crystal filter (MURATA-
DFC3R914P001BTD) centred on the test frequency, preceded and fol-
lowed by low noise RF amplifiers (HP-8447D and MCL-ZHL-1042J re-
spectively). Sufficient gain and selectivity was achieved, with this
combination, to enable maximum use of the receiver’s dynamic range for
the field trials. The overall gain of this front-end, for both branches,
was some 50dB (52dB gain from the amplifiers and 2dB loss through the
crystal filter). The receiver was then able to detect and quantify accu-

rately the envelope and phase of an RF signal between -60dBm and
-110dBm.

4.8.1 The Receiver Antennas.

Two antennas were used to receive the fading signals for the spaced
antenna diversity field trials. These antennas were vertically mounted
A/2 dipoles designed for the test frequency of 914.5125MHz. Each of the
A[2 dipoles was mounted on a non-conducting boom to reduce the effects
of coupling between the elements and the mast. The separation between
the elements, of the dipoles, was adjusted for minimum VSWR. A clamp
arrangement was used, on the antenna booms, to facilitate easy adjust-

ment of the vertical antenna spacing between the two antennas.

4.8.2 Data Recording.

The outputs from the four quadrature baseband channels were recorded
onto analogue magnetic tape using a multitrack FM tape recorder
(RACAL STORE-7DS). In addition, another channel of the recorder was
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used to monitor vehicle speed. This was achieved by recording pulses
derived from an opto-isolator mounted on the vehicle’s drive shaft.
When the receiver was located at the base station the pulses were used
to modulate the carrier of a FSK transmitter. The tacho pulses were
subsequently received, at the base station, by means of an FM receiver
and recorded onto tape. A 1 Hz tone was also recorded onto the ana-
logue tape to provide for later digitisation of the recorded information.

4.8.3 The Transmitter.

The transmitter, which was located either at the base station or at the
mobile, is shown in Figure 4.10. The Rubidium frequency standard
provided an accurate frequency reference for the transmitter, which was
coupled with a frequency synthesised signal generator arranged for CW
output. A 40dB gain linear amplifier (ENI 603L) was used to provide a
3W signal at the transmitter antenna. The transmitter antenna was a
vertical monopole mounted on the roof of the vehicle for reception at
the base station, or a mast at the base station for reception at the mo-
bile. Care was necessary at both the base station and mobile to ensure
that the antennas did not sway excessively, because such movement
manifests itself as phase perturbations on the received signal.

4.9 CONCLUSION.

The principle of vector demodulation has been explained in this chapter
together with the design of a dual branch direct conversion vector
demodulator receiver. The envelope and phase errors associated with
such a receiver have been discussed in terms of their origin and re-
duction. The calibration of the receiver has shown that both branches
are extremely well matched with a usable dynamic range of +45dB. The
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use of coherent sources, for both the transmitter and receiver, has been
discussed in terms of the coherency between the two sources and their
combined phase noise. Finally a selective front-end, for the dual branch
receiver, has been described which allows the receiver to measure the
envelope and phase of RF input signals down to -110dBm.
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Figure 4.1 The direct conversion vector demodulator receiver.
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Figure 4.2 The dual branch phase-locked direct conversion vector demodulator receiver.
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Figure 4.3 Example of amplitude mismatch, between the in-phase and quadrature channels,

which produces envelope and signal phase error.

The circle represents perfect

detection and the ellipse represents the signal detected as a result of the ampli-
tude mismatch. In the upper diagram the solid radius represents the envelope for
perfect detection and the dashed radius represents the envelope detected as a re-

sult of the amplitude mismatch.
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Figure 4.4 Example of dc mismatch, for both in-phase and quadrature channels, which
produces envelope and signal phase error. The centred circle represents perfect
detection. The offset circle represents the signal detected as a result of
quadrature dc offset error. In the upper diagram the solid radius represents the
envelope for perfect detection and the dashed radius represents the envelope de-
tected as a result of the dc offset mismatch.
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Figure 4.5 Example of quadrature error, between the in-phase and quadrature channels,
which produces envelope and signal phase error. The circle represents prefect
detection and the skewed ecllipse represents the signal detected as a result of
quadrature error. In the upper diagram the solid radius represents the envelope
for perfect detection and the dashed radius represents the envelope detected as a
result of the quadrature error.
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Figure 4.6 Example of amplitude, dc and quadrature mismatch which results in envelope and
signal phase error. The circle represents perfect detection. The offset skewed
cllipse represents the signal detected with all three forms of error shown in Fig-
ures 4.3, 4.4 and 4.5. In the upper diagram the solid radius represents the envelope
for perfect detection and the dashed radius represents the envelope detected as a
result of the various errors.
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Figure 4.7 Calibration plot and regression analysis data for receiver branch number 1.
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Figure 4.8 Calibration plot and regression analysis data for receiver branch number 2.
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CHAPTER 5. EXPERIMENTAL
PROCEDURE AND DATA REDUCTION.

5.1 INTRODUCTION.

In this chapter an outline of the experiments conducted using the dual
branch receiver will be given. In addition, the procedure for digitising
the data, which was recorded onto magnetic tape using a multitrack FM
recorder, will be discussed. Finally, the initial data reduction, which

was carried out on a mainframe computer, will be described.

5.2 EXPERIMENTAL PROCEDURE.

Two series of field trials were conducted during this work. In the first
set, the transmitter was located at the mobile and the dual branch re-
celver at the base station. In the second set, the transmitter and re-
ceiver locations were reversed. The vehicle was driven around the test
route, at a near-constant speed of 10m/s, for both sets of field trials.
The test route, situated some 1.3km from the base station, was the same
as that used in an earlier investigation[1]. The principal variable during
these trials was the antenna separation between the vertically mounted
A/2 dipoles used in conjunction with the dual branch amplitude and
phase measuring receiver. Three routes were used which had directions,
relative to the base station, that were approximately radial(l) or
circumferential(2). Each route was traversed in both directions, thus
producing six sets of results for each value of antenna separation. The
constant vehicle speed and choice of route enabled the data to be ana-

lysed in terms of the direction of vehicle motion and maximum Doppler
frequency.
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5.2.1 Receiver at the Base Station.

In this series of field trials a 3W CW signal was transmitted at
914.5125MHz from the mobile using a monopole antenna mounted on the
roof of the vehicle. The scattered signal was received, at the base sta-
tion, on two vertically mounted and vertically separated 4/2 dipole an-
tennas. The base station was located on the roof of the Electrical
Engineering Building some 35m above ground level. Data were recorded
for each of the six routes for nineteen values of antenna separation.
The separation between the antennas was adjusted, in steps of 14, from
24 to 204,

This series of field trials was a reconstruction of an earlier
investigation[1] in which only the signal envelope was recorded. In this
more recent survey however quadrature detection was used which ena-
bled both the envelope and phase of the received signal, to be measured.
Figure 5.1 shows the test routes in relation to the receiver at the base

station.

5.2.2 Receiver at the Mobile Station.

A 3W CW signal was transmitted at 914.5125MHz, from the base station,
using a vertical monopole antenna. The receiver, now located at the
mobile station, was connected to two vertically mounted and vertically
separated A/2 dipole antennas. A mast was mounted on the the roof of
the vehicle which enabled the antennas to be displaced in A/2 steps
from® A/2 to 41. The lower antenna was fixed at 11 above the vehicle
roof, which coincided with the optimum position for VSWR and the

maximum number of antenna separations which could be easily accom-

15 An antenna scparation of exactly /2 could not be used otherwise the clements, of the two
antennas, would come into contact with one another. The end elements, of the two anten-
nas, were separated by a few cms where it was noted that little power was lost through

cross-coupling.
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modated. Again the vehicle covered all six routes for each of the an-

tenna separations.

5.3 DATA DIGITISATION.

The in-phase and quadrature baseband signals from the two antennas,
were recorded onto a multitrack analogue FM tape recorder. The ana-
logue tapes were later replayed and the respective quadrature signals
simultaneously digitised at a 1kHz rate. The Analogue to Digital
Convertor(ADC) used was a 12-bit device with bipolar input (4 2.5V)
which was operated by an IBM Personal Computer(PC). The
IBMPC(model AT) also transferred the digitised data onto digital mag-
netic tape using two bytes per sample. The magnetic tape transport
employed (EMI 8800) used an 8-bit byte format. The first recorded byte
(lo-byte) stored the first eight bits of the sample and the secand byte
(hi-byte) contained the higher four bits of information, the upper 4-bits
being masked.”® The data bytes were recorded as coded ASCII characters.
The data were recorded in the sequence I,, ,, I, and @, (where I, is the
in-phase component of branch 1 etc.). The data were recorded in blocks
of 4080 bytes i.e. 510 samples of each quadrature signal per block. The
first record, or block, contained header information pertaining to the
experimental configuration e.g. location of receiver, the antenna sepa-
ration and vehicle route. The digital tapes were later read, decoded and

subsequently analysed on the University’s mainframe computer

(IBM-3081).

18 This lo-byte/hi-byte data storage method could be used for 16-bit information. However,
since the ADC was a 12-bit device the upper 4 bits, of the hibyte, were unused and hence

masked.
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5.3.1 Data File Representation.

The first block of each data file contains information about the exper-
imental arrangement. When the receiver was located at the base station
the first five characters of the information block were used. The first
two of these characters, 'VB’, referred to Vertically spaced antennas at
the Base station. The third and fourth characters provided the antenna
separation in wavelengths (e.g. '20'). The fifth and final character in-
dicated the test route e.g. ‘A’ (A to F for the six routes). A typical in-
formation character string would then be
VB20A

When the receiver was located at the mobile the first two char-
acters again gave information regarding the test location and antenna
arrangement. In this particular case a 'C’ is used to represent tests with
the receiver at the Car e.g 'VC'. The following three characters provide
the antenna separation in 1/2dB steps with a 'P’ being used to represent
a decimal point e.g. 3P5 = 3.5 wavelengths separation. Again the final
character i1s used to represent the test route for the file. A tyypical
character string would thus be

VC3P5F
These character strings will appear on some of the graphs for the results

(see Chapter 6) to provide information of the data source.

5.4 PRELIMINARY DATA REDUCTION.

In order to facilitate a study of the effects of antenna correlation and
diversity improvement etc., the data were preprocessed prior to analysis.
This data preprocessing was undertaken in two stages. Firstly, the data
were decoded from the magnetic tape and secondly the data were con-

verted into signal envelope values using the calibration information
shown earlier in Figures 4.7 and 4.8.
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5.4.1 Data Decoding.

The data on the digital magnetic tape was stored in ASCII format. The
mainframe computer(IBM-3081) uses EBCDIC format, which is not di-
rectly compatible with that of the data tapes. The ASCII characters of
the first block, which contain header information, are decoded by means
of a 'look-up’ table arrangement of corresponding characters. The raw
baseband data are transformed by using the standard FORTRAN-77
character-to-integer function (ICHAR(arg)), together with the appropri-
ate lo-byte and hi-byte transformation. The baseband signals were then
converted from integer to bipolar voltages corresponding to the voltage

outputs of the FM tape recorder.

5.4.2 Envelope Calibration.

The quadrature data, for each antenna, was used to store corresponding
signal strength values of each associated envelope. The regression data
shown in Figures 4.7 and 4.8 were used to convert the voltage
quadrature information into relative signal strength values(dBm). In
addition, the phase associated with each envelope is determined from the
appropriate linear-valued component of the signal on each antenna.

5.5 ESTIMATION OF THE LOCAL MEAN.

The received signal envelope is composed of superimposed fast and slow
fading components. To calculate the cross-correlation between the
signals received on the two antennas and to assess the diversity im-
provement requires that the slow fading component, often called the lo-
cal mean, is removed. To estimate the local mean a moving average
method can be used. The received signal strength R(f) can be repres-

ented as
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R(t) = r(t) e m(d) (5.1)

where m2(t) is the local mean power, which is the total power of the
incoming multipath waves arriving at the receiver, and r(f) is a
normalised received signal strength which varies quickly (i.e. fast fad-
ing). In an urban area, the number of multipath waves can be assumed
to be very large, and thus r(¢f) becomes a Rayleigh process having unity

power.

An estimate of the local mean power, m?(t), at a time ¢,, for a ve-
hicle moving at a constant speed can be found from a series of N sam-

ples using the following moving average method

(N-1)
R(¢
,ﬁz(q = % E % (5.2)
—(N-1)
m= 2

where m2(t,) is the estimate of the local mean power. Using m(t,) the

estimated fast fading component 7(¢f) is given by

r(t) = —M (5.3

J)

This estimated fast fading (i.e. normalised signal) is used in the analysis
of the cross-correlation between the envelopes and in the assessment of

the statistics associated with the various diversity schemes.

The length of time over which m? is estimated 1s
T = NJf., where f; is the sampling period. If T is chosen too short then
the local mean is poorly estimated, since the fast fading components are
still present. If T is chosen too long the slow fading is largely lost.
A satisfactory value for T, was determined in an earlier investigation[1]
where it was found that the local mean could be estimated with an ac-
curacy of between + 1dB and 4+ 2dB for a normalised sample period of
foT =16. The vehicle speed of 10m/s corresponded with a maximum

Doppler frequency of 33Hz. Thus the observation period was 0.5s, which
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coupled with the 1 Hz sampling rate corresponded with a local mean
averaging window of 501 points. Appendix E describes the effect of
sample size and sampling rate (as a function of fp ) on the variance of
of the estimated local mean signal strength (expressed in dB terms).

5.6 CONCLUSION.

The experimental procedure has been given for vertically spaced antenna
measurements at the base and mobile stations. The digitisation, of the
recorded data, has been described together with preliminary data re-
duction, which included decoding the magnetic data tapes and calibrat-
ing absolute signal strength values. The estimation of the local mean,
which is used to normalise the data to the fast fading component only,

has been described.

In the following chapter the normalised data are analysed in
terms of statistics associated with a single branch, which were outlined
in Chapter 2. In addition, the cross-correlation between signals received
on two vertically separated antennas is analysed as a function of the
antenna separation and their location. The improvement provided by
several predetection diversity schemes is then assessed in terms simu-
lated diversity using the data of the signals received on the two corre-

lated antennas, as outlined in Chapter 3.
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CHAPTER 6. RESULTS.

6.1 INTRODUCTION.

Results of an investigation using the dual branch vector demodulator
receiver with vertically spaced receiver antennas at both the mobile and
base stations are presented in this chapter. The presentation is in three
sections. Firstly, some single branch statistics are presented which
show results that are in some cases compatible with a simple Rayleigh
fading model whilst in others a dramatic departure is noted. Secondly,
the measured cross-correlation between signals received on two verti-
cally spaced antennas is determined for both mobile and base stations,
and iInterpreted in terms of a scattering model which describes the
cross-correlation in terms of a scattering geometry. Finally, results it
lustrating the performance of several simulated predetection diversity
strategies using correlated signals are presented, in a similar statistical

framework to that described in Chapters 2 and 3.

6.2 SINGLE BRANCH STATISTICS.

Before discussing the results of the various diversity strategies a
brief presentation of some single branch statistics will be given. These

results are discussed in terms of the theoretical expressions presented
in Chapter 2.
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6.2.1 The Quadrature Components.

The PDF and CDF of a typical pair of quadrature components (I and
Q) detected by the receiver are shown in Figure 6.1. These signals were
measured at the mobile and the results agree well with the theoretical
PDF and CDF given in Chapter 2 (see equations 2.6 and 2.7 respec-
tively). For the CDF, the ordinate has been scaled such that a
normally-distributed variable appears as a straight line with a gradient
inversely related to the standard deviation of the distribution.

6.2.2 The CDF of the Envelope.

The CDF of the received signal envelope is shown in Figure 6.2. The
ordinate has been scaled such that the CDF of a Rayleigh-distributed
envelope appears as a straight line. In this figure two situations have
been plotted for comparison. Both the cases depicted were commonly
observed when studying propagation in small cells in urban areas.
Firstly, a Rayleigh-distributed envelope received at the mobile is shown
as a straight line with a CDF accurately given by equation 2.11. In the
second case (the curve) deep fades have been recorded at the base sta-
tion which have a higher probability of occurrence than that observed
for a pure Rayleigh fading envelope. The CDF of this latter case arises
when a standing wave pattern occurs as a result of the superposition
of direct and indirect propagation paths[1,2]. In the case recorded, 30dB
fades have occurred approximately ten times more frequently than for
a Rayleigh distributed signal. Naturally, this situation would present
a serious impairment to information transmitted over such a channel.
Indeed such propagation conditions might easily arise in microcellular
systems where only a few propagation paths probably exist. In this
situation diversity could provide a much improved signal, particularly

if the signals received on the antenna branches are uncorrelated (see

later sections).
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6.2.3 The Received Signal Phase.

Figure 6.3 shows the received signal phase, differential phase (i.e.
¢(t + 1) — ¢(¢)) and envelope, for a typical section of data gathered at
the mobile using the receiver. The seemingly abrupt phase changes
which occur between 0° and 360° are not real but merely the way tran-
sitions between full cycles are plotted. The true large phase changes
that occur can be seen to coincide with the deep fades as expected. The
small scale ragged appearance of the phase is caused by phase noise
resulting from small instantaneous differences in phase between the

transmitter and receiver frequency sources (see Chapter 4).

Figure 6.4 shows the measured PDF of the phase, p(¢), and dif-
ferential phase, p((}ﬁ), for a typical section of data. The PDF was meas-
ured in phase bins of 1° between 0° and 360°. The reference point, 0°,
relates to the in-phase component of the received signal and increases
in a counter-clockwise manner, ie. 0°=1, 90°=@Q, 180°=—I, and
270° = —Q. The measured PDF of the phase agrees well with that pre-
dicted by equation 2.30. In this case, since ¢ is in degrees the theore-
tical value for p(¢) is given by 1/360 i.e. 0.003, which can be seen as the
horizontal line in the figure. The lower plot depicts the measured PDF
of the differential phase, p(&)). Again, the measured values agree well

with that predicted by theory (see Figure 2.11).

6.2.4 PDF of the Differential Phase as a Function of Envelope.

Figure 6.5 shows the conditional probability of the differential phase as
a function of the fade depth i.e. p(&)IR). This plot differs slightly from
that given for the theoretical result (see equation 2.63 and Figure 2.12)
in that the PDF has not been measured for a specific envelope value but
over a range of fade depths. This method of data presentation has been
used in order to show the trend of p((})lR) when a statistically small
number of samples exist for specific envelope values. The form of the
result, however, agrees well with theory in that the peak of the PDF
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occurs at small (2), for the shallow fades whereas, large values of q;) are
clearly  associated with the deep fades, especially when
~10<R < —6dB and 1< |¢jwp| <3.

6.2.5 PDF of the Phase Gradient.

The probability density function of phase gradient as a function of time,
or spatial, difference is shown in Figure 6.6. The result shown agrees
well with that predicted by equation 2.38. The differences between the
experimental and predicted values can be accounted for in the uncer-
tainty of the vehicle speed, which is directly related to //1 (see equation
2.38 and Figure 2.6). Clearly the PDF maximises at large phase differ-
ences (e.g n) as [/ — 0.5. When [//1~0.38 the PDF is approximately con-
stant across the range of A¢. This situation coincides with the samples,
at I/A apart, being independent of one another. In terms of equation 2.38

the normalised autocovariance function 1is zero and hence

p(Ad) or p(dy, ¢2) = p(¢1) e p(¢P2) = 1/4n%

6.2.6 The RF Input Spectrum.

In order to determine the spectrum of the RF input signal, the
quadrature complex autocorrelation coefficients were first determined
for 512 delays using 5000 points of data (i.e. 5 seconds). The complex
correlation coefficient for a given delay was then determined using
equation (6.5)" with z, forming the delayed, but replicated, data samples
of z;. The spectral components of the Doppler RF input spectrum were
computed using a complex FFT (Fast Fourier Transform) routine[3].
Prior to the Fourier transform however, the data samples were shaped
using a Hammin window[4] which combined good frequency resolution
with minimum spectral leakage. The FFT routine was carried out over

17 See section 6.3 and therein.
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1024 points (i.e. a power of two for fast computation) which, together
with a sampling frequency of 1 Hz provided a spectral resolution of
0.97Hz from -500Hz to +500Hz (i.e. the negative and positive Nyquist
frequencies). A complex FFT routine[3, 5 and 6] was used in order that
both positive and negative Doppler components could be resolved. Se-
veral overlapping spectra were determined for each section of data.
These spectra were then averaged to provide a representative spectrum
for the route. The extent of the overlapping used was half the length
of the FFT, i.e. 512 (approximately half a second).

Figures 6.7 and 6.8 show two contrasting cases of Doppler spectra.
The upper plot in each figure shows the real part of the complex
autocorrelation function, whilst the lower plot depicts the computed
spectrum of the carrier, translated to baseband. In the first example the
autocorrelation and spectrum closely resemble that predicted in Chapter
2 with sharp frequency cut-offs occurring at + fp. In the second example,
which was not untypical, the spectrum departs dramatically from that
predicted by theory. The dominant components in the spectrum suggest
that for some periods along the route a propagation mode existed
which the received signal vector did not move in a random manner, in
the I/Q plane. Such a situation might arise in several ways, for example
if a dominant direct path existed, the arrival angle of the multipath
waves was non-uniform, the multipath waves do not posses a uniformly
distributed phase or the combined multipath waves resulted from prop-
agation in elevation as well as azimuth (see Chapter 2). For propa-
gation in very small cells these points probably become increasingly
more important. As a result therefore, it could be expected that the
Doppler spectrum, for small cells, would differ from that expected under

pure Rayleigh fading conditions.

6.2.7 The Envelope Spectrum.

The spectrum of the fading envelope was determined by carrying out a
real FFT on the measured autocorrelation coefficients of the envelope.
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Again, the autocorrelation coefficients were first transformed using a
Hammin window prior to Fourier transformation into spectral values.
The same parameters were used for the autocorrelation size and number

of lags etc. as those discussed earlier in the previous section.

Figures 6.9 and 6.10 show two contrasting cases of envelope spec-
trum for the same sections of data used in the previous discussion. In
the first case the envelope autocorrelation function (upper plot) and
envelope spectrum (lower plot) clearly resemble that predicted in Chap-
ter 2 with a sharp frequency cut-off occurring at 2f,. The second example
(Figure 6.10) shows a case where the measured values differ markedly
from that predicted by theory. This is most noticeable in the spectrum
where there is no abrupt frequency cut-off. Indeed the spectrum shows
a general decrease in spectral power with increasing frequency, instead
of the usual flat response up to the sharp cut-off at 2f;. The same ex-
planation is offered for the differences between the two cases as that
used in the previous section. The apparent lack of spectral content be-
low 2Hz, 1n both cases, is solely due to this region of the spectrum being

removed by the normalisation of the envelope (see Chapter 5).

6.2.8 The Random FM Spectrum.

Figure 6.11 shows the measured random FM spectrum for a single
branch at the base station together with that predicted by theory (see
equations 2.64 to 2.66 and Figure 2.13). The spectrum was determined
by Fourier transforming the measured autocorrelation function of c?)
The autocorrelation function was determined using a window of 1500
points and 128 lags. A real FFT routine[3] was used with 512 points
which, with points sampled at 1kHz, gave a frequency resolution of
1.95Hz. The spectral values plotted represent data averaged over spec-
tral segments of 39Hz. The measured random FM spectrum agrees well
with theory, the greatest energy being concentrated at the lower fre-

quency and the energy of the higher frequency falling asymptotically.
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The predicted spectrum was determined by Fourier transforming
equation (2.65).

6.3 CROSS-CORRELATION BETWEEN VERTICALLY
SPACED ANTENNAS.

Having presented examples of the statistics derived from measurements
using a single branch, we now turn attenfion to the matter of diwversity
reception. Firstly we present some measured results for the cross-
correlation between signals received on vertically separated antennas
at both the base and mobile stations. In a previous study[7] the cross-
correlation between the envelopes of signals received on two base sta-
tion antennas was measured for both vertical and horizontal antenna
separations. The normalised envelope cross-correlation, pe., , was cal-

culated using[7]

Ty — 17

1277172

Penv = —— ————— (6.1)
A2 A2 A2 A2

7§=;An—(t) is the arithmetic average of the estimated fast fading compo-
nent (see Chapter 5) of antenna n. Subsequent analyses[8,9] made use
of the fact that pum.>|pi|® [10,11] where |py| is the modulus of the
complex correlation between antennas 1 and 2. In the present work, the
vector demodulator receiver provides the necessary quadrature informa-
tion to measure p), directly. If we represent the complex signal received
on antenna 1 as z; and that on antenna 2 as z, then the complex
cross-correlation between the signals received on the two antennas is
defined as [12]
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COV(z,, z,)
Pro= —— = 6.2
12 o(21)0(z,) (62)
Since z; and z, are complex, the signals can be expressed in terms of the

quadrature components, I and @ as

Zl = I]_ +JQ1
: 6.3
zg=1I+jQ; ©-3)
In equation (6.2) the terms of the complex correlation are
COV(z,, z5) = Covariance between 2, and z,
o(z;) = Standard deviation of z;
Also
COV(zy, 25) = E{(z; — E{2,}) (2, — E{2,})} 64

o(z) = Ell2, - E(z} 1)

Where E{.} is the expectation of the variate (see Chapter 2). Combining
equations 6.2 and 6.4, the complex correlation between the signals re-

ceived on antennas 1 and 2 is given by®

<(zl—<zl>)*(zz—<zz>)>

P12 = 2 2
\/< |2y — <z, > | >\/<Iz2—<z2>| >

The complex cross-correlation, pi,, was determined for each setting of
antenna separation at both the mobile and base stations using two sec-

18 Again, as in Chapter 2 <.> = E{.} has been used for clarity of expression.
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ond segments of data[7] each of which was approximately Rayleigh dis-
tributed. :

6.3.1 Cross-correlation at the Base Station.

From experimental data, the complex cross-correlation, pi,, was deter-
mined, using equation (6.5), for each of the antenna separations and for
each of the routes travelled. Values of p;» were found for antenna dis-
placements of 24 to 204 in steps of 14. Figure 6.12 shows |p1|” plotted
against antenna separation, for radial and circumferential routes. The
values of Ipm{z shown in Figure 6.12 agree well with values of pe., found
in an earlier study[7] from measurements taken over the same routes.
It is generally accepted[11] that for |p|*<0.7 an improvement in per-
formance can be achieved using a two branch diversity system. In the
case of vertical antenna separation at the base station values of
| p121® < 0.7 can be achieved for antenna separations of 81 to 131 for the
various routes surveyed. This result agrees well with that found in the

earlier investigation[7] where p.., < 0.7 was achieved for antenna sepa-

rations of 114 to 13A4.

6.3.2 Cross-correlation at the Mobile Station.

In this case, the complex cross-correlation, p,,, was calculated, using
equation (6.5), for measurements using two vertically spaced antennas
at the mobile, for the same routes. Values of p;; were found for antenna
displacements of 0.51 to 4.01 in steps of 0.5A. Figure 6.13 shows |pp|”
plotted against antenna separation for each of the routes. Regardless

of the route travelled, a value of |p1,|* < 0.7 can be achieved for antenna

separations $1.04,* which, at 1GHz, is physically small ( ~ 33cm). This

19 Values of |p12/2<0.7 can be achicved at antenna separations ~0.51. However, this value
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suggests that, using vertical separation, a small, unobtrusive space di-
versity antenna could be constructed for use on mobiles. Horizontally-

spaced antennas are not an attractive proposition for vehicular use.

6.3.3 Comparison of Envelope and Complex Cross-correlation.

The cross-correlation between the envelopes (p..,) of the signals received
on two spaced antennas was calculated for a radial route, together with
the corresponding complex cross-correlation p,. The two cross-
correlation parameters are shown in Figure 6.14 for one of the routes.
This figure shows that p.. is generally a good approximation to |p12|2
[11,13] 1.e. Peno l"lplglz and suggests that it is reasonable to employ con-
ventional signal strength envelope-detection receivers to measure the
magnitude of the cross-correlation between signals received on spatially

separated antennas.

In the following section a scattering model is used to explain the
cross-correlation between the signals received on the two branches, in
terms of scatterers in the vicinity of the mobile. This model is based
upon the statistical relationship between two complex phase-related
signals received on two vertically-spaced antennas. The phase relation-
ship, between the two complex signals, is modelled in terms of the angle

of the received multipath waves waves relative to the scatterers sur-

rounding the mobile.

6.3.4 Theoretical Analysis of Cross-correlation using a Scattering

Model.

Consider the transmission from a moving vehicle received by two verti-
cally spaced antennas at the base station. It is assumed that no line

is not quoted since at this antenna scparation some coupling will occur between the two

antennas and thus reduce the reccived signal power.

- 6.10 -



of sight propagation path exists, and that all the waves received at the
base station come from scatterers surrounding the mobile unit. It is
further assumed that there are no local scatterers at the base station,
and that the distance between the mobile and base stations is much
greater than the antenna separation. The coordinate system (for verti-
cal separation of the antennas) at the base station is shown in Figure
6.15. If we represent the complex signal received on antenna 1 as 2z, and

that on antenna 2 as z, then

N
21(6) = Y E, explil(@, + 0,)t +6,]) (6.6)
n=1
N
zy(t) = ZE” exp{j[(a)c + w, )t — a—ndv sin ¢, + Hn]} 6.7
n=1

where

E, = Amplitude of " wave.

w, = Nominal carrier angular frequency.
w,, = Angular frequency of n't wave.

d, = Vertical antenna separation.

¢, = Elevation angle of n'" wave.

0 = Phase of n'" wave.

Since the multipath waves come from different scatterers, the random
phases, 0, are independent. Substituting (6.6) and (6.7) into (6.5) and
noting that for a Rayleigh process <z >=<2z,>=0 the complex

cross-correlation, py,, 1s given by
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n=1 (6.8)

Assuming the multipath waves all have identical amplitude (E, = E)

then p;» becomes

N
p1o = % Zexp{ —j[ —zlidv sin sn}} (6.9)
n=1

If we assume a large number of received waves with a PDF in elevation
given by p(e,) then (6.9) can be replaced by an integral over p(e,) such
that

o= | exp{ S 22a, i sn]}p(an) s, (6.10

-7

In addition, we assume p(¢,) to be Gaussian distributed and centred at
an angle ¢, This angle (¢} is the angle of elevation of the mobile yela-
tive to the base station. The PDF of the multipath waves in elevation

for a Gaussian distribution is therefore given by

1 (871 - 89)2
p(e,) = Joro e R (6.11)
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6.3.4.1 Vertically Spaced Antennas at the Base Station.

The elevation angle at which the multipath waves are centred is given
by the relative height of the base station with respect to the mobile test
area (approx 35m in this case) and the distance of the test area from the
base station (1.3km), i.e.

_ -1f 35 \_ {ro
g, = tan <——-1300 ) =15 (6.12)

Since ¢, and the spread in ¢, are small, the directivity of the two /2
dipoles in elevation (i.e. G(¢)) need not be considered here

(i.e. Gi(e) = Go(e)~1).

The cross-correlation, Ip,2|2, can thus be determined by numer-
ically integrating equation (6.10). Alternatively, an approximate closed
form solution to |pi.|? is available[7] which relates the cross-correlation
with the vertical antenna separation (d,), the distance of the mobile from

the base station (L) and the distance of the scatterers from the mobile

(r.), this being

. 2
2 d,r, sin g, cos ¢
|p12| >~ exps — |: 2/{[ - LU . :I (613)

Figure 6.16 shows theoretical values of | p12|* plotted using equation
(6.13) for various values of ¢ (in 6.11). The results in Figure 6.16 suggest
that ¢ lies between 1° and 1.4°. From Figure 6.15, ¢ 1s given by

o——vo (6.14)

which suggests that the distance of the scatterers from the mobile

(i.e. r,sing) is some 22,7 to 31.8m.
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6.3.4.2 Vertically Spaced Antennas at the Mobile.

In this situation care has to be taken in numerically integrating
equation (6.10) because, at the mobile, ¢, is not necessarily the same as
that used for vertically separated antennas at the base station. The
reason for this is the way the mobile views the incoming multipath
waves which arrive at various angles from the scatterers. In addition,
the directivity of the vertically displaced 4/2 dipoles must also be con-
sidered. For a vertical 1/2 dipole the antenna directivity is given by[14]

cos{ Vi1 szin £ }
G,(e) = Gy(e) = G(e) = o5 E (6.15)
In this situation |p12|2 is given by[15]
. 2
f G;(a)Gz(e) exp{ —j[zTndv sin s]}p(s)ds
|912|2= — p - (6.16)
GI(s)Gl(a)p(odsf Gy (e)G(e)p(e)de

—_7 —

In other words, the multipath amplitudes (E,) and the PDF of the arrival
angles in elevation in equation (6.8) are now modified by the directivity

of the two antennas.

The complex cross-correlation between the signals on the two an-
tennas was calculated using equation (6.16) for various values of o.
Figure 6.17 shows curves of |sz|2 at several values of ¢. In this situ-
ation o clearly lies between 3° and 6°. The value of ¢ can be interpreted
as the effective angular radius of the scattering volume as viewed by the

vertically spaced antennas. If we consider the angular diameter of the
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scattering volume (i.e. 2¢6)® then the mobile views the scatterers as
6° to 12° in cross-section whereas the base station views the volume as
some 2° to 2.8° in cross-section. Hence the mobile antennas have a
smaller cross-correlation, for a given separation, compared with that

experienced by the base station antennas.

To conclude this section on the measured cross-correlation be-
tween signals received on two vertically displaced antennas, we can
summarise as follows; a branch cross-correlation of < 0.7, when diversity
becomes useful, can be achieved at the base station for antenna sepa-
rations of 81 to 131 for cells of a few km in radius. This arrangement
at the base station is particularly useful in that, little roof-top space is
required and, unlike horizontally spaced antennas, is not dependent on
the relative position of the mobile with respect to the base station.
When the diversity antennas are located at the mobile, vertical dis-
placements of only 11 are required to obtain values of |pi|®<0.7. This
is of particular importance as system manufacturers believe that hor-
izontally spaced antennas on the mobile are unacceptable to their cus-
tomers. Two vertically spaced antennas could be designed to appear as
a single antenna which might be acceptable to the consumer. The small
separation required at the mobile, compared with that necessary at the
base station, is a direct consequence of the uniform angle of arrival of
the multipath waves at the mobile and the proximity of the scatterers
compared with that experienced at the base station. In addition, it has
been shown experimentally that the envelope cross-correlation, p..., 1s
a good approximation to the square of the modulus of the complex

. . 2 . .
cross-correlation, i.e. |py,|°, between the signals received on two anten-

nas.

20 For a Gaussian distribution of ¢, 63% of the multipath waves arrive within + ¢ (i.e. 2¢

across).
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6.4 DIVERSITY RESULTS.

Results illustrating the performance of the various diversity strategies
in terms of the CDF, LCR and AFD of the envelope, for data received
by two vertically spaced antennas at the base station, have been pre-
sented elsewhere[8,9]. In this section results for the CDF, LCR and AFD
will be presented only for data received at the mobile station. These
statistical parameters are presented in terms of the normalised equiv-
alent envelope, i.e. the slow fading component is removed (see Chapter
5). The procedure allows a comparison of the improvement provided, in
respect of the fast fading, by each of the diversity strategies considered.
The small antenna separations involved essentially means that both
branches record the same local mean variation. The normalisation of
each branch signal by its own local mean value also removes any dif-
ferences between the overall signal power received by each antenna. In
this study the antenna separations used at the mobile are sufficiently
small that the differences between the signal powers received on the two
antennas was < 1dB which has little effect on the performance im-
provement at the antenna separation of interest. The various spectra
and random FM statistics will be presented for data gathered at both

the mobile and base stations.

6.4.1 CDF of the Received Envelope.

The CDF of the received envelope at the mobile using antennas verti-
cally separated by 2/’.(|p12|2= 0.41) for the various diversity strategies
(-10dB switching threshold for SAS) is shown in Figure 6.18. The results
for MRC, EGC and SEL agree reasonably well with those predicted by
theory (see Figure 3.3). The differences between the measured and pre-
dicted values can be explained in terms of the measured data having an
appreciable value of correlation (0.41) compared with the value of zero
assumed in the theoretical case. This can clearly be seen in the case
of SAS where the measured data departs significantly from that in Fig-
ure 3.3. This is to be expected since in Chapter 3 it was observed that
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the SAS strategy is more susceptible to a degradation in performance
as a function of increasing correlation. In addition the measured CDFs
for the individual branches show a slightly increased probability of deep
fades occurring than that predicted for a pure Rayleigh fading environ-
ment (see equation 2.11 and Figure 2.4). This suggests that for some
period during the length of section A there existed a propagation mode
of only a few multipaths (see earlier discussion for a more extreme case).
Obviously SAS is more susceptible to such propagation conditions be-
cause of its inherent dependence upon the fade falling .below the
threshold level, which will occur more frequently than for the pure
Rayleigh fading case. The other strategies are however remarkably re-

silient to such a deleterious propagation mode.

6.4.1.1 The CDF of the Envelope as a Function of the Branch

Correlation.

The CDF of the envelope for various values of correlation between the
two branches is plotted in Figure 6.19 for the MRC case. The antenna
separations used are 14,21 and 44 which, for this route, correspond to
values of |pi|® of 0.68, 0.46 and 0.1 respectively. The experimental
values agree well with those predicted in Chapter 3 (see equation 3.33
and Figure 3.4). Again the differences between the measured values and
theory can be attributed to slight differences between the measured
values of |p12|2 and those used in the theory and the fact that the single
branch statistics show a slightly increased probability of deep fades oc-

curring than that encountered in pure Rayleigh fading conditions.

Figure 6.20 shows the CDF for different values of correlation for
the SAS strategy, using a -10dB switching threshold, for the same sec-
tion of data as that used for the MRC case above. Immediately apparent
in this figure is the fact that the performance of the SAS strategy is
highly dependent upon the degree of correlation between the branches,
in contrast to that for the MRC case. This feature of the SAS strategy
was outlined earlier in Chapter 3 (see equation 3.33 and Figure 3.6).
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6.4.2 Level Crossing Rate and Average Fade Duration.

The LCR and AFD of the received envelope at the mobile for an antenna
separation of 21(|p|* = 0.41) for the MRC, EGC and SEL strategies is
shown in Figures 6.21 and 6.22 respectively. In the context of Figure
6.21 the term 'normalised LCR’ refers to the measured LCR divided by
the maximum Doppler frequency, fp, which for these experiments was
approximately 30Hz. The 'normalised AFD’, is simply the measured AFD
multiplied by fp. The form of the experimental results agree well with
those predicted by theory (see equations 3.37 and 3.38 and Figure 3.7).
The differences between the experimental and theoretical results can be
attributed to two sources. Firstly, the theoretical values for Ny and 7
were determined for zero correlation, whereas the experimental values
have an appreciable value of | p12]> = 0.41. Secondly, the normalisation
of Nr and 1r have a certain degree of error associated with them as a

result of an inaccurate knowledge of the vehicle speed.

Figures 6.23 and 6.24 shows N and 1z for the SAS strategy using
a threshold level of -10dB. Again differences between the experimental
and theoretical values can be attributed to the same causes as those

discussed above.

6.4.2.1 LCR and AFD as a function of Correlation.

The LCR for different values of correlation between the branches is
plotted in Figures 6.25 and 6.26 for the MRC and SAS cases respectively.
Again antenna separations of 14,24 and 41 have been used with corre-
sponding values of correlation of 0.68, 0.46 and 0.1 respectively. The
results agree well with those predicted earlier (see equations 3.40 and
Figure 3.8). The differences between experimental and theoretical val-
ues can be attributed to the same causes outlined earlier. Clearly the
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MRC strategy is quite resilient to increasihg values of cross-correlation,
whereas the SAS strategy shows a rapidly decreasing degree of im-

provement with increasing branch correlation.

The AFD for different values of correlation is not plotted here as
| p12|? had little effect on 1z, which remained approximately halved. This
result agrees well with that found earlier[8,9] for signals received at a

base station site.

6.4.3 The RF Input Spectrum for SEL and SAS Diversity
Strategies.

The RF input spectrum was determined for each of the two individual
branches and the equivalent signal output for SEL and SAS diversity
strategies. In the case of SAS the spectrum was determined for
switching thresholds of -5dB to -20dB in steps of -5dB. The two anten-
nas, situated at the base station, were separated by 51 which corre-
sponded to a value of |pi,|*=0.87. Although the diversity improvement
will be minimal at such a high value of cross-correlation, this example
is chosen to clearly illustrate both the beneficial and detrimental effects
of diversity due to the degree of cross-correlation and consequent
switching between branches. The spectra were determined using the
same methods outlined earlier for the single branch analysis. Figures
6.27 and 6.28 show the autocorrelation and spectra for the SEL and SAS
(-10dB threshold) strategies respectively. The effect of each diversity
strategy can clearly be seen. Overall, each strategy basically reduces
the power of the lower spectral components at the cost of some spectral
broadening. This spectral broadening can be explained in terms of the
abrupt switching, that occurs in both diversity strategies, between the
two branches. The abrupt change between branches causes a disconti-
nuity to occur in the complex sequence which results in a more
impulsive autocorrelation function. Such an autocorrelation function,
or complex sequence, when Fourier transformed causes a broadening of
the spectral content of the information. SAS diversity shows the largest
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spectral broadening because of the larger discontinuities that occur in
the complex sequence when switching between branches. Naturally, the
choice of switching threshold will alter the switching rate and hence the
rate of discontinuity occurrence which affects the degree of spectral

broadening.

6.4.4 The Envelope Spectrum with Diversity.

The spectrum of the envelope was determined for each of the individual
branches and the equivalent envelope for each of the various diversity
strategies. The spectra were determined in the manner described earlier.
Figure 6.29 and 6.30 show the envelope spectra for MRC and SAS (-10dB
threshold) respectively. Although the maximum Doppler frequency, fo,
appears little changed with diversity the overall effect of the various
strategies is to reduce the spectral content of the higher frequency
components, whilst increasing that of the lower values. This phenomen »
1s associated with diversity smoothing out the envelope time series.
Again the abrupt changes in the diversity envelope, for SAS, results in
a more impulsive-like autocorrelation function which when Fourier

transformed causes broadening of the spectrum beyond 2fp.

6.4.5 Random FM.

The PDF, and hence CDF, of the random FM component, i.e. g?), was
determined for data gathered at the base station using simulated SEL
and SAS diversity strategies. The CDFs of g?), P((E‘)), are plotted in Figure
6.31 for an antenna separation of 151 on route A (|py.|*=0.53) for a
single branch and SEL diversity together with SAS using switching
thresholds of -5dB to -20dB in 5dB steps. The SEL strategy shows the
largest improvement with SAS showing a best performance at a switch-
ing threshold of -10dB. The SEL results agree well with expected values
given by equation (3.47) and shown in Figure 3.9. The measured single
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branch values of P((Z)) are slightly worse than than those expected the-
oretically because d) exists in the data not only as a result of the
channel but also because of phase noise introduced by the transmitter
and receiver frequency sources (see Chapter 4). In addition, discrepan-
cies between experimental values and those predicted by equation (3.47)
can be explained In terms of the non-zero correlation between the
branches. The theoretical values of P((})) assume independent branches.
The tendency for the measured data to show too large a reduction in
P(J)) at high values of normalised frequency is attributed to the lack of
statistical values at such extreme excursions in phase difference.

Figure 6.32 shows P((})) for selection diversity as a function of
antenna separation from 51 to 201 in steps of 54, which corresponds to
correlation (|p;,]%) values of 0.92, 0.81, 0.53 and 0.42 respectively. This
figure shows that SEL diversity can significantly reduce the random FM

component even at high values of correlation.

Figure 6.33 shows P(é)) for SAS diversity, using a switching
threshold of -10dB, for the same data as discussed above. Although the
switching threshold chosen was near optimum, SAS diversity clearly
does not provide the same improvement in reducing the random FM
noise as SEL diversity. Indeed, SAS diversity shows little improvement
in reducing the random FM noise at high values of normalised fre-
quency.

6.5 CONCLUSION.

The signal received from propagation measurements in small cells
showed that in general the phase statistics differ little from those pre-
dicted for a purely Rayleigh fading environment. In some, not uncom-
mon, cases the measured CDF of the envelope showed a considerably
higher preponderance of deep fades than that expected for Rayleigh
fading. In addition, the Doppler and envelope spectra sometimes exhib-
ited markedly different forms than those predicted by Rayleigh fading.
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The causes of the departure from Rayleigh, which becomes increasingly
apparent in well-illuminated small cells, is largely due to dominant
propagation paths and/or significant contributions to the summed
multipath components from waves propagating out of the horizontal

plane (see Chapter 2).

Results have been presented for the measured correlation (com-
plex and envelope) between vertically separated antennas at the base
and mobile stations. Two scattering models have been presented to de-
scribe the degree of correlation as a function of antenna separation and
reception geometry for both stations. Both sets of results show that
vertically separated antennas can provide a sufficient degree of decor-
relation for practical diversity to be employed at both base and mobile

stations with unobtrusive antenna arrangements requiring little space.

Various predetection diversity schemes have been simulated using
data received on the dual branch vector demodulator receiver. Results
comparing the diversity strategies have been presented in terms of the
envelope statistics for the mobile case only. Statistics associated with
the phase have been presented for both the mobile and base station
cases. These results show that significant diversity improvement can
be achieved at both stations using practical antenna separations. MRC
showed the biggest improvement in signal statistics, even at high values
of branch correlation. SAS provided significant improvement in the
signal statistics provided that the cross-correlation between the

branches is low. Both of these results confirm the findings presented

in Chapter 3.

In the following chapter the concluding results of this investi-
gation will be given in detail. In addition, recommendations for future
work will be presented in the framework of the research carried out in

this investigation.
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non-Rayleigh (curved line) fading case. The extreme fading case is caused by de-
structive interference between a direct and secondary reflected ray which results
in a standing wave pattern which has a higher probability of deep fades than oc-
curs in Rayleigh fading. The term ‘normalised signal level’ means that the envel-
ope sequence has been normalised by the average signal power (o?) i.e. r/\/2_ o.
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Figure 6.24 The measured AFD, of the envelope, for an individual branch and SAS diversity
(-10dB switching threshold). The term 'normalised signal strength’ means that the
envelope sequence has been normalised by the average signal power (¢?) i.e.
r/\/2_o.




Data for Rles VCIPO  VC2PO  VU4PO

LOGIO
IS KEY
] Data for Mobile Station
Data for Section B
Mazimal Ratio

Normalised Level Crossing Rate

|
1

-0 -3 -2 -5 -0 5 0 5
Normalised Signal Strength (dB)

Figure 6.25 The mecasured LCR, of the envelope, for an individual branch and MRC diversity
as a function of branch crosscorrelation (i.e. antenna separation). The term
'normalised signal strength’ means that the envelope sequence has been

normalised by the average signal power (¢?) i.e. r[\/2 o.




Dala for Files VCIPO  VC2P0  VC4PO

, LOGIO
I KEY
] Data for Nobile Station
Data for Section B
Switch ond Stay -10.0d8

Normalised Level Crossing Rate

30 -5 20 15 -0 -5 0 9
Normalised Signal Strength (dB)

Figure 6.26 The measured LCR, of the envelope, for an individual branch and SAS diversity
(-10dB switching threshold) as a function of branch crosscorrelation (i.e. antenna
scparation). The term 'normalised signal strength’ means that the envelope se-

quence has been normalised by the average signal power (o?) i.e. rf,/2 o.




Data For Fle  VBOSC

1,004

0.60]

Aulocorrelation Coefficient

TY T Ty Ty v vy T Ty Y TP TV TV VI T P I T T Yy rr[rrrrrrrvr)

0 20 40 60 80 100
Delzy in Milliseconds

Searrlf) / &8

50 40 <30 -20 -10 0
Frequency (Hz)

0 20 30 40 5

Figure 6.27 The measured autocorrelation and Doppler spectrum for an individual branch and
SEL diversity. Note the decreasing of the lower frequency energy and the spectral

broadening as a result of SELection diversity.




Data For Fils  VBOSC

___ Single Branch
Switch and Stay ~108

Aulocorrelation Coefficient

40 60 80 100
Delay tn Milliseconds

Searrlf) / 48

S0 40 30 <20 -10 0 10 20 30 40 %0
Frequency (Hz)

when switching between branches.

Figure 6.28 The measured autocorrelation and Doppler spectrum for an individual branch and
SAS diversity (-10dB switching threshold). Note the decreasing of the lower fre-
quency energy and the spectral broadening, which is greater than that for SEL
diversity. The broadening results from frequent large discontinuities that occur




Data For Kle VB1SC

Single branch
1 + Marimal Ratio Combiner

Autocorrelation Coefficient

0 20 10 60 80 100
0 Delay tn Milliseconds
-103

aliag

Senill) / 8

11112

403WWL+WH+H—”
100

0 20 40 60 80
Frequency (Hz)

Figure 6.29 The measured autocorrelation and envelope spectrum for an individual branch and
MRC diversity. Note the increasing of the lower frequency energy. This phe-
nomena is synonymous with the diversity action smoothing out the envelope time
series. The absence of energy below 2Hz is simply due to the normalisation pro-
cedure which removes the local mean variation of the envelope.




Data For File VBI5C

1.00 __ Single branch
3 o Switch and Stay -10dB Threshold

E o.so::
& ]
S 0.20]
E —o.zo_f
s ]
2 -0.60]
-1.00]

0 20 40 50 80 100

0 Delay n Milliseconds

Senl]) / &

TENTETRu Y FTS U TRy e

!
(98]
l(D

o
Jas 100009

20 10 60 80 100

(=]

Frequency (Hz)

SAS diversity (-10dB switching threshold).

mean variation of the envelope.

Figure 6.30 The mecasured autocorrelation and envelope spectrum for an individual branch and

Note the increasing of the lower fre-
quency energy and the broadening of the spectrum beyond 2f,. This phenomena is
synonymous with the diversity action smoothing out the envelope time series with
the switching transients causing the spectral broadening. The absence of energy
below 2Hz is simply due to the normalisation procedure which removes the local




DATA FOR FILE VB1SA

LOG!0
-1 y Single Branch
] 4+ Selection
] x Switch and Siay -5dB
- g Switch and Stay -10d8
' o Switch and Stay -15d8
; o Swilch and Stay -20d8
= 4
=]
§ ]
&
S -3
-* T T T T T Ty T T T T T T
0

.
Normalised Frequency (§/v2rfp) LOG10

Figure 6.31 The mecasured CDF of the random FM component for a single branch, SEL and
SAS (-5dB to -20dB thresholds) diversity for data gathered from a base station site
using a vertical antenna separation of 151. Note that SEL provides the best im-
provement with SAS showing optimum performance with a switching threshold of

-10dB to -15dB.




DATA FOR SECTION A

LOG!0
-1 Selection Dhversify
] Stngle Branch
=5
= 100
= 15
= 20\
a —2—
= ]
E
S -3
-4 LI LR | L |
0 2

— —_
Normalised Frequency (g/verfp) LOG10

Figure 6.32 The measured CDF of the random FM component for a single branch and SEL
diversity as a function of branch crosscorrelation. Note that there is little in.
crease in improvement for antenna separations beyond 104.




DATA FOR SECTION A

Switch and Stay Diversify{-10dB)

] Stngle Branch
] v Anlenna Separation = 5)
1 +Andenna Separafion = 10A
1 x Antenna Separation = 154
: gAndenna Separation = 20A
;—a _2_
=
§ ]
E
S -3
_* T T v v TTTT ' T L |
0

1 2
Normalised Frequency (¢/v2nfy) LOGID

Figure 6.33 The measured CDF of the random FM component for a single branch and SAS
diversity (-10dB threshold) as a function of branch crosscorrelation. Note that the
improvement is not as good as that provided by SEL diversity and that in this case
optimum performance is achieved at maximum antenna separation.




CHAPTER 7. CONCLUSION.

7.1 SUMMARY

This final chapter contains a summary of the work undertaken in this
thesis. The summary will be in two parts. Firstly, the results of the
investigation will be collated and discussed in terms of the original aims
of the work. Secondly, some proposals for future work will be presented
as a consequence of the findings of this study.

In the second chapter a review of the received signal statistics
was presented in terms of two propagation models. The conventional
two dimensional propagation model, where the multipath waves are
constrained to propagation in the horizontal plane only, was considered
in terms of the classical results associated with Rayleigh fading. The
three dimensional model, where the multipath waves are considered to
exist In both the azimuthal (i.e. horizontal) and elevation (i.e. vertical)
planes was examined and it was found that the major difference between
the two models is seen in the spectral statistics and not those statistical
parameters pertaining to just the envelope and phase alone. This later
model is considered by the author to be of considerable importance to
the understanding of the propagation mechanisms associated with small
cells where the effects of height probably become increasingly more im-

portant and where, in addition, few multipaths may, on occasions, exist.

In the third chapter the envelope statistics of several predetection
diversity combiners were presented in a unified form using a number of
reference sources. The statistical parameters were found for both the
largely unrealistic case of uncorrelated branches and for the more
meaningful case of correlated branches. Each of the diversity strategies
considered was able to provide a considerable improvement in system
performance, as evidenced by the statistical parameters related to the
envelope. Maximal Ratio Combining(MRC) provided the biggest im-
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provement followed by Equal Gain Combining(EGC) and Selection(SEL)
diversity. The improvement in all three cases persisted even for high
values of cross-correlation between the branches. Switch And Stay(SAS)
diversity showed the least improvement of the diversity strategies. The
best improvement provided by SAS was obtained with a switching
threshold approximately 10dB below the local mean envelope value.
SAS diversity did not show the same resilience to highly correlated
signals as the other diversity strategies. The CDF of random FM, for
SEL diversity, was derived for uncorrelated branches. The results of
this derivation clearly showed that such a diversity scheme could dra-
matically reduce the effects of the random FM noise.

In the fourth chapter a simple account of vector demodulation was
presented in terms of the measurement of carrier signal amplitude and
phase. The origins and methods of reducing several sources of error
(amplitude imbalance, quadrature dc off-set and quadrature error) were
discussed in terms of the appearance of each source of error, on the
envelope and phase, in relation to a test signal (a tone) viewed on a
CRO. The concept of the vector demodulator receiver was then extended
to the design, construction and testing of a dual branch direct conver-
sion vector demodulator receiver with an operating frequency of nearly
1GHz, a dynamic range of +45dB and a sensitivity of -110dBm. To
measure the phase characteristics of a mobile radio channel required
that the transmitter and receiver were both frequency and phase locked
to each other. The practicalities of achieving such coherency, in a mo-
bile radio environment, was then examined in terms of the phase noise
performance of the experimental configuration. The overall system, in
which the receiver was operated, was then discussed in terms of a dual
selective front-end stage, for the receiver, and the recording equipment
used to store the dual branch quadrature information. Finally, the
transmitter system was discussed for two experimental arrangements,
one with the receiver at the base station and the other for the receiver
at the mobile.

In the fifth chapter the experimental procedure and initial data
reduction were discussed. Two sets of field trials were outlined; one
where two vertically spaced receiving antennas were located at the base
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station, the other where the two vertically separated antennas were lo-
cated at the mobile. In each case the vehicle was driven at a constant
speed of 10m/s around a preplanned test route using several different
values of antenna displacement. The recorded results formed a data set
that enabled a realistic comparison to be made between several prede-
tection diversity strategies in terms of both the envelope and phase.
Prior to the analyses, the data were reduced to a usable form through
decoding and calibration. The envelope statistics were later examined
using normalised data whereby the slow fading component (introduced
by variations in the gross terrain features and not multipath) was re-
moved using a moving average window technique. This technique was
discussed in detail with respect the the vehicle speed and data sampling.
Reference to an earlier investigation suggested that an averaging win-
dow of half a second together with a vehicle speed of 10m/s and sampl-
ing rate of 1 Hz enabled the local mean to be estimated to within
+ 1dB to + 2dB.

The sixth chapter presented results of the investigation for three
distinct areas of interest. The first section of Chapter 6 considered the
received signal statistics of a single branch. It was found that for small
cells (in this case the cell radius was 1.3km) a not uncommon propa-
gation mode occurred whereby interference between a direct and indi-
rect path resulted in deep fades occurring more frequently than that
experienced in the more commonly encountered Rayleigh fading envi-
ronment. Overall, the statistics associated with the phase were found
to conform to those predicted by a Rayleigh fading model (e.g. proba-
bility of phase, differential phase and phase gradient). The measured
Doppler spectrum however seldom matched the familiar ‘U’ shape pre- ‘
dicted by theory. Instead it was noticed that the low frequency compo-
nents sometimes dominated the spectrum in a fashion suggested by the
three dimensional propagation model (see Chapter 2 and Aulin reference
therein). The unusual shaped spectrum could also be explained in terms
of a non-uniform angle of arrival for the multipath waves or the sum-
mation of only a few multipaths with non-random phases. Both of these

later two conditions might easily occur for propagation in small cells.
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In the second section the cross-correlation between signals re-
ceived on two vertically separated antennas was investigated. The
cross-correlation was examined in terms of both the envelope and com-
plex signal received on the two branches. It was found that pe. is a
good approximation for |p12|2 for the field trials carried out in this
work. The cross-correlation between the branches was determined over
a range of vertical antenna separations at both the base and mobile
stations. The results of the base station experiment confirmed an earlier
investigation in that an antenna separation of between 81 and 131 is all
that is necessary for diversity to provide useful improvements in the
received signal statistics (i.e. pe <0.7). Not only is a small amount of
rooftop space required for vertically separated antennas at the base
station but also the improvement afforded is not dependent upon the
direction of the mobile with respect to a line joining the base station
antennas. Both these results are in marked contrast to that experienced
using a horizontally separated antenna arrangement. A similar vertical
displacement experiment at the mobile suggested that a separation be-
tween the antennas of < 11 is all that is necessary for diversity to be
usefully employed at the vehicle. The cross-correlation results at the
mobile suggest that an unobtrusive and physically small antenna ar-
rangement could be used on the vehicle roof. A scattering model was
developed for signal reception both at the base and mobile stations in
terms of the scatterers surrounding the vehicle. The scattering model
fitted the experimental results well, suggesting that the principal
scatterers are situated some 20m to 30m from the vehicle. This scat-
tering distance implies that the buildings immediately lining the test
routes act as the principal sources of multipath. The degree of cross-
correlation between the branches was found to be inversely related to
the cross-sectional area of the scatterers viewed by the diversity anten-
nas. The antennas at the mobile therefore viewed a wider scattering
area than that experienced by the base station antennas for a given

antenna displacement.

The third and final section of Chapter 6 considered the effects of
several predetection diversity strategies, using data received on two

vertically separated antennas. This analysis allowed a true comparison
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to be made, in terms of the envelope and phase, between the various
strategies since the same field-recorded data was used in each case. The
results were considered in terms of the degree of cross-correlation be-
tween the two branches (i.e. antenna separation) and the location of the
diversity receiver (i.e. base or mobile). At both receiver locations it was
found that a significant improvement in performance, as evidenced by
the received signal statistics could be achieved at relatively small values
of antenna separation. Maximal ratio combining was found to provide
the greatest improvement with little impairment to performance as a
result of increasing cross-correlation (i.e. smaller antenna separation).
Switch and stay diversity shows a best improvement with a switching
threshold of -10dB. This scheme however, suffered a rapidly decreasing
improvement with increasing cross-correlation. The effects of MRC and
EGC diversity on random FM were not examined in this work. The ef-
fects of these two strategies is dependent upon the method of imple-
mentation, which can vary from the total elimination of the random FM
component to no reduction whatsoever (i.e. the output of the diversity
strategy is the same as that of a single branch). The effects of diversity
on random FM was examined for the SEL and SAS diversity strategies.
SEL diversity provided the best improvement in reducing the deleterious
effects of random FM. Again SAS showed an optimum performance us-
ing a switching threshold of -10dB. Both the strategies showed a maxi-
mum improvement in reducing random FM at the highest values of
differential phase. The results found for SEL diversity agreed well with
those derived in Chapter 3.

In summary therefore, the designed receiver performed to expec-
tation in measuring the narrowband channel, in terms of both the en-
velope and phase on two branches, for propagation over small cells in
an urban environment. The results have shown that propagation in such
an environment cannot be solely described in terms of Rayleigh statis-
tics and that worse propagation conditions, than Rayleigh, sometimes
prevail. In addition, predetection diversity can provide a considerable
improvement in system performance when used at either base or mobile

stations for realistic values of antenna separation.
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7.2 RECOMMENDATIONS FOR FUTURE WORK.

As a result of these investigations the author considers that there are
four areas in which further studies are worthwhile.

Firstly, it is suggested that the existing data could be used to
investigate how various estimator algorithms perform in relation to
predicting the amplitude and phase of the measured channel. Such an
analysis would be extremely useful since future generation mobile com-
munication systems might utilise estimator/predictor techniques in con-
junction with high order digital modulation (e.g. vector modulation)
schemes in order that more efficient use is made of the RF spectrum.
The existing data is extremely useful for such an analysis because it is
real, l.e. it possesses the vagaries of a true channel, and is not subject
to the many assumptions used in computer simulation studies. In addi-
tion, the data exists in the form of two phase locked branches and hence
the various diversity strategies could be assessed using the real data
with simulated high order modulation schemes that employ

estimator/predictor techniques.

As a consequence of this first recommendation it is further sug-
gested that field trials be conducted in which the dual branch vector
demodulator receiver is used in conjunction with the transmission of

high order modulation schemes using estimator techniques.

Thirdly, it is recommended that field trials be conducted using the
equipment described in this work to investigate the complex signal for
propagation in very small cells (i.e. cells with a radius <1km ) with di-
versity. The information gathered from such field trials would, the au-
thor feels, be of considerable use in further understanding the
propagation mechanisms for small cells. In small cells the effects of
multipath propagation in the vertical plane would be expected to play
an increasingly more important role, especially in terms of the received
spectra and degree of cross-correlation between the signals received on
two vertically separated antennas. In addition, various diversity strat-
egies could be assessed over the wide range of propagation modes that

occur 1n small cells.
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Finally, it is suggested that any future dual branch vector
demodulator receiver be constructed to operate at a high IF in order to
accommodate a wider range of RF input frequencies. Although such a
receiver would be more complicated to build and test than than the unit
employed in this work, the higher operating frequency would enable di-
versity to be assessed at those frequencies where future generation mo-

bile communications systems might be expected to operate.
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Aspects of diversity systems for mobile radio are reviewed, and the suitability of space diversity is
noted. Details of the receiving antenna system at both the mobile and the base station are discusseda,
and a recent base station diversity investigation is outlined, and results reported.

IMTRODUCTION

The signal received by a mobile operating in an
uroan environment is subject to deep and rapid
“ading, a result of the mobile moving through the
standing wave set up by the interverence of the
various scattered waves in the vicinity of the
rmobile. In most locations no line-of-sight path
ex1sts between the base-station and the mobile,
and communication is achieved only by the recention
of these scattered ~aves. The received signal can
vary by as much as 20-30dB 1n as short a distance
as a quarter of a wavelength (8cm at 900MHz). The
signal received at the base station from a moving
mobile transmitter suffers the same signal
variations.

Clearly, for a given mean signal in, or from, some
locality, the reliability of communication will be
worse for a transmission suffering fading compared
to that for one not so affected. Diversity
reception is a technique which can mtigate the
effects of fading, and thus provide improved
reliability of reception of transmissions subject
to fading.

In this paper we briefly review the essential
features of a diversity system for mobile radio
aoplications, note the suitability of space
diversity systems, and consider the receiving
antenna System requirements at both the mobile and
base station. A recent experimentai study of base
station space diversity is reported.

DIVERSITY SYSTEMS

The essence of any diversity system is obtaining
and processing two (or more) independent samples
of the same transmission.

There are a number of ways of obtaining the samples
While retransmission (time diversity) and frequency
diversity are possibilities, they reduce througnput
and require greater spectrum, respectively, which
make them unattractive solutions for mobile radio
applications wnere demand for service and spectrum
1s very high., Polarisation diversity is also a
possibility, but it requires the transmission of
two polarisations. For mobile radio applications

we would Jike to minimise additional equipment
requirements and avoid, as far as possible,
additional complexity at the mobile. For these
reasons space diversity is attractive because it
requires the transmission of only one polarisation,
and the additional equipment complexity, compared
to non-diversity reception, is restricted to the
receivers (and receiving antennas).

Having obtained the two (or more) independent
samples, there are a variety of processing
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techniques which can be employed [1]. These
tecnniques eacn have different degrees of
complexity and performance. We shall not be con-
cerned in this paper with discussing the relative
merits of the various techniques. It is sufficient
for our purposes to note that even the simoiest
techniques can orovide significant improvements in
terms of reception reliab1lity. It is also worth
noting [2] that while increasing the number of
branches (independent signals) provides increasing
improvement, the greatest benefit is acnieved
between non-diversity (one-branch} and two-brancn
diversity systems. For this reason, in the
remainder of this paper we shall think of diversity
for mobile radio systems in terms of two-brancn
systems.

Whatever the technique employed, the basic
requirement then is to obtain two samples of the
transmission each having approximately the same
mean power level, but fading independently. While
zero correlation between the signals would produce
the greatest benefit, it has been shown (3] that
useful advantage can be obtained from signals whose
correlation is less than about 0.7. The question
wnich now remains is how do we obtain such signals?

SPACE DIVERSITY FOR MOBILE RADIO SYSTEMS

Space diversity is the means of obtaining the two
samples of the transmission from two antennas
separated by some distance. The question thus
reduces to determining what separation is required
in order that the fading of the signals is usefully
independent. In the mobile radio situation, the
mobile and base station environments are quite
different, and this results in quite different
required separations. [t is thus appropriate to
consider the two situations separately.

Mobile

The diffraction and reflection of the signal which
permits communication- between the base station and
the mobile in the absence of a line-of-sight path
gives rise to multipath propagation. Moreover,
because the clutter in the locality of the mobile
more or less completely surrounds the mobile, the
multipath signals received by the mobile antennas
tend to arrive from all angles in random relation-
ship. The effect of this is that the correlation
coefficient between the twosignals of two antennas
decreases quite rapidily as the separation of the
two antennas is increased, even for quite small
separations. It has been shown [4] that in practice
a separation of only a fraction of a wavelength is
all that is necessary at the mobile to obtain
signals with a correlation coefficient of less
than 0.7.



Consequently obtaining suitable signals at the
mooYie is not diTficult, certainly at YHF and UHF,
and we shall consider the matter no further here,

2ase station

In contrast to the mobile environment, the base-
station is usually much less cluttered, and
elevated above the coverage area. As a consequence
most of the signals received at the base station
arrive within a cone-shaped region centred on the
mobile location. Moreover the cone apex angle is
quite small, [5] suggests of the order of 0.4° for
a range of 3 mles. The consequence of this is
that much larger antenna separations are required
at the base station than at the mobile in orcer to
cbtain signals with low correlation. The antenna
separation couid, of course, be in the horizontal
or vertical planes, or perhaps both.

4orizontal separation base station space diversity
nas been investigated by a few authors [3,5-7]. It
has been found that the required separation
between the antennas {s dependent on the angle
between a line between the mobile and base station
and the base station diversity antennas base line.
The reauired separation has been reported to be of
the order 15-20)\ for the broadside case and 70-80A
for the endfire case [3]. It 1s also a function of
base station height (6). While such separations may
be acceptable at some sites in a system they may be
dif¥icult to accomodate at restricted city sites
such as may be necessary in cellular systems for
example. It is also worth noting in passing that
the presence of local scatterers at the base
station tends to decrease the correlation between
the two received signals [5].

Vertical separation base station space diversity
has some attractions for mobile radio systems,
since in some situations vertical separation may be
more easily accomodated than horizontal separation.
Vertical separation systems have however received
Tittle attention {7]. The restricted study in (7]
found that the signals from two vertically separ-
ated antennas were quite higniy correlated up to
10\ separation. Moreover it appeared that tne
relationship between correlation and separation
displayed a "“standing wave" variation. Separations
graater than 10A were not considered wn [7].

CSL_ULAR MOBILE RADIO

A potential application of diversity reception in
mooi1le radio is in cellular systems. Because of

the frequency reuse inherent in cellular mobile
raagio systems, it is impractical to increase the
transmitter power to provide an additional margin
against fading in view of the interference
implications. This would be particularly so in
ursan areas wnere the cells are likely to be smail,
and the fading quite severe because of the highly
cbstructed transmission paths. Diversity reception
otT“ers the possibility of improving reception
reiiab1lity without increasing transmitter power.
0f course, in areas with small cells, where divers-
ity may be most attractive, there would be many
base stations. In view of the restricted size of
many base station sites, or the cost of rental etc,
we would want, or need, to keep the space require-
ments to @ minimum consistent with the desired
performance.

This is the tackground for a recently conducted
study undertaken at the University of Liverpool,
U.K
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EXPERIMENTAL STUDY

The aim of the study was to ccmpare the performance
of various base station antanna configurations for
use in a diversity system. The principal parameter
of interest, of course, is the correlation

coefficient of the two received signals. The study
was undertaken af 900MHz in the Liverpool cityarea

The base station which operated in the receiving
mode was installed on the roof of the Department
of Electrical Engineering and Electronics of the
University of Liverpool. The equioment comprisad
two receivers the input signals to which were from
two identical half-wavelength dipoles the relative
disoosition of which could be altered in both the
horizontal and vertical planes. The lcg viceo out-
puts of the two receivers (that is outputs
proportional to the input signals in dBm) were
recorded on an (8 track) FM tape recoraer.

The 900MHz transmitter was operated from the mobile
which was driven along a preplanned route. Voice
commentary and tacno signals from the vehicle were
also transmitted on other frequencies, received at
the base station and also recorded on the tape
recorder.

The test route of approximately 2km in length
contained four separate test sections each of about
200-250m in length. The test area was Jocated
aoproximately 1.3km from the base station, the
maximum range possible with the transmitter and °
equipment available given that it was necessary
for the received signal in the deep fades to be
above the receiver threshold.

The data collection was accomplished in the
following manner. For a particular antenna config-
uration at the base station the mobile was driven
around the test route, in both directions, as the
received signal Tevels were recorded for the four
sections (eight records in all). The four test
sections comprised: two highly obstructed sections
approximately circumferential to the base station,
cne obstructed section almost radial to the base
station and one section neither circumferential nor
radial and up an inclined road thus resulting in a
progressive reduction of path obstruction.

A number of different base station configurations
vere investigated so their comparative performance
could be assessed. The following situations were
considered:
Horizontal separation only: for separations of
multiples of 5\, from 5A to 45\ (depending on
8), for e=0°, 10°, 20°, 30°, 60° and 90°
where 8 is the angie between a line from the
base station to the nominal centre of tne test
area and the baseline of two antennas.

Vertical separation only: for separations from
2\ to 24X in increments of 1A.

Joint horizontal and vertical separation: near
end-fire case (8=0) for horizontal separation
in increments of S5A and vertical separation in
increments of 4i.

The horizontal separation cases were investigated
so as to permit comparison with previously
published results [3,5,7], and to provide results
obtained in the same test environment for compar-
ison with the other results. The range of vertical
separation cases studied was more extensive than
that in (7].



Joint displacement cases were oniy considered for
cases near end-fire since it is only for sucn cases
that the separation distances reguired for horiz-
ontal separation become larce. One puroose of the
investigation of joint displacement situations was
to assess whether the required horizontal separat-
fon for such cases could be reduced by introducing

some vertical separation.

In order to calibrate the data gathering system,
known signals were fed into eaech of the receivers-
prior to commencing the test-runs and the outputs
recorded. These records, together with the records
for the test sections for the various antenna
configurations were subsequently digitized and the
resuits transferred to comouter for processing.

RESULTS

The analysis of the data, and calculation .of the
correlation coefficient tollows that in {3]. The
in1tial phase of processing the data has been
completed, and results for two situations are

snown 1n Figs 1 and 2.

Fig 1 presents results for the section of the route
which was nearly raaial, and shows the varation
of the correlation coefficient with horizontal
separation. Results are shown for 8=0°, 10°*, 20°,
20°, 60° and 90°. (It should be noted that 9 was
measured between the antenna base line and a Tine
to the nominal centre of the test area. The nearly
radial route to which Fig 1 relates was approxim-
ately 6° from base station/test area centre line.)
The key point to note from Fig 1 is that the corr-
elation coefficient tends to decrease with both
increasing 6 and horizontal separation. This is in
agreement with previously published results. .

Results for vertical separation cases are given in
Fig 2 in terms of the correlation coefficient as a
function of vertical separation. (The results are
not functions of & of course because of the omni-
directional character of the receiving antennas
arrangement.) Two cases are considered 1n Fig 2;
results are given for the nearly radial test
section considered in Fig 1, as well as for a
nei1gnbouring almost circumrerential test section.
The interesting aspect of the results in Fig 2 is
that the correlation coefficient decreases with
increasing vertical separation. Results for the two
other test sections investigated show the same
trend. This is in marked contrast to the resuits of
the limited study reported in [7] which tended to
indicate that the variation of correlation coeffic-
jent with vertical separation displayed a stanaing
wave character. On the basis of the results pres-
ented in Fig 2 a vertical separation of the order
of 15\ would seem to be satisfactory for vertical
separation base station diversity.

Early results for the joint displacement cases
have indicated that for a given horizontal separ-
ation the correlation coer<icient is af<ected by
increasing vertical separation, quite significantly
so for small horizontal separations, and that for

a given vertical separation the correlation coeff-
1c1ent decreases with increasing horizontal
separation. Further analysis and interpretation of

the results is continuing.

CONCLUSION

The application of diversity reception in mobile
radio has been considered, and the suitability of
space diversity noted. Previous work on space
diversity for mobile radio was briefly reviewed,
and a recent experimental study reported. The

results of this study “or horizontal separaticn
configurations were broaaly in agresment with
results published nreviously, wnile the investica:-
jon of vertical separation conrigurations ~as more
extensive than that in an earlier study. A sigmif-
icant result of this recent investigation 1s that
vertical separation space diversity systems appear
feasible with a minimum separation of 151 to obtain
a correlation coefficient less than 0.7
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1 Introduction

In mobile radio, the received signal envelope is composed
of the superposition of fast and slow fading components
[1]. The fast fading (Rayleigh fading) is caused by the
interference between multipath waves from the surround-
ing scatterers. The slow fading (sometimes called log-
normal fading or shadowing) is caused by gross variations
in the terrain between the base and mobile stations.

Diversity reception [2] is one of the most promising
techniques available for reducing the effect of the rapid
and deep fading. Practical diversity systems for mobile
radio are unlikely to employ more than two branches.
since as the number of branches increases the incremental
improvement decreases and in addition the system
becomes more complex. For diversity reception at the
mobule the antenna separauon need only be around 0.2/,
since the pnncipal scatterers surround the mobile. At the
base station., howezer, the antenna spacings required are
considerably larger because the spread in arrival angles is
small compared with that expenenced at the mobile. Lee
[3] studied the crosscorrelation p,,, between the received
signal envelopes at two antennas as a function of the hori-
zontal spacing between the antennas (which were at the
same height), and the angle x which the two antennas
make relative to a line joining the base station with the
mobile test area. He concluded that increasing the antenna
separation reduced p,,,. and that the smallest values of
P Occurred for a broadside configuration (x=90).
Recently Kozono and Turuhara [4] carried out an experi-
mental study in the Tokyo area and reported similar
results. In another study Rhee and Zysman [5] considered
both vertical and honizontal separation. Their results indi-
cated an oscillating tendency for p,,, With increasing verti-
cal separation.

This paper reports the results of a series of field trials in
which a mobile transmitted to a base station where the
multipath waves were received on two antennas. Various
antenna configurations were used: vertical separation over
a range from 2 to 24 wavelengths, horizontal separation at
various angles « (from endfire to broadside), and a com-
bination of both horizontal and vertical displacements for
the endfire case. Results reported here give values for p,,,
determined using normalised data which are obtained by
dividing the instantaneous signal envelope by an estimate
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ol the local mean. The values of p,,. are presented as a
function of antenna configuration. and compared with
values obtained from a theoretical model which describes
the effect that a spread 1n arrival angles has on p,,, .

2 Crosscorrelation calculation procedure

21 Effect of crosscorrelation on diversity improvement
The crosscorrelation p,,, between two Rayleigh fading
signal envelopes reduces the effective received signal
power. with two-branch diversity, by (1 —p, )" %
However, because deep fades occur only rarely, useful
diversity advantage can still be obtained for p,,, as high as
07 Since the principal scatterers surround the mobule. it 1s
relatively easy to obtain a low p ., at the mobile end of the
link, and 1n such a case the minimum required spacing is
wround 0.2/, However, at the base station the required
antenna spacing will be larger than at the mobile. since the
arrival angles of the multipath waves are concentrated
vithun a small sector, The correlation 1s a function of the
irrival angle of the multipath waves. the distribution of the
scatterers  surrounding  the mobile and the antenna
spauing, This means that the onentation of the routes trav-
elled. relative to the base station. and the different types of
dred (1e. suburban, urban etc.) atfect the crosscorrelation.

22 Esnmation of local mean

The received signal envelope 1s composed of supenimposed
tast and slow fading components To calculate p,,. we
have to remove the slow fading component. often called
the local mean. which varies 1n a random manner To esti-
mate the local mean a moving average method can be

used. The received signal strength R(t) can be represented
as

R(1) = n(tymit) (1)

where m*(t) is the local mean power, which 1s the total
power of the incoming multipath waves arnving at the
recenner, and Mt) 1s & normalised received signal strength
which vanies quickly (1e. fast fading) In an urban area, the
number of multipath waves can be assumed to be very
arge, and thus Ar) becomes a Ravieich process having
unity power.

An estimate of the local mean power. m ¢,. at a tme
1,. for a vehicle moving at a constant speed can be lound
from a senes of V samples using the following moving
Jverage method.

v 12 Rl
e, — L N —“:'"‘) 2
m= Y §)2 -

where ri’tt,) 1s the estimate of the local mean power Using
m-r,) the estimated fast fading component At 1s given by

Ry
v [’;l-"n)]

This estimated fast fading (1e. the normalised signal) can
be used to calculate the crosscorrelaion.
The length of ume over which m* 1s esumated 1s T =

N J,. If T is chosen too short then the local mean is poorly
esttmated. since fast fading components are still present. If
T 1s too long the slow fading is largely lost. To establish a
satisfactory value for T, a prehminary study was under-
taken using a pure Rayleigh fading signal. It was found
that the local mean power could be estimated to within
+2 dB using a normalised averaging time length f, T =~
12, and an estimate within +1 dB can be obtained using
Jo T = 64. For values of f, T > 12, the improvement in the

rt,) (K}}
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accuracy of the esumate improves very slowly with
increasing fp T. In the analysis of our data. f, T = 16 was
chosen. The driving speed of the vehicle was kept at a
nearly constant 10 m s, which gives a maximum Doppler
frequency of around 33 Hz The observation penod is thus
0.5 s, which corresponds to an observation length L =
(fpT).: = 5.3 m. The data were sampled at a rate of 1 kHz,

which represents 501 data points in the estimation of the
local mean.

2.3 Crosscorrelation calculation

The crosscorrelation p,,, between the normalised signals at
two antennas 1s caiculated using [6]

Fo(6)F o) = 7(0) Fole)
v Pt = F0?) [t — #20]
where #,(t) and 7,(¢) are the estimates of the fast fading
components of the two received signals, as obtdained from
eqn. 3. Because the test routes were long (200-250 m), it is
reasonable to assume that the principal scatterers sur-
rounding the mobile would change as the vehicle pro-
gressed along a test section, and thus so would p,,,. This
etffect was investigated by determining p,,, for data seg-
ments. of 2 s duration. along each of the routes traversed.
These segments were found to have normalised signal
envelopes which followed a Rayleigh distribution. The
values of p,,, varied quite considerably over the segments
of a section and for the various antenna configurations. An
average value of p,,, was determined for each section.

Pene =

4

3 Experimantal configuration

A test area, of varying topography, was chosen in the
Everton district of Liverpool. Several routes were selected
in the test area. these being positioned in approximately
radial or transverse directions relative to the base station.
The two types of route were chosen since the relative posi-
tion of the scatterers would create different received signal
statistics at the base station. A third type of route was also
selected which allowed the mobile to move both radiaily
and transversely (relative to the base station) on a hillside
that included some locations giving line of sight propaga-
tion. Fig. | shows the various sections within the test area
m relation to the base station, some 1.3 km distant. The
base station was located on the roof of the Electrical
Engineering building at the University, some 35 m above
ground level.

The mobile transmitted a 5 W CW signal at 896.5 MHz
via a vertical monopole antenna mounted on the roof
of the vehicle. In addition, the vehicle was equipped
with a transceiver for voice commumcation with the
base station. The mobile was driven around the test
route at a nearly constant speed of 10 m s. The test route
was composed of four sections. each some 200-250 m in
length. which were traversed in both directions.

At the base station a pair of half-wavelength dipoles,
mounted vertically, were used in a variety of spaced con-
figurations. The following situations were investigated for
each section:

(a) Horizontal separation only: The base station
antennas were operated at the same vertical height for
horizontal separations from 5 to 50 4 in S A steps for
antenna angles a of 0°, 10°, 20, 30°, 60° and 90°. The
antenna angle a is the angle made between the two
antennas and a line joining the base station with the centre
of the test area.

(b) Vertical separation only: The antennas were
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mounted verticaily and separated 1n 1 « steps from 2 to
244,

te) Jomne horizontal und vertical eparatton: In this case z
wis arranged for the endfire configuration (x = 0 ) and the
honzontal spacing was increased from 5to 45 4in 5 4
increments for vertical separations of 4 to 16 4 in 4 A steps.

The signal strengths from the two base station antennas
were recorded on an eight-track FM recorder using the
log-video outputs of two field-strength measuring receivers
connected to each of the antennas. Thus the recorded
values varsed linearly in decibels. Preplanned markers on
the test route were used to idenufy the start of data collec-
tion. Subsequently the data on the FM tapes were digi-
tsed, at a 1 kHz sampiing frequency, and recorded onto

ﬁ’ test ? area

\
'

~13km

antenna 1

base station ‘)a .L/mz
| J
H bv

I L
base

f

station %5m

77 PIVIIIIIY l

dntenna spacing ol between 11 £ and 13 / for radial and
crcumferential routes, respectively.

4.2 Horizontal separation

The crosscorrelation data at various hornizontal antenna
spacings and for various antenna angles x over radial and
circumferential routes are shown in Figs. 3 and 4, respec-
tively. In both sections 1t is seen that as the horizontal
separation increases p,,, decreases for all antenna angles,
[n addition, it can be scen that, as the antenna configu-
ration approaches the endfire case (x =0 )\ p,_,. Increases
for nearly all values of honizontal separation, which 1s in

10
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*
Yy
.
o $
L]
| S
v v
' .
- v b
% AR
.
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L]
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0-2
T T ]
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Fig. 2  Crosscorrelution between signal encelopes (p,,,) recewced on two
spaced at various certical separations. for data from a radial and a

Fig.1  Test area in relation to base tation and arr

Secty ns labelled A to [ refer to data routes. Parameters H and V refer 10 honzontal
nd vert cu A 215 the angle see text for defimuon)

computer magnetic tape A “sample-and-hold' circuit was
used n conmjuncuion with an analogue digital convertor
tADC) to ensure simuitaneity n the data. The ADC was
an eight-bit machine with a resolution of 03 dB over a
dvnamic range of 75 dB ( 115 dBm to 40 dBm). The
120 Mbyte of data gathered were transferred. in stages,
onto one of the University’s mainframe computers (an
{BM 30823) for analysts.

4 Experimental crosscorrelation

4.1 Vertical separation

Fig. 2 shows the crosscorrelation of the envelopes of the
signals received on two antennas at various antenna spac-
ings for radial and circumferenual routes. Both routes
show a monotonic decline 1n p,,,. with increasing antenna
separation. The radial section has, overall. a larger
reduction in p,,, for a given antenna spacing than the cir-
cumferential route, This is especially pronounced for large
antenna spacings. This feature can be explained in terms of
the radial route having a larger spread in arnval angles in
the vertical plane than the circumferential route (see
Discussion). It is generally accepted that for p,,, < 0.7 an
improvement in the received signal statistics can be
achieved using a two-branch diversity system. In the case
of vertical separation. p., = 0.7 can be achieved at an

<08

circumierenual route

¥ caryradia route B)
@ nearly asrcumferenual route C

Jgreement with the trend found by Lee [3]. Overall. the
values of p.,, reported n this paper are smaller than those
of Lee. It is believed that the differences can be attnbuted
to the larger spreaa in mulupath arnival angles in the
Liverpool experiment, these ansing because the test area 1s
closer to the base station (1.3 hkm) than that used by Lee.
The overall crosscorrelation is lower for the circum-
ferential route than for the radial one. Again, this is attrib-
uted to a difference 1n the spread of arrival angles in the
honizontal plane. In the case of the circumferenual route
the spread 1s larger, thus producing a lower value of p,,,.

4 3 Jont separation

The crosscorrelation between the signal envelopes.
received at two antennas separated both vertically and
horizontally, is shown in Figs. 5 and 6. The endfire case is
llustrated. and the Figures show data from radial and cir-
cumferential routes, respectively. For both cases it can be
seen that an increase in either horizontal or vertical
separation produces a reduction in p,,,, with vertical
separation having the larger effect. This is consistent with
the two individual cases of horizontal and vertical separa-
tion dealt with earlier. The overall crosscorrelation is
lower for the circumferential route than for the radial
route, and again this is consistent with the results for hori-
zontal separation alone at a = 0°.
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5 Theoretical analysis and discussion The normalised crosscorrelation between the two

5.1 Horizontal separation case

Consider the transmission from a4 moving vehicle recenved
by the two antennas at the base station It 1s assumed that
no line-of-sight propaeation path exists. and that all the
waves received at the base stauon come from scatterers
urrounding the mobile unit It 1s further assumed that
there are no local scatterers at the base station, and that
the distance between the mobile transmitter and the base
station receivers 1s much greater than the antenna separa-
tion. The co-ordinate system for this model 1s shown in
Fie. 7 Under these assumptions, the received signals ¢, ()

s ar*erers

m toerh vaves

' /
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Fig. 7
oriz o ma
M wdles

Co= raniate v stem
arrredi Wy ZN) und

roronode
crodon

noaren
arodE Lty

dtbewt n 1
torcomirg mu .-

Parame ers £y and £y oare M0rntdl InlEnng epard on

d Tl e horront
wtarce v the scatterers 1°0om - he mon e Sspeclively

ang es(f) are grven by

A

e = S Eexp Jlw, =2 - 0] (5
=1
A}
ety = Y E exp {}[!w‘ + 2=t
t=4
—2n ). cos %, + ¢, (6)

Since the multipath waves come from different scatterers,
the random phases ¢, are independent.

S10

recaived siznals may be obtained from

Lo — edn, *lelh— esu) |

1
ey~ edr) < 1 [E e — ellr)d D

NS

A d )
S_E,‘cxpj_j(lnf"cosz,)%
~15 l - ™
T2 1y,
5 LE
2.5

Assuming the multipath waves have identical amplitude,
re. E = E, then eqn. 7 becomes

d
exp {—/(Zx £ cos 1,)}
g

If we assume a large number of recerved waves. where ~x )
1s the probabilits density function (PDF) of x,. we have

(8)

] 2Xp « — ( = ﬂ COS 2, )i‘p(l‘l dx,
/.

==

9)

Since the arnval angles at the base station are concen-
trated within a small angular width at an angle x,, eqn. 9
can be approximated by

o d
)= ‘ exXp « — 27— COS Xy COS (X, — 2y)
ST §

dy

a3

< exp j]Zr.( sin 1,,) S X, — 2y) pir) d2,
J

T d .
x J exp j;lx(-,“ sin z,,) sin (2, — 1,,)}p11‘J dx,

-t t - / (10)
if the angle x,1s not near 0°.

Thus. the crosscorrelation of the envelopes of two
signals can be obtained from [7]

penv Ipiz

>

2

(1

r exp {jln % sin (x, — zH)}p(:z,) 4111

-
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d s sy, Uz,

fun 11 shows that the crosscorretaton is dependent on
the armval anele. To further examine this effect. let us
assume that the distribution of arrval anele piz,), in the
horizontal plane. 15 a4 Gaussian  distribution with a
vartance of a7
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various aerival anglesy. for both radsal and crrcumicerentii
test routes. The curves represent salues of p . iobtaned
from eqn. |1 by numerical integration) for a4 spread in
arrisal angles of 1 to 6 . The experunental data and the
theoreucal model appear to agree quite reasonably for a
small spread in arrival aneles. The spread in arrival angles
for the radial route lies between | and 3-, while for the
circumferential route it is 2 to 6 . The difference between
the two can be explained in terms of the orientation of the
routes. The circumferential route. when viewed from the
base station. subtends a larger angle than the radial route.
feading to lower correiation values fur a given base station
antenna configuravion. Using egn. !4 we find that the
eifectve distance of the scatterers from the mobiie 1s
between 23 and 68 m for the radiai route and between 435
and 136 m for the crcumterential route. These values
suggest that the principal scatterers are 1long the routes.
The etfective distances of the scatterers trom the mobiic
wre. an general. smaller for the radial route than for the
crreumierential one 1n the case [ honzonwl antenna
separation.

52 Verucal separation case

The results obtained for horizontal separation of the
antennas can be applied to the case of vertial sepuration
with some modihcativn. The co-orainate system for ths
mudel 15 shown in Fig. 10. The crosscorrelation is aiven by

antenna 2
LY
:
dy
'
,l
cntenna 1 ry
— -
- -
mult path waves _‘_w@“_
\ .
scatterers

Fi1g. 10 Co-orninare vstemf ruamoder in which p 18 a tunciion | the
ertn at arrival anate (x 1 and aresd o areial angies of inc smng muttipath
(LN

Menra enarat on ind ctfevine honzontal das-
em PogLonealit iy

iran ¢r . oand 1¢ ertua
FENY e aterer n

*he ame aypression as egn L with

t = 1, cos 7, 115y
ryosIn 1,
~ (D (16
s - |

anere 4 s the spread of “he mulupath arrival angle in the
verticat piane. The resuits tor the horizontal separation
cdse suggest that the prnincipal scatterers are iocated along
the route of the mobile in an arca 46136 m wide by
90-2"2 m long. Hence the effective distance r, of the scat-
terers from the mobile. measured parallel to the mobile to
base station direction. 15 23-6b m for the urcumierenual
route and 43-136 m for the radial route. Therefore. the
radial routes have a larger spread in arrnval angle o in the
vertical plane than the circumferential routes, thus produc-
ing a lower p_.. This agrees well with the results shown i
Fig. 2.

For a small spread tn the arrival angle. a further
approumation to eqn. !l can be made as follows:

x d'
J. exp {j?.n 7 (%, — 1)}?(%) da,

where x = %, for the horizontal antenna separation case
and zx,- for the vertical antenna separation case. The inte-
gral on the nght-hand side of egn. 17 1s equal to the char-

ene

2
an

Pem =

R



actensuce funcuon of the vanable x,, which 1s defined as
the Fourier transform F(J) with { = 2rd’ 4 on 1its probabil-
ity distribution function p(x,). Assuming that px,) follows a
Gaussian distribution function, we then have the following
simphfied expression:

[ (oY
Peny = EXP —<2rr - a) } =
| i
21 dyry sin 2,\?
PU\T T U

for honzontal separation (%)

e )'_ 2n dyry 510 1y €OS %, )])
P L ’ L J

for vertical separation

In zeneral, x, 1s very small, even for a small mobile-base
distance of 1.3 km, ana hence cos 2, =~ 1. In contrast.
however. 2, can vary over 0 < x4 < 2, 1n which case eqn.
18 suggests that the vertical antenna separation ciase can
achieve a lower p,, than the honzontal separation case
with the horizontal arrival angle 2, of the mulupath waves
being verv small. 1rrespective of the onentation of the
routes travelled. Indeed. a companson of Figs. 2—4 shows
that p_,, for the verucal separation case is lower than that
of the honzontal separation case when 2, =0 and higher
when x,; =10 90 .

6 Conclusion

An experimental investigaion of various antenna configu-
rations for use in mobile radio base station space diversity
reception has been reported. The results show that a con-
sistent reduction in the crosscorrelation between two
signal e¢nvelopes, detected at the base station, is best
achieved using vertically spaced antennas. This suggests
that space diversity systems can be implemented using
antennas with vertical separations of between 11 £ and 13
+ when signals received are from a mobile, at a distance of

By

oout 1.3 km. At distances greater than 1.3 km it 1s

expected that the trend in reduction of the crosscorrelation
will be simular, but that the absolute crosscorrelation will
be higher, owing to the smaller spread 1n multipath arnival
angles. A similar argument [cads to the conclusion that for
vertically spaced antennas the crosscorrelation will be
reduced for smaller cells, because of an increase in the
angular width of the effective scatterers surrounding the
mobile, when viewed from the base station. We also con-
clude that verucally spaced antennas have a distinct
advantage over horizontally spaced antennas in that the
crosscorrelation is not a function of the horizontal arrival
angle of the multipath waves. In addition. vertically spaced
base station antennas require little roof-top space
{approximately 4 m at 900 MHz).
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THE PERFORMANCE OF VARIOUS DIVERSITY COMBINERS ON
SIGNALS RECEIVED AT A BASE-STATION SITE

M. T. Feeney+ and F. Adachi*

SLMMARY

1 a multipath environment *he recaived signal,
sSoth at he mcbile ana the opase staton, .S sLDj-
2ct to geep and rapid rading. This causes
arcblems for cigita:; ano analoque type trans-
missions. It may obe overcome, (0 some ecient,
by 1mplemenung various diversity techniques.
Cne sucn tecnmique Jtilizes diversit; comoiners
eg. selection, egqual-gain, maximal ratio, 'switch
and stay' and 'switch and examire') w~ith spaced
antenna systems.

Extensive field triais rave oeen carried
out in which a mobile transmittec tC a base
station equipped fer spaced antenna diversity
reception. Data from these trials have been
Jsed to compare various forms of diversity comp-
iner. Results from such comparisons take the
form of, the cummulative probability distribution
function, the level crossing rate and fade dura-
tion. The latter parareters are especially
important  for digital transmissions since they
orovide information on the burst error occurrence
and .ength. The resuits ‘or the diversity
zcmbiners are aisd compared for various ‘ading
ccorrelatiors, which are  a corsequence 31  the
anterna configurations used.

i INTRCOLC™.ON

in mopi.e racio, ‘he rece.ved signai s subject
0 multipath  fading. The signal enveiope 1s
cemposed of a fast fading signal superimposed
on a3 sicw faoding sigrai. The fast faaging results
from the :nterfererce between scattered raagio
paths in 3 reqion tetweer the base and mobile

st3tions. The slocw ‘ading is caused Yy the
/arying terrain cetween the base and mcbile
stations.

Diversity receot:on (1] .s one of the most
sromising techniques avalkabi2 w~nich zan reguce
‘ne iading effect. Since the disersity antennas
are c.ose to each other (less than a few tens
of wavelengtns), the techmique has little effect
n the slow fading component.

When digital modulation is used, the radio
link performance deteriorates rapidly when the
received signal fades below some system-
determined threshold. The statistical parameters
for the rate of occurrence of a signal crossing

a parucuiar .evel, and the durztion of ‘age oe.cw
a .eve!l are :mpcrtant in system cesign [2].

There does not exist in the literature, 0 the
authars' «nowledge, any comparison
cetween calculated and experimental
cbtawred from several diversity reception
scremes. Lee (3] analysed the level crossing
rate for just one system assuming a presetec-
tion equal-gain combiner and a low cross-
correlation among fadirg signals.

results

This paper presents the measured cata

for the statistics of level crossing rate (LCR)
and fade duration wnen predetecticn selection
(SC), equal-gain combining (EGC) and maximal-
ratio comoining (MRC), schemes are used. In
acdition, we present results using ‘switch and
stay' (SS) and 'switch and examine' (SE)
strateqies. The experimental data are ccmpared
with results obtained theoretically for a simple
case of no cross-correlation.

Ii. DIVERSITY CPERATION

The EGC and MRC strategies copnase and

comoire ali the receised signals. MRC weights
the recewved signals in prcportion to tre reso-
ective enveicpes (assuming the  receiver ncise
power s identical in ail ot the brancnes). ~he
SC selects one cf the receivea signais wnicn
nas the .argest signal enveloce, anG so 5 the
simplest. Practical combiners have been proposed
for £GC and MRC far use in mobile radio

systems [1]. To realise the action obtained
by SC with less complexity, ‘'switch and stay'
and 'switch and examine' strategies have been
proposed [4]. 5SS and SE switch between

antennas w~henever the received signai falls below
a8 switching threshold. if the new signal is still
below the switcning threshold, then SE switches

back to the previous antenna after a certain
examining period. S§ and SE are simple to
implement and hence are attractive for maobile

radio use. However the signal statistics are
3 function of the switching threshold, and although
the SE strategy ailows for a quicker return ta
a higher signal level than the SS strategy, the
rapid switching causes accompanying noise bursts.

In order to compare various diversity
combiners we introduce the effective signal
envelope (R), which is determined from the

'University of Liverpool

*NTT Yokosuka Electrical Communication Laboratories-Japan.



990+

9004

S0-04

10+0

Probability that Amplituce > Ordinate

Q1

-
~30 -20

Fiz.l.

1014

Normatlised Crossing Rate

2001

5-0+

2-04

1.0

0-24

—
A

-

L T 1
-0 o] i)
Normmausec Signa. Level taB)

Measured CDF of a normalised fast fading

signa! envelope for various diversity
schemes.

Lenv 042

No Diversity

! Selection
/74 .

H—Equal- Gain

/£ Maximal-Ratio

4

-30 -20 -10 0

J v T L Ll

dB

Normalised Awrage Fade Duration

Fig.2. Measured LCR and average fade duration
for SC, EGC and MRC strategies.

109 ferv=0-42
7
1
No Diversity
16
Selection
Equal-Gain
2 Maximal-Ratio
1
3 = 20 . 410 O



resultant signal-to-noise ratio (SNP) after
ccmbining, since the recewer noises are alo
agged for EGC and MRC. When the receiseq
signal envelopes are R, R,, ... R,,, for a N

branch system, the " effective signal envelope
is given by:
(o=
RN , for SC,SS ang SE
R = Ry+R, R, for E5C {1,

JN

=2 =2

= 1+R22'~< p fer MRC

If e erfective envelopes 3re the sams then
‘Fe zcmbirer outfu*s Cave *te .amre ZN.R.

As the number =f 3iversity branches
.ncreases, the increase In aiversity improvement
Secomes less and the receiver structure beccmes
more complex. A two-branch diversity N=2)
system, wnicr 1s considered 'O be tne most
oractical, ~as adopted for cur experimart.

Ul EXPERIMENT

The data for this paper originates from fleld
rriais carried out in an urban area of Liverpoo:
using @ mobile which transmitted to a base
station. The data were recorded, at the base
station, as signal strength values from the output
of fieid strength receivers that were connected
to two antennas. These antennas were positioned
for various configurations relative to each other
ang the maobile test area. The mobile trans-
mitted @ 25 watt continuous w~ave at 8965 Mz
J5iPG @ vertical monopote antenna mounted on
*~e oot ot <he vehic.e. The vehic.e was ariven
arcund 3 grep.anneg tcute .n the test area, socme
..’<m  Jistance ‘rom  tre base station, at a
~ear,y ccnstant _peea of arounc 10mscec.
T~2 gata wused .n ‘*his pacer are taken ‘rom
3 route w~nicn was scme CGm in length  that
lay nearly circumferential reiative ta the base
station. The base station was iocated cn the
rcot of the ceparrment at a -~eignt of 35 meters
scove the crcund .evel. Two .ertcally mounted
~ai‘-waveiength  cipoies were uJsed, at e
zase station, t0 recewve the multioath signais.
Fzr this paper w~e use data ootained w~hen the
anternas were configured in a stacked manner
‘or separations of <, 10 and 20 wavelengths,
w~hicn corresponds ta  envelope cross-correlations
env ), Detween *he two received signais, of
2.33, 0.75 and 0.2 respectively. These cross-
~orrelations w~ere obtained Dy averaging cross-
correlations ‘or two second segments over the
wnole section length (approx. 300m). The
two received signals were recorded on a multi-
track FM tape recorder using the log-video output
of the field strength receivers. The FM tapes
were later replayed and the two tracks bholding
the signal strength data were simultaneously
digitised by means of a ‘'sample and hold'
circuit and an eight bit analogue to digital
converter. The digitised values were then reco-
rded onto computer magnetic tape and later
transfered onto one of the Universiy's main-

frame computers.

This data base has enabled a true comg-
arison to be made between various diversity
reception systems by simulating the diversity
action wusing identical data. The diversity
schemes are compared using a number of
stat:stical results such as; the cummulative
propapt.ity distribution ‘unction (CCF), tha level
crossing rate (LCR) and the averzge face dura-
tion rfor the original signal envelepe 3ng re
effective envelope after diversity has been =2mpi-
oyed. Prior to determining these parametars
tre data s fiitered to remove the siow faagirg
comeonent.  This s achievea oy normalising
tre enveicpe ty e local mTean. The reczivea
signal 2nvelcoe X(t), is a corroination of a ‘ast
rt) ard slow 'nz ft) fadirg cocmporeris sicn
that:

R(t) = r(t) ¥ mxkt) (2)

The local mean power (m,(t)) is estimated using
3 moving average method by:
N-1

-

F(t)=1 7T Rt ) 3)
' n N n+m
2 T
m=<N+|

-7

where N is the averaging window width. To
remove the local mean variation the origional
envelope R(t ) is normalised by the estimated
local mean such that;

R(t) (4)

1'( tn) =F“;;t—n"—

Va. EXPERIMENTAL RESLLTS

In *re following secticn we present resuits ‘or
the effects that SC, EGC, MRC, SS ang SE
Jiversity strategies have on statistical parameters
such as the COF, LCR and average ‘ace duraticn
for data with envelope cross-correlations of
093, 0.75 and 0.42. Figure | snows the CDF
for each of the diversity strategies (using a
-10aB switching threshold for SS and SE and
a 2 millisecond duration for SE) for data with

oy = 0.42. All of the schemes show big
imbrovements compared with the case of no
diversity, especially when deep fading occurs.
Typical improvements at the 1% level are:

5.25 dB using SS
6.93 dB using SE
8.83 dB using SC
9.52 dB using EGC
10.15 dB using MRC

Clearly the choice of switching threshold has
a large effect on the improvement which SS
and SE strategies can provide. The effect that
the various strategies have on the LCR and
average fade duration is shown in Figures 2
and 3. In these figures the term 'normalised
crossing rate' refers to the number of crossings
per second, of a particular level, divided by
the maximum Doppler frequency (which for
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cur experiment ~as 37’kz). ~he 'mormali.ed

fage

aserage guration' 1s ‘*he curation, in
econds, of a fade below a particuiar level
multiplied by the maximum Doppler frequency.
In all of the schemes the LCR is consideraoly

reduced for situations when deep fading occurs.
The SC, EGC and MRC cases have the largest
improvement on LCR with agawn, the switch~
.ng thre nola atfecting the improvement
prciaded oy the SS and SE  cases. In ‘*erms
* rre aserace face aJaratin *re SC, e©3C
and MRC caes show a consistent reaucticn
n the duration of a face, with ‘*be largest
Tor vement Dpeing proviged by MRC. Beicw
‘re switcning rhresnold tre S and SE strategies
now ~o ~eguc-ion n the ‘ace duraticn.

The
S nown .n Tigure «
N botn _ases 3n
-2 pecri/e
1 the

atfact ~f anvelcpe <ross-—correlat.en
tr *qe MRC ang SC ca.es.
rcrease .n f’am recuces the
imorovement . How&ver w~here as
limiting case of f_ 1 the SC, SS
and "E£ strategies show N improvement, the
=o€ and MRC cases have a mimmsm  2cB
.mgroverent. Fgures 5 and 6 nocw~ the _CR
ard average ‘ace J.rat, n ver 3 -arge cf

f .., for MRC and £S5 re pectively. For MRC
‘ne” CR s maximised for increasirg f , 23nd
aven 3s P . approache a high value tiere is
uli a3 sigA.ljcant reduction in the LCR.  The
average fage duration, using MRC, changes little
with  § and remains approximately halved.
The 5SS cS%¢, in Figure 6, snows a greater incr-
eae in LCR for enlarging f . than that for
thne MRC case, and in addl‘lo%, the choice of
switching  thresnold consiceraoly affects the
rerfermance. The average face duration tenas
*owards the no disersity cae 3as - incr-
e3ze . de,crd  the  wit~irg ~hresnéld point
‘he average -acde Zuratlon .S Gt .rorcved for
3° *me /3 .28 ot fenv‘

I

well <rown “hat -“e aavantage af

>

3 *. - rar N 3ersity v tam ~on tli 2e cbtainec
or a cros—oreation Jp S .. Tris 15
een 1n ail or aur results ‘or the CCF, LCR
and average ‘ace duraton for all strategies
axcept *hat 35 ana "E have a recuced improve-
—ent with regarg o TR and ‘Ece duration.

scrieve 3 f y ! 9.7 at the moptle an
anta~pa >pac.ng 5FY around nalf a2 wave'ength
s required. ~o acrieve a <imilar f’anv at :he
52 @ statien, wren ‘he mobie s -cme | 3km
s.starce, the antennas can be separated

sryically apart by around 12 wavelengths.

t/b. TALCULATED RESLLTS

‘n Ravleigh fading, the received siaral envelope,
at eacn branch, has a probability <istributicn
funczien (PCF, given by,

2

2r

where, from now on, R is the envelope, and I

is the average signal power (viz m,(t)). When
predetection diversity is used, the signals are
combined in phase or switched. For independent
Rayleigh fading, the PCF and CDF are given
In Tabie | for various diversity strategles.

p(R) =R e (5)
r

“re calculated COF s srowr in =.3.7 for
each cf the diversity strategies. [t can oe shown
that MRC has the best performance, and that
SC and EGC achieve a reduced improvement,
reiative to MRC, of -1.5d8 and -0.88dB respect-
ively. In the case of SS and 3E the diversity
gain varies according to the switching threshold.
The calculated and measured CDF (Figs.? and
| respectively) are quite cimilar.

“hre LCR s ce‘lreg 13s
negative or positie-goirg

the numrter cof

crossings per csecond
of the eaquivzlent signal envelooe R, ana s
obtained ‘rcm:
. L -
N = j‘-‘(pQ,R R - (6,

o]

vnere R is the rime ceri.atve of R and (R}

15 the joint PDF. If we consiger R, and R,
as the ,=guivaient envelcpes of =2ach brLr*cn then
since R, ana are independent of R, and
R, ond l.rey are %’nutuall/ independent zero-mean
Guss.an variables, then their variance is given

by;
Ozé .rg ‘a) -

where P (t) is the normalised autocorrelation
function of the received complex signal enveicpe.
Substituting (7) 1nto {(6) and using Tabie I then;

/ “Pwr
—T

)
;

NR = D(R) (8)
If we assume that the scatterers surround
the mobile uniformly then;
Poo=232 3 e = - (2xf? (9)
— Q9 - |
okt k=0 —7

99

vnere . is the Taximum Zoppier ‘requency
1.2, .erc.e soeed wavewength),

The calculated 25 (N5 f_) for the various
diversity schemes are shown ™ in Fig8, where
3 -10cB threshold has been used in the SS and
SE strategtes. The LCR wvalues are under-
astimated ‘or SE, since the calculations do not
take nto acccunt the opericoic switching, which

Jccurs  wnen  both envelopes are beiow the
switcning thresno.a.

The average fage duration is given by;

*.22 (10)
R

The results are also shown in Fig8. The
measured and calculated LCR and average
fade duration are similar.

It is well knaown [2] that if two signals
are correlated, the ffective _average power
is reduced to ™ =yl - 12| » where

is the complex fading ~cross-correlation

and 1§ related to . x| £ 2. when
f ev = 0.7 the diversity reduction is about
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SUMMARY

A series of field trials has been conducted in which a

900 MHz CW signal was transmitted from a vehicle moving
along a test route some 1-3 km from a base station. The
recorded envelopes of the signals received on two vertically-
separated antennas at the base station have been used in a
computer simulation of two-branch predetection diversity
reception Several different systems have been simuiated and
the computed results show that the theoretical diversity
advantages can still be obtained for an envelope cross-
correlation (p.q,) of less than 0-7 for all strategies except
switching. For a 1 3 km radius cell, 38 peny less than 0-7 can
be obtained using antennas with a vertical separation of
about 12/. It has been found that the cumulative distnibution
and level-crossing rates of the signal are substantially
improved and the average fade duration is approximately
halved.

List of Abbreviations

AFD average fade duration

CDF  cumulative distnbution function
CNR  carner-to-noise ratio

EGC equal-gain combining

LCR  level-crossing rate

MRC mavmal-ratio combining

PDF  probabihity density function

SC selection combining

SE switch and examine

SS switch and stay

1 Introduction

It 1s well known that 1n mobile radio the recenved signal is
subject to mulupath fading. The signal envelope 1s
composed of a fast-fading component. caused by multiple
scattering . the immediate vicimity of the vehicle.
superimposed on a slowly varying mean value. The fast-
fading component often exhibits Rayleigh statistics whilst
the mean value (slow fading component) 1s log-normally
distributed.

When digital modulation is used. the radio link
performance deteriorates rapidly whenever the received
signal falls below some noise-related threshold. Diversity
reception techmques have the potential to reduce error
rates substantially,' since diversity can improve the signal
envelope statistics, reduce the occurrence of deep fades and
significantly shorten average fade durations. However,
theoretical comparison of the performance of various
diversity systems is usually limited to the case of Rayleigh
fading with equal mean noise powers on each branch.?
which may not represent conditions encountered in
practice. It is therefore of interest to conduct a practical

Journal of the institution of Electromc and Radio Engineers. Vol 57 No 6 (Supplement) pp S218 S224 November December 1987

comparison using real received signals which have
statistical properties that may be somewhat different from
those theoretically assumed. This paper presents such a
companson using measured signal envelopes obtained at a
base station site in an urban area. It had previously been
shown that signal envelopes with sufficient decorrelation
could be obtained from vertically-separated antennas® and
signals from two such antennas were used as inputs in a
computer simulation of vanous diversity schemes. A base
station site was specifically chosen. firstly because base-
station diversity has received much less attention than
vehicle diversity and secondly because cellular radio
operators in the UK actually use diversity reception at
TACS base sites.

In companng the various diversity techniques it is of
interest to examine the cumulative distnibution function
(CDF) of the output signal, the level-crossing rate (LCR)
and the average fade duration (AFD). Although the effect
of correlation on the CDF is well-known® it is only
recently that any attention has been given to the LCR and
AFD.* Lee’ has analysed the approximate LCR for just
one system assuming a predetection equal-gain combiner
and a low crosscorrelation among fading signals. Recently,
the LCR and AFD for correlated two branch predetection
selection (SC), equal-gain combining (EGC) and maximal-
ratio combining (MRC) schemes have been analysed* to
show that diversity reception is effective in reducing the
LCR and AFD. However, the literature does not appear to
contain any comparison between calculated and experi-
mental results obtained from several diversity reception
schemes.

Extensive field trials were carried out in an urban area of
Liverpool to measure the crosscorrelation between the

© 1987 IERE
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SUMMARY

A series of field tnials has been conducted in which a

900 MHz CW signal was transmutted from a vehicle moving
along a test route some 1-3 km from a base station. The
recorded envelopes of the signals received on two vertically-
separated antennas at the base station have been used in a
computer stmulation of two-branch predetection diversity
reception. Several different systems have been simulated and
the computed resuits show that the theareticai diversity
advantages can still be obtained for an envelope cross-
correlation (p..,) of less than 0-7 for all strategies except
switching. For a 1 3 km radius cell, 8 p.q less than 0-7 can
be obtained using antennas with a vertical separation of
about 12.. It has been found that the cumulative distribution
and level-crossing rates of the signal are substantially
improved and the average fade duration is approximately
halved.

List of Abbreviations

AFD  average [ade duration

CDF  cumulative distribution function
CNR  carner-to-nowe ratio

EGC  equal-gain combining

LCR  level-crossing rate

MRC  mavmal-ratio combining

PDF  probability density funcuon

SC selection combining

SE switch and examine

SS switch and stay

1 Introduction

It 1s well known that in mobile radio the received signal is
subject to muiupath fading. The signal envelope is
composed of a fast-fading component. caused by multiple
scattering 1in the immediate victnity of the vehicle.
superimposed on a slowly varving mean value. The fast-
fading component often exhibits Raylesgh statistics whilst
the mean value (slow fading component) 1s log-normally
distnbuted.

When digital modulation is used, the radio link
performance deteriorates rapidly whenever the received
signal falls below some noise-related threshold. Diversity
reception techmques have the potential to reduce error
rates substanually.' since diversity can improve the signal
envelope statistics. reduce the occurrence of deep fades and
significantly shorten average fade durations. However,
theoretical comparison of the performance of various
diversity systems is usually limited to the case of Rayleigh
fading with equal mean noise powers on each branch.?
which may not represent conditions encountered in
practice. It is therefore of interest to conduct a practical
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comparison using real received signals which have
statistical properties that may be somewhat different from
those theoretically assumed. This paper presents such a
comparison using measured signal envelopes obtained at a
base staton site in an urban area. It had previously been
shown that signal envelopes with sufficient decorrelation
could be obtained from vertically-separated antennas® and
signdls from two such antennas were used as inputs in a
computer simulation of varnous diversity schemes. A base
station site was spectfically chosen. firstly because base-
station diversity has received much less attention than
vehicle diversity and secondly because cellular radio
operators in the UK actually use diversity reception at
TACS base sites.

In comparing the various diversity techniques it is of
interest to examine the cumulative distnbution function
(CDF) of the output signal, the level-crossing rate (LCR)
and the average fade duration (AFD). Although the effect
of correlation on the CDF is well-known?® it is only
recently that any attention has been given to the LCR and
AFD.* Lee® has analysed the approximate LCR for just
one system assuming a predetection equal-gain combiner
and a low crosscorrelation among fading signals. Recently,
the LCR and AFD for correlated two branch predetection
selection (SC). equal-gain combining (EGC) and maximal-
ratio combining (MRC) schemes have been analysed* to
show that diversity reception is effective in reducing the
LCR and AFD. However, the literature does not appear to
contain any comparison between calculated and experi-
mental results obtained from several diversity reception
schemes.

Extensive field trials were carried out in an urban area of
Liverpool to measure the crosscorrelation between the
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envelopes of signals received at a base station site using
two antennas separated vertically, horizontally and a
combination of both. Using the envelope data obtained
from these field trials, two-branch predetection diversity
action was computer simulated and the output CDF. LCR
and AFD were determined. We present the measured
results when SC, MRC and EGC schemes were used, for
various values of envelope crosscorrelation. In addition,
results are presented using ‘switch and stay’ (SS) and
‘switch and examine’ (SE) strategies.® The experimental
data are compared with results obtamned theoretically.

2 Diversity Operation
The deleterious effects that fading has  a signe. seception.

especially to digital transmissions. can be overcome. to a
large extent, by implemenung various diversity schemes.
Diversity 1s a convenient method of reducing the depth
and occurrence of fades by combining decorrelated
versions of the onginal signal. Of the many duerswy
schemes. the most useful method for mobile radio 1s space
diversity which utithzes the simultancous reception of
decorrelated signals on two or more spaced antennas. The
spdcing between the antennas determines the crosscorrela-
tion between the received signal envelopes and thus atlects
the degree to which the rate and depth of fading can be
reduced. The decorrelated signals obtamed from the
diversity branches can then be processed using various
‘combiming’ schemes. The processing can be performed
prior to or after demodulation (pre- or postdetection). In
what follows we consider vanious predetection combining
systems for which we assume the noise power to be the
same 1n all branches.

In a predetecion MRC the signals from the branches
are cophased and added together. each branch being
weighted 1n proportion to 1ts own signal voltage to noise
power ratto.” Provided the noise in the vanous branches is
uncorrelated. this produces an output signal-to-noise ratio
(SNR) equal to the sum of all the input signal-to-noise
ratios. which 1s the best that can be achieved by a linear
combiner. Predetectton combining can be more simply
achieved however by setting all the weighung factors to
unity. thereby producing an EGC. Practical realizations of
MRC and EGC have been proposed for use in mobile
radio systems.® SC selects the branch with the largest
instantaneous SNR. However to realize an action simiiar
to that of SC with less compiexity. SS and SE strategres
have been proposed.® The essental difference 1s that n
switched systems there 1s no attempt to find the best mnput.
merely one which 1s acceptable A threshold 1s set and an
input 1s used untl it falls below that threshold. Basicails
there are two switching strategies which can then be used
and these cause duferent behaviour when both signals are
in simultaneous fades. Firstly, there 1s the SE strategy
which causes rapid switching between the inputs until one
of them rises above the threshold. Secondly. there is the SS
strateey 1n which the recenver is switched to. and stays on.
the alternative mput as soon as the input in use falls below
the threshold. 1irrespective of whether that input s
acceptable or not. Of course. if the alternative nput is
above the threshold. both systems behave in an 1dentical
manner. Although the SE strategy allows a marginally
quicker return to an acceptable input when the signals on
both branches fade simultaneously. the rapid switching can
cause a noise burst and the SS strategy is therefore
preferable in most circumstances.

In order to compare various diversity combiners we
introduce the concept of an effective signal envelope R(t),
which is determined from the resultant SNR after
combining, since the receiver noises are also added for
EGC and MRC. When the received signal envelopes are

Ri(1). Ri{0). .. .. Ry(t) for an M-branch system. then it is
shown in the Appendix that the effective signal envelope is

given by
for SS. SE and SC

(n

R (1),
Ry(1)+ Ryt +. . .Ry(t)
Y

. for EGC

Rty =

v IRHO+R3(0)+. . Ry(]. for MRC

where we have assumed that the kth branch is selected for
SS. SE and SC. If the effective envelopes are the same.
then the combiner outputs have the same SNR. As the
number of diversity branches increases. the increase in
diversity improvement becomes less and the recciver
structure becomes more complex. Two-branch diversity
(M —2). which is probably the most practicai. 1s

considered in this paper.

3 Experimental Configuration

The data for the simulation onginates from field trals
carried out in an urban area of Liverpool.® A vehicle-
borne transmitter radiated a 5 W CW signa a¢ 96 S (KL
using a vertical monopole antenna mounted on the roof of
the vehicle which was drven around a route. nearly
crcumferential relative to the base station. some 1-3 km
distant, at a nearly constant speed of 10 ms. The base
statton was located on the roof of the Electrical
Engineering building at the University. some 35 m abosve
ground level. Two vertically-spaced 4 2 dipoles were used
at the base station to receive the multipath signals. The
signal strengths from the two base-station antennas were
recorded on an FM tape recorder using the log-video
outputs of field strength receivers connected to each of the
antennas. The recorded signal strength data were later
simultaneously digitized at a rate of | kHz using an eight
bit analogue digital converter. and stored on a digital tape,
which was subsequently transferred onto one of the
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Fig. 1. Crosscorrelation between signal envelopes penv
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Unnersity’s mainframe computers (IBM 3083). The data
base enabled a true comparison to be made between
various diversity combiners by simulating the diversity
action using 1dentical data.

Since the diversity antennas are usually close to each
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other (less than 2 few tens of wavelengths). there 1s little
effect on the slow fading caused by the varying terrain
between the base and mobile stations. The signal envelope
data was therefore normalized by the local mean
(estimated with a 0-5 s moving-average window) to remove
the slow fading component.® The various diversity schemes
are compared using a number of statistical properties of
the fast fading. the cumulative distribution function
(CDF). LCR and AFD for the original signal envelope and
the effecuve signal envelope after diversity has been
employed.

4 Experimental Results

The measured enselope crosscorrelation. p.,,. between the
two received signals is shown in Fig. | for vertical antenna
separations from 2 to 24/, These crosscorrelation
coetficients were obtained by averaging values obtained for
two-second segments over the whole section (approx.
300 m). For the diversity stmulation. we used the data
obtained when the antenna separations were 4, 10 and 20-.
which correspond to p., bemng 093. 0-75 and 0-42
respectively.

4.1 Cumulative Distribution Function (CDF)

Figure 2 shows the CDF for each of the diversity strategies
{(using a — 10 dB switching threshold for SS and SE and a
2 ms duration for SE) using data for which p_,, = 0-42.
Without diversity. the CDF of the individual branch
signals follows the Rayleigh distribution as expected. All
the schemes show substantial improvements compared
with the case of no diversity. especially when deep fading
occurs. MRC gives the largest improvement. SE is slightly
superior to SS for a signal below the switching threshold.
while the CDF is identical above the switching threshold.
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Fig. 3. Measured (a) LCR. and (b) AFD, for SC, EGC and
MRC strateges.

Fig. 4. Measured (a) LCR, and (b) AFD, for SS and SE
strategies using a switching threshold of —10dB.
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Typical improvements at the 17 level are 5-3dB for SS.
69 dB tor SE. 88 dB Jor SC. Y 5dB for EGC and 10-3dB
for MRC.

4.2 Level Crossing Rate and Average Fade Duration
The etfect that the various diversity strategres have on the
LCR and AFD is shown in Figs 3 and 4. In these figures,
the term “normalized LCR" refers to the LCR divided by
the maximum Doppler frequency, fp. which for our
experiment was 33 Hz. The ‘normalized AFD’ is the AFD
multiphed by f;,. In all the schemes the LCR s
considerably reduced for situations where deep fading
occurs. The SC. EGC and MRC cases provide the largest
improvement tn LCR with again the switching threshold
atfecung the improvement provided by SS and SE. As far
ds AFD 15 concerned. the SC. EGC and MRC cases show
a consistent reduction. with the largest improvement bemng
provided by MRC. It can be seen in Fig. 3 thut the AFD
for SC. EGC and MRC is almost halved. Figure 4 shows
that the SS and SE strategies vield an identical reduction
in the AFD when the signal 1s above the switching
threshold. Below the switching threshold. the SS stratesy
shows no improvement. whilst SE does. as a result of the
periodic switching.

4.3 The Effect of Crosscorrelation

The effect of cn\nlopc crosscorrelation on the CDF s
shown 1n Fig. 5 for the MRC and SS stratezies. In both
cdses, an increase 1n p.,, reduces the improvement.
However. whereas in the hmitung case of p.,, = | the SC.
SS and SE strategies show no improvement. the EGC and
MRC cases have ¢ mimmum 3 dB improvement, which 1s
casily understood by reference to equation (1). Figures 6
and 7 show the LCR and AFD over a range of p,, for
MRC and SS respectively. For MRC, even as p,,,

approaches a high value. there s sull a significant
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reduction in the LCR. The AFD. using MRC. changes
little with p.,, and remains approximately halved. The SS
case, in Fig. 7. shows a greater increase in LCR for a larger
Pen than that for the MRC case. The AFD tends towards
the no-diversity case as p.,, increases. Below the switching
threshold. the AFD is not improved for any value of peqv-

109

14
9
No
T Oversity
aH
(a) }‘:
S
z
10—2 — T T T T T 1
-30 -20 -0 o
Normaliised Sgnal level «@B)
109
Q
w
<
o
8
(b) 3
2
10 T T T T T 1
-30 -20 -10

[
Normalused Signal Level (dB)

Fig. 6. Effect of penv On the measured (a) LCR, and (b) AFD,
for MRC.
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for SS using a switching threshold of —10dB.
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[tis well known that in Ruayleigh fading conditions the
advantages obtainable from diversity are stll apparent
provided the envelope crosscorrelation does not exceed
0 7.7 This 1s confirmed by the results for the CDF, LCR
and AFD for all strategies except 8S and SE. To achieve a
. NO greater than 0-7 at the base statson, when the
mobile 15 some 1-3 km distant, experiments® have shown
that when the antennas are approximately 35m above
ground level the vertical separation necessary is only about
12/,

5 Theoretical Analysis

5.1 Cumulative Distribution Function

In Rayleigh fading. the envelope of the signal received on
each brunch has a CDF given by

RJ
P(R) =1 exp(—, s )

20
where a° v the average signal power (which has been
dssumed to be unity since the received signal 1s normalized

by the locul mean). A closed form expression for the CDF
of SE. SC and MRC with correlated fading 1s given by?

R} R
(l—ﬂp<-, l;)Q( -0y
<0 oy (l=py:7)

(2)

R,

where K =1 for SC, 2 3 for EGC and ! 2 for MRC. Since
Pems T pi° in Raylergh fading.! equanion (5) shows that the
envelope crosscorrelation reduces the eifective average
power by a factor of  (1—p,,) for all the diversity
combiners. When p,,, = 0-42. 0-75 and 0-93. the diversity
gain reductions are 1-2, 3-0 and 5-8 dB respectively. The
measured data shown in Fig. 5 agree well with the
calculated results.

5.2 Level Crossing Rate and Average Fade Duration
The LCR is defined as the number of negative or positive
going crossings per sccond of the effective signal envelope
R(r) at a particular signal level R, and s obtained from
Ng = [ Rp(R. R)dR. (6)
0

where p(R. R) is the joint probability distributton function
(PDF) of the signal cnvelope Rir) and its time derivative

Riz). The AFD 1s ginen by
P(R)

. 7
Ng 7

g =

Toy(l-ps 2))
R R,

for SE

SNEAIE

oy (1= p1) o (1= pul))}'

P(R) =J 1

R ) 3)

(=l o i
expl —, =Yl P12 5" 3
20 ! oy (1= p0°%) o (1= p13)%)

for SC

R R
Q( o Pz
o, (1=p127) l “v/“—"

|
Y

where pyy 1s the value of the crosscorrelation function
p 7y at © = 0 between the compiex envelopes of the two
fading signals, Q(a. b) 1s Marcum’s Q-function defined as

£ 12
Qtu. o) — | n:xp(—d . ' )l (uv)dx (+
b -

where 1, (-) is the modified zero-order Bessel function.
and R, 1s a switching threshold. A good approximation for
EGC can be obtamned by multiplying the average signal
power in the expression for the CDF of MRC by (3 2).!
\n cxpression for the CDF of SS has not yvet been found
tor correlated fading. but 1t 1s 1dentical with that of SE for
independent fading.” Hence. we use the CDF of SE as an
approximation to SS.

The calculated CDFs for independent fading (p,, = 0)
are shown in Fig. 8 for each of the diversity strategies. It
has been shown® that MRC gives the best performance.
with SC and EGC achieving a reduced improvement
relative to MRC of —1-:5dB and —0-38 dB respectively.
The measured and calculated CDFs (Figs2 and 8
respectively) are quite similar. For small signal envelopes.
equation (3) can be approximated as

RR,
[26’\/(1 =lp12l?

2
] ,forSSandSE (R« R)

&)

P(R) > ,
] for SC, EGC and MRC

Rl
{ s
20° (T=p0al)

S22
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Fig. 8. Calculated CDF of a Rayleigh fading envelope for
various diversity schemes under a condition of independent

fading.
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Recently, the authors have analysed the LCR for
predetection diversity combiners.* When R iy small 4
simple approximate expression has been obtained. namely

Ng x /_DH*‘ f’x:jn“ = Puar’)

where p(R) = (d dR)P(R) is the PDF of the effective
envelope, p;, = (d? dt’)p, (1) at 1 =0 with p,,(r) being
the autocorrelation function of the complex envelope of
each received signal and p,, =(d do)p,(r)at T =0.

Assuming that all the multipath waves received at the
base station result [rom scatterers surrounding a mobile
uniformly,  p(v) =Ju2x/p7) (Ref. 1) and  thus
J =—=2na/p)* where fp is the maximum Doppler
Irequency (vehicle speed carnier wavelength). No analytcal
expression 1 available for p,, with vertically-spaced
antennas but we know that for horizontally spaced
antennas its ¢ffect can be assumed small if the separation
ol the two antennas 1s not too small.* We therefore assume
¢ 2 x ) and hence

p(R). (8)

Ng = p” pIR) N

v

If the fading signals are independent (p,, and p,, =0)
equation (9) gives the exact expression. The calculated
LCR (Mg /p) and AFD (/pte) for varous diversity
combiners are shown in Fig. 9 for independent fading
signals. where a — 10 dB threshold has been used 1n the SS
and SE strategies. The measured data are shown in Fig. 3
for SC, EGC and MRC and in Fig. 4 for SS and SE. The
measured and calculated LCR and AFD are similar except
for SE. The LCR values are underestimated for SE, since
the calculations do not take into account the periodic
switching, which occurs when both envelopes are below
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Fig. 9. Calculated (a) LCR and (b) AFD, for various diversity
schemes under a condition of independent fading.
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the switching threshold. The diference between the
calculated and measured data for SS, SC., EGC and MRC
can be attnbuted to the envelope crosscorrelation not

being zero.
When the two fading signals are correlated we have*

r R R\
2 -
ve RUD(\ Za)(Vﬁo)

Ng :J

for SS and SE (R « R))

(1= p?)
(10)

3

- R
2 (2::UDK( )
N

for SC. EGC and MRC

\ (r pp?)
and
1 R
———( )AforSS‘md SE(R« R
Wty 2o
TR X (1D
| R
( ) for SC. EGC and MRC.
-\ (."!)f[) V-O’

Without diversity. the LCR and AFD are given by!

—— R R? - R
Neg=+ (_z;jp( L Jjexpl —5= )= Cnh| — )
N =g V2
(Rz
exp ﬁ)—l
20 1 R
R = d x <T) 12)

N R A
V] -0'

Equations (10) and (11) show that the LCR increases as
the envelope crosscorrelation p.,, (= pl?) increases (whilst
the AFD is unaffected) and becomes -7 times. 4 times and
14 times as large as that for the independent fading case for
Penv = 042, 0:75 and 0-93. respectively. The AFDs for SS
and SE strategies are equal to that of no diversity. while
SC. EGC and MRC can haive the AFD. Considering the
effect of the envelope crosscorrelations, the measured data
shown in Figs6 and 7 agree well with the calculated

results.

6 Conciusion

Recorded signals  obtained from vertically-separated
antennas at a base station site have been used to compare
the effects of various two-branch predetection diversity
svstems (SS. SE. SC. EGC and MRC) on the measured
CDF. LCR and AFD statistics. It has been confirmed that
improvements can still be obtained for values of p.,, up to
0-7 for all strategies except switching. A value of p,,, no
greater than 0-7 can be obtained at a base station site 35 m
above ground level. in a cell of radius 1-3km. using
antennas separated vertically by about 124. Diversity
produces substantial improvements in the CDF and LCR.
but the AFD is only reduced by about half. (Note that
there is no improvement in the AFD for SS and SE below
the switching threshold.) The results lead to the conclusion
that if base station diversity is used with data
transmissions then the bit error rate and rate of burst error
occurrence can be reduced considerably, whilst the burst
error length is approximately halved.
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9 Appendix
Il a signal with a Rayleigh-fading envelope gnen by
equation (2) 1s received in the presence of Gaussian noise
of mean power N. then 1t follows directly that the
instantaneous carner-to-noise ratio (CNR) 7y = R* 2NV and
the mean CNR 74 = ¢ N. It 1s easily shown that the PDF
of the CNR is given by

1

P = expl=;7

0
(i) In a maximal ratio combiner (MRC) the output has a
CNR gnven by

where M is the number of branches. So.
R; R?

fTavTAN T

1 M
=— YR

RA A

We can define an equivalent output R, such that

or
g, —_—
R,=\((3.'\/',',)=\/(._v_l R;):V(R;*Ry#...)

tit) In an equal gain combiner (EGC) she output CNR s

NEERS
Ie-.‘f ("?[ v "l)

R, 2 1 \ B
+_'-_“) =’ (TR)
NEAY PAY A
and again we deline an equivalent output R, such that

Rf 1 (%’. R‘)l

So

L ( R,
MY 2w

“Tav Tauv

or
—_— i Al R, +R,-...
Ro=( CANv)=— (Z R.) =t—
V4 =1 v M
(in) For selection diversity
!

ay = far  w
Js = MAX (V1 T2y

SO

R, =max R, R, }
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Effects of correlated fading on level crossing rates
and average fade durations with predetection

diversity reception

F. Adachi, PhD
M.T. Feeney, MSc
Prof. J.D. Parsons, DSc(Eng), CEng, FIEE

Indexing terms  Rudiocommunication, Recetters

Abstract: General expressions for the level cross-
ing rate (LCR) and average fade duration (AFD)
are obtammed for several diversity combining
schemes  emploving two-branch  predetection
reception of correlated Rayleigh fading signals.
These expressions are obtamned from joint and
conditional probability density functions (PDFs)
of the received signals, and lead to a umfied treat-
ment. This simplified method contrasts with the
charactenistic function approach used in previous
investigations. Numerical results are presented for
a space-diversity system using horizontally spaced
antennas at a mobile station. It 1s shown that
while the angle between the antenna axis and the
direction of vehicle motion does not appear in the
cumulative distribution function (CDF) of the
combined output signal envelopes. 1t affects the
LCR and AFD when the two fading signals are
correlated. When the two antennas parallel with
the direction of vehicle motion are used, the LCR
can be reduced below the value obtainable from
signals which fade independently. When the two
antennas are perpendicular to the direction of
vehicle motion, the AFD s loosely dependent on
the antenna spacing and. provided the antenna
spacing 1s not too small, 1s approxumately half that
for the no-diversity case.

List of principal symbols

d = distance between space-diversity antennas
e, = recetved amphtude of :1th multipath wave
erfc (.) = complementary error function

p = maximum Doppler frequency

Jot.) = zero-order Bessel function

mg = mean value of R

Ng level crossing rate (LCR) at envelope level R

conditional level crossing rate
joint probability density function (PDF) of a
and b

n
pla. b)
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4 b) = conditional PDF of a with b given

p(g (.) = real part of complex value

R = time-varying signal strength envelope for Nth
branch

R‘[) = time derivative of time-varying signal strength
envelope

. = complex amplitude of ith multipath wave

T = complex conjugate of complex ith multipath

-t wave

1 = modulus of complex ith multipath wave

e = ensemble average of complex ith multipath
wave

M = mean maltrix

M_! =inverse of matrix M

M = transpose of matrix M

2 = angle between antenna axis and direction of
vehicle motion

9, = phase of ith multipath wave

9, = phase difference between ith and jth multipath
waves

i = wavelength

‘;U(r) = complex crosscorrelation function between ith
and jth branches

Pad = average received signal power

63 = variance of R

T = time delay

TR = average fade duration (AFD) at envelope level
R

1 Introduction

In UHF land mobile radio. the signal transmission per-
formance deteriorates severely because of multipath
fading [1]. If digital signals are transmitted, then burst
errors are produced when the signal fades below some
noise-related threshold. The rates of occurrence and
average length of these burst errors can be esumated
from the level crossing rate (LCR) and average fade dura-
tion (AFD), respectively [2]. The LCR and AFD in a
Rayleigh fading environment have been studied experi-
mentally and theoretically [3].

Predetection diversity reception using selection com-
bining (SC), equal-gain combining (EGC) and maximal-
ratio combining (MRC) [4] can be used to reduce the
effects of multipath fading on LCR and AFD [5, 6].
Theoretical comparison of the three combining schemes
has shown [6] that, for independent Rayleigh fading
signals, two-branch diversity reception can substantially
reduce the LCR, and can halve the AFD irrespective of



the combining method used. In practical diversity
systems, the fading sienals recened at the different
antennas may be parnially correlated. but little attention
has been given to evaluatton of the LCR and AFD of
diversity combiners with correlated fading signals. Lee
[7] invesugated the influence of the fading correlation on
the LCR of an EGC. Assuming that the envelope of the
combiner output signal and its time derivative are inde-
pendent random processes, he showed that if space diver-
sity is used at a mobile station, the LCR is affected by the
angle between the antenna axis and the direction of
vehicle motion. Measured LCRs and AFDs of SC, EGC
and MRC in a correlated fading environment are avail-
able in Reference 6: however. no analytical results have
been presented.

The LCR and AFD for an m-branch equal-gain com-
biner have been found previously [8] using an approach
based on charactenstic functions. This approach has
restrictions  because, to derne one of the fundamental
relationships (eqn. 5 of Reterence 8). it 1s necessary to
assume that the branch sineals and their ume dervatives
are all Gaussian random varniables. that the correlation
between the signals s not strong, and that the time derv-
auve Rit) of the output signal envelope 1s a function only
of the ume derivauves R,i1). R.ir) etc. of the branch
signal envelopes. This latter restricuon has the further
ctfect of limiting the analysis to the case of equal-gain
combiners (see eqn. 4 of this paper).

In this paper we present a unified analysis of the LCR
and AFD of two-branch predetection SC, EGC and
MRC with correlated Rayleigh fading signals. Our
analysis also assumes that the branch signals and therr
time denvatives are Gaussian random signals, but the
method using the joint and conditional probability
density functions of the branch signals is conceptually
simpler and does not suffer from any restrictions. The
general expressions derived in Section 2 can be applied to
any type of diversity, such as frequency or space, as can
the simpler, approximate expressions which are also
given. In Section 3 numencal results are obtained for a
space-diversity  system using honzontally  spaced
antennas at the mobile station.

2 Analysis

21 Recewved signal representation
We assume that an unmodulated carrier 1s transmitted
and that the signals recened on the two antennas are
subject to muiually correlated Rayleigh fading with a
svmmetrical power spectrum. The fading power spectra
of the two recerved signals are assumed to be 1dentical.
The received signal at the ith antenna (i = 1. 2) can be
represented 1n complex form as

e(t) = Re [z (0)e* ")
= R{ncos [w,t + 040 (n

where z () is a zero-mean complex Gaussian process. The
envelope R{1) (=|z(1)]) follows a Rayleigh distribution.
and 00)1s a uniformly distnbuted random phase [1].

2.2 Definition of LCR and AFD with predetection
diversity

SC selects the branch having the larger signal envelope;

EGC cophases the signals and sums them; MRC co-

phases, amplifies each signal by a factor proportional to

its envelope and sums them. Thus the resultant envelope

12

R(1) can be expressed as
max | R, Rl SC

R, + R,
Rin = BRI e 2)
2
L (Riy + R}1)  MRC

In the above we have assumed that the noise power in
each branch is identical (=.V,), and have taken into
account the resultant noisc power at the combiner
output, such that R*) 2N, represents the combiner
output signal notse power ratio. Hence. we can exactly
compare the effects of different types of combiner on the
LCR and AFD.

The LCR and AFD of an envelope R(¢) at a certain
level R can be obtained from eqns. 1.3-32 and 1.3-41.
respecuively, from Reference 4:

Ne =J Rp(R. Ry dR
° 3)
P(R)

Na
where N is the number of upward crossings per second.

PR, Ry is the joint probabulity density function (PDF) of
R = R(¢t) and its ume denvative R = R(t), and P(R) is the

cumulative distribution function (CDF). From eqns. 2.
Rir) 1s given by

R, (1), R,(t) = R,0)

Ry(1), Ry(1) < Ryi0)

Ry(0) + Ry(0)

v2
R DR (1) + Ry(DR.(1)
(R} + R31)

Using complex notation, R, is represented as

S .o
R = Re {M} (5)

Tg =

R(t) = EGC 4)

MRC

[0

The analysis in this paper ignores mutual coupling
effects, and the predictions for LCR and AFD may there-
fore depart from measurements at small antenna spac
ings, particularly when the signal is very low [9].

2.3 Conditional PDF of R (given z, and 2,)

From eqns. 4 and 5 it can be seen that with -, = =,(¢) and
-, = (1) being given. R becones a Gaussian vanable
having the conditional PDF

PR1zy, z2) = pRIR, Ry, 6,2)

1 (R — mg)?
= - u 6
Ti, (270) CXP[ 0% ] a

where (/,, = arg (z}2,). Values for m4 and o} are derived
in the Appendix.

2.4 General expressions for LCR
The joint PDF of Ry, R, and 0, is given by eqns. 8-31
and 8-102 of Reference 10:
R,R,
2n0*(1 — 92 %)
« ex [ R? + R? - 2R,R, Re (pl‘ze’"‘)] a
P 2050 —p12 1)
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PRy, Ry, 0,3 =




Applying the appropriate variable transformations using eans. 2, p(R. R) can be obtained from egns. 6 and 7. and hence
the LCR can be calculated from eqns. 3. To make the LCR calculations stmpler, we can change the order of integration

with respect to R first. The LCR can be evaluated from

“n R T
J J‘nptRl=R. R,. 0,5 dRs .Ju,:J.f
r JO

"R

x 0

x R,2
Ng= f J' ny (PR, R, = (AR — R, 6,,) dR, df,;  EGC
x JO

x x2
Jl '[ nRpR, = Rcos ¢, Ry = Rsin ¢. 6,,) dyy dbl, MRC
® JO

where iy the condittonal LCR and. from ¢qn. 6. is given
by

n =f RpiR R\, R,.0,.)dR
o

o ( m3 )
= [ ¢ ———
\ 2m) [ P 2ok

mg me
+ (7 erfe | — ) 9
v <‘7R\ 2 ) ( gy = :,
where erfc (.)1s the complementary error function. |
2 ﬂ) R exp| — Lid 1 —exp| — L
EAVANRE. SR A P\7 %" P\7 27

V=

5 3 2
JERNEE) (- 55) wne
n oy 2 20°
It is worth noting that the formulauon of eqns. 8 is

particularly signficant. Instead of using a characteristic
function approach, 1t 1s based on the joint and condition-
al PDFs p(R,, R,,0,;) and (R R, R,, 8,,), these being
well established relationships. The analysis is unified
through eqns. 4, which establish the relatonship between
R and R for each combiner. On this basis. the approach
1s conceptually more straightforward.

) (s (-5) - 5

nptRy. R, = R.0;) dR, d0,, SC
(8)
‘—\thcrc
J.’Z SC
v=1/043 EGC 12
i mre

For independent fading signals, py5. 9,2 and p,, =0 for
mg and 3. Hence from eqn. 9. n = o (—p,, 27). which
1s not a function of R,. R, and #,,. Inspection of egns. 3
shows that the LCR 1s equal to n times the value of the
PDF of R with diversity reception, and is given by

(13)

Without diversity, the LCR is given by [4]

—Pn R R’
e (22) e (-2

2.5 General expression for AFD

We saw in eqns. 3 that the AFD is given by the
CDF LCR rauo. The closed-form expressions for the
CDF of SC and MRC with correlated fading are given by

(14

— [4]

P2 R R

—-¢ -—J|1+0 . — ] - —. < SC
{1 “p( 1‘7')[ -"(5\“— Pr:7) o tl— pia ) ¢ ol = p7) o (1 —1py27)

R*

- P2

exp[

For small values of R, an approuimate expression can
be obtained. From the Appendix. my | (2)og is small and
hence n ~ aj |, (27). Using this and the approumate joint
PDF:

P(R) =
l 1+ pi-l
I - 3
- P2

R,R,
2ra(l — |py2 1)

PRy, Ry, 0y3) = (10)

we have the following simplified approximate expression:

. P2 ] ) ( R )’

+ —— —

Pu (l—lplzI’ a2
Np=v - 3
r L= 1p,l

for—li—<l (1)
ay2
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: 1
- +
2051l = pp2 ’:l 21py2

Rl
b ——— | MRC
‘“p[ 21— p.zn] (s)
where Q(u. b) i1s Marcum’s Q-function:
Qla.b) = J xexp ( - ﬁ)lo(‘“) dx (16)
b 2

A good approximation to the CDF of an EGC can be
obtamed using the CDF of MRC. and is obtained by
replacing the average signal power ¢° of a single branch
with ( 3 2)¢® [4]. Hence. the values of AFD can be
obtained from eqns. 8 and 15.

A simplified expression for the AFD. particularly for
small values of R. can be obtained using eqn. 11:

{ n R i R )
Tg > - 7 3 | —_— <K
2 b ~p-(__|i’!::|z ) ay2 or“\/2<
1
' 1= [pral?

(17

for all diversity combiners.



When two fading signals are independent, an exact expression for the CDF of an EGC can be obtained. The

AFD 1s given by

N

Without diversity reception. the AFD 1s represented as

4]
RZ
exp<ﬁ>—l
i ( n ) 20
AT (L)
gy 2
n R R
~(5)E5) ! )

Comparison of eqns. 17 and 19 shows that diversity
reception can halve the AFD irrespective of the diversity
combining scheme used when the two fading signals are
independent.

3 Numerical calculations

The expressions derived in Section 2 are general and can
be applied to any type of diversity (space, frequency, pol-
arisation or time). In this Section we assume space diver-
sity at the mobule station.

Two antennas with ommdirectional radiation patterns
are used as shown in Fig. 1. In this figure d and « denote

Direct on of
/eht e moton

Antenna 1

Antenna 2

Fig. 1 Antenna confiquration ut mooile station

the antenna spacing and the angle between the antenna
axis and the direction of vehicle motion, respectively.
Assuming that incoming muitipath waves having equal
amplitude and independent phases arrnive from all direc-
tions with equal probability, we have [11]

{Pl (1) = Jo(2nfp 1)
P12(1) = Jo2r/[(fp1)* + (d 4)* — 2fp TXd/A) cos a])
20)

where Jo(.) is the zero-order Bessel function, 4 is the
carrier wavelength, fp, is the maximum Doppler frequency
(vehicle speed/carrier wavelength), and « = 0 ~ /2 rad.

14

EGC (18)

P = —Anfp)

d
P12 = Jo(z"[ T)
A

d
P12 = 2nfp cos az.l,(Zn ;)

d
J,(?.n ;.)

P12 = (foo)z —(_dj-
27[ -

A

d
cos 2x — cos? xJy(2n ;)

where J,(.) is the first-order Bessel function.

When the antenna spacing is sufficiently large, the two
received signal envelopes fade independently. The LCR
and AFD for independent Rayleigh fading signals can be

10' E-
(

Without diversity

T TTT

)
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Fig. 2  LCR curves for independent Rayleigh fading
d/jA ~

IEE PROCEEDINGS, Vol. 135, Pt. F, No. I, FEBRUARY 1988



evaluated from eqns. 13 and 18, respectively. The results
are shown in Figs. 2 and 3. For comparison. the results
without diversity reception, calculated from eqns. 14 and
19, are also shown. The use of diversity reception reduces
the LCR. particularly for the deep fades.

For correlated Rayleigh fading signals, the LCR is cal-
culated using eqns. 8, and is shown in Figs. 4-6. It can be

10 F
,4: . -
o L
o L
et L
3
- o W 'hour 3 ver 'y
et
2
r 1
2 L
F
10z i L :
25 20 -15 -10 -5 o] 5
NORMAL_I_ED SIGNAL (EVF_ R /2(C daB
Fig. 3  AFD curies for independent Ravleigh fading
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L
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o
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Lok
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10 . L ! s
-25 -20 -15 -10 -5 o] S

NORMALISED SIGNAL LEVEL R//Z0 ,dB

Fig. 4 LCR curves of MRC for various antenna spacings

z=0rad - ~a=m=xlrd
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seen in Figs. 5 and 6 that, as the antenna spacing
becomes large, the LCR decreases, becoming oscillatory
and convergent. For independent fading, the normalised
LCR. Ngfp, of an MRC at R (2)o=—20dB is
2.5 x 1073 It can be seen in Fig. 5 that when x # 1 2,
Ny /fo becomes smaller than 2.5 x 107 for small
antenna spacings. In particular, when the two antennas
are parallel with the direction of vehicle motion (x = 0),a
minimum LCR can be obtained at d/4 ~ 0.25, where it is
approximately halved compared with the independent
fading case. In Fig. 5 the approximate results calculated
from eqn. 11 are shown as broken lines. Except for very
small antenna spacings (less than 0.152), eqn. 11 is found
to be a good approxumation.
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motion on LCR curres for MRC
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The AFD cvaluuated using the above results and the
CDF calculated irom eqns. 15 are shown in Figs. 7 9.
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The shape of the AFD curves of the MRC for x =0 and
n 2 differ considerably. The AFD curves are loosely
dependent on the antenna spacings when the two
antennas are perpendicular to the direction of vehicle
motion (« = x 2), and almost identical with those of the
independent fading case for antenna spacings >0.1 4.
The effect of the antenna angle z is shown i Fig. 8.
Broken lines show the approximate results using eqn. 17.
Except for small antenna spacings, eqn. 17 is a good
approximate expression. The normalised AFD, fp 74, at
R/y(2Qo = —20dB is 0.04 for no diversity reception;
thus the AFD for the MRC is longer than for no-
diversity reception for small antenna spacings and

16

2 < nd At x =0, the maximum AFD of the MRC is
longer by a factor of two. In Fig. 9 the AFDs of SC, EGC
and MRC are compared. The AFDs of SC are slightly
smaller than those of EGC and MRC.
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motion on AF D curves for MRC
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4 Conclusions

Expressions have been derived for the LCR and AFD in
the case of two-branch predetection SC, EGC and MRC
with correlated Rayleigh fading signals. Numerical results
were presented for a space-diversity system using hori-
zontally spaced antennas at a mobile station. [t has been
shown that the angle between the antenna axis and the
direction of vehicle motion affects the LCR and AFD
curves, while the CDF, which is given by LCR x AFD, is
not affected.

A further improvement can be achieved in the LCR
over that with independent fading signals by using closely
spaced antennas arranged parailel to the direction of
vehicle mouon. For a signal level of 20 dB below the
RMS value and an antenna spacing of 0.25 4, the LCR of
an MRC is about half that of the independent fading
case. For the independent fading case. the AFD is halved
irrespective of the diversity combining scheme used.
When two antennas are perpendicular to the direction of
vehicle motion, the AFD is loosely dependent on the
antenna spacing, and is almost identical to that for the
independent fading case except for very small antenna
spacings.
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7 Appendix

Let 2 and : be the column matnces of %, = z{t) and =, =
2t), respectively. Here, 2|, 2,, z, and -, are mutually cor-
related zero-mean complex Gaussian vanables. Applying
the matrix theory descnibed on pp. 495496 of Reference
2. the mean (2 x 1 column) matnx M and the covari-
ance {2 x 2) matrix A of £, with £ given. can be obtained

R, Re(pt:p,2) — Ry Re(pt e

from

M=pz=(ch ")*:
A=a—ch 'c¢™*

where a, b and ¢ are the partitioned matrices of the cor-

relation matrix
1 /(\*(z\T a ¢
2\\z/ \z c™ b
and (.)~! and (.)T are the inverse matrix and transposed

matrix. respectively. In our case. the components of 4, b
and c are given by

(22)

(23)

2

., d
a,= =075 A7) Y = —0p,40)
by =a*pf0) (24)
¢,=—0’ ip.,{f’ = —a’p,0)
/ dt . /

where p (1) = z{f)*z{t + 1), 26°, and ¢* = (|z40) 7 2

1s the average received signal power at each antenna.
Since we are assuming a symmetrical fading power

spectrum and that the two fading power spectra are 1den-

tical, p,,(0) = p1(0) = 0 and 5,,(0) = p,,(0). From eqns.
22 and 23 we then have
n= 1 (Pl:b?: -ph: >
- ll)lzlz \ P12 —ptip12
" bt . phlpia)
P11 . 2 Pzt _1—1.2 (25)
_ 3 I —{pis L —1p.l
A=-o p11(p1)? b1zl
oty 4 L1zl -
12 l—lplzlz Pu l—lplz'z

where py; =p,,(0), P12 =p (0 p1a=p,,0, py, =
p1.(0) and pu = p,(0). Using eqns. 25 with eqns. 4 and
S. mi and ¢} can be found as

2 Ry 2 R,
l—1{py2 °
—R: Re(Pl’:Pl:)"'R,‘ Re ip¥, e12) R, <R,
1= pp2”°
me =+ . % " ) (:6)
R, - R, Re(Pl:Px:)‘*RC(‘pl:e"-) EGC
v2 L=1p12®
Rf‘_ Rgz Re‘ﬁf:ﬂ.i) MRC
(R + R3) 1 — py:
[p1z °
““’{Pu o } SC
: P12 ( phatby2)? )‘ 91
k= + EEES ey EGC 3
ok = a t}’||+]— P2’ T G .
[Pl } 2R\R, {( prapy ) )‘ o }
e+ Re {{ P12 + ——— ] &2 MRC
Aot T R P T
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COMPARISON OF SELECTION AND SWITCHED DIVERSITY SYSTEMS FOR ERROR-RATE
REDUCTION AT BASE-STATION SITES IN DIGITAL MOBILE RADIO SYSTEMS

J.D. Parsons and M.T. Feeney

Department of Electrical Engineering and Electronics
The University of Liverpool, P.O. Box 147, Liverpool, 69 3BX, U.K.

ABSTRACT

Recorded envelope data from field trials in
which a mobile transmitted a CW signal to a base
station equipped with two vertically spaced antennas
has been used in a computer simulation of diversity
reception. The cumulative distribution function,
level-crossing rate and average fade duration have
been determined for 2-branch selection and switched
diversity systems and the results have been compared
with theoretical calculations. Cons:iderable
improvements are obtained in general, although
switched diversity is not effective in reducing the
duration of fades. Provided an optimum switching
threshold 1s used, both types of diversity can
reduce BER for uncorrelated envelopes.

INTRODUCTION

The majority of radio communication links are
subjected to conditions in which energy can travel
from the transmitter to the receiver via more than
one path. This "multipath" situation arises in
different ways depending upon the application, but
in mobile radio systems the major cause is
reflection and scattering from obstacles such as
trees, hills and buildings along the transmission
path. Radio waves therefore arrive at the receiver
from different directions, they have different time
delays and they combine vectorially at the antenna
to give a spatially-varying signal which can be
large or small depending upon whether the incoming
waves combine in a constructive or destructive
manner. The signal fluctuations are known as fading
and the rapid fluctuations caused by local multipath
are known as fast (or Rayleigh) fading to
distinguish them from the much longer-term variation
in the mean level which is termed 'slow-fading'.

It is well-known that the location of the
receiving antenna does not have to be changed very
much to change the signal level by several tens of
dB (1]. Moreover, the envelopes of signals received
at two points separated by a relatively small
distance fade in an uncorrelated manner and this
makes space diversity [2] an attractive proposition
to mitigate the fading effects. At the mobile end of
the link the necessary antenna separation is less
than ¥2; at the base station much larger distances
(up to a few tens of A) are required but the
technique can still be used successfully. When
digital modulation is used the performance of the
radio link deteriorates rapidly when the receivea

signal envelope fades below some system-related
threshold. The statistics of the signal envelope,
the level-crossing rate and the duration of fades
below any given level are important in system
design [3].

The literature does not contain any detailed
comparison between calculated and measured results
for various diversity schemes, although Lee [3] has
discussed the case of equal-gain predetection
combiners. In this paper we present results for
parameters of two-branch predetection selection and
switched diversity and compare measurements with
theoretical results for the simple case of
uncorrelated signals.

DIVERSITY SYSTEMS

The various well-known diversity techniques
are extensively described in the literature (4]. In
selection diversity and its derivative, switched
diversity, only one of the available signals is
passed into the receiver at any time. The principle
of selection diversity is conceptually very simple,
the signal chosen at any instant being the one with
the largest signal envelope. In switched diversity
the chosen signal continues to be used (whether it
is the largest or not) provided it remains above a
predetermined threshold level. If it falls below the
threshold then it is possible to use the 'switch and
stay' strategy in which the new signal is used
irrespective of its value, or a 'switch and examine'
strategy in which, if the new signal is also below
the threshold, the system periodically examines both
signals until one rises above the threshold.
Although the switch and examine technique allows a
marginally quicker return to an acceptable signal
when both signals are below the threshold together
(a rare event), the rapid switching causes noise
bursts which are most undesirable. In selection and
switched systems the instantaneous output carrier to
noise ratio (CNR) is always equal to the
instantaneous CNR of the signal actually in use. The
mean output CNR is higher than the mean input CNR
although the improvement is marginal and is in
itself no justification for using diversity.

EXPERIMENT

The data used for comparison was obtained from
a series of field trials in the city of Liver-
pool [5]. A mobile transmitted a 5 W CW signal at
896 MHz and this was received on two antennas at a
base station site approximately 35 m above street
level. The vehicle was driven around a pre-planned



route about 1.3 km distant from the base station at
a nearly constant speed of 10 m/sec. Two vertically
mounted A/2 dipoles were used for reception and
these were mounted one above the other at
separations of 4, 10 and 20 wavelengths thereby
yielding signals with measured envelope cross-
correlation coefficients of approximately 0.93, 0.75
and 0.42 respectively. The two received signals were
recorded on a multitrack FM instrumentation tape
recorder using the log-video outputs of two field-
strength measuring receivers. The recorded signals
were later replayed and simultaneously digitised at
a | kHz rate, the digitised values being transferred
to a main-frame computer for analysais.

This data base has allowed a true comparison
to be made between various diversity schemes by
simulating the action of the diversity schemes on
identical data sets extracted from the measured data
base. This provides a much more realistic comparison
than that obtained by assuming Rayleigh fading. This
paper presents results for the cumulative
probability distribution function (CDF) the level
crossing rate (LCR) and the average fade duration
(AFD) for the original signal envelope and the
effective envelope after diversity has been
employed. The only way in which the or:ginal data
wvas modified was by filtering to remove the
slow-fading component. This was achieved by
normalising to the local/running mean.

RESULTS

The measured envelope cross-correlation pgpy»
between the two received signals are shown in Fig. 1
for vertical antenna separations from 2 to 24A.
These cross-correlations were obtained by averaging
cross-correlations for 2.0 s segments over the
section of the test route used (approx. 300 m). For
the following diversity simulation, we use the data
obtained when the antenna separations were 4, 10 and
20X, which correspond to pgp, of 0.93, 0.75 and 0.42
respectively.

Fig. 2 shows the CDF for each of the diversity
strategies (using a -10dB switching threshold for SS
and SE and a 2 ms duration for SE) for data with
Penv 0.42. Without diversity, the CDF follows the
Rayleigh distribution as expected. All of the
schemes show improvements compared with the case of
no diversity, especially when deep fading occurs. SE
is slightly superior to SS for a signal below the
switching threshold, while they have an 1identical
CDF above the switching threshold. Typical
improvements at the 1 percent level are 5.3 dB for
SS, 6.9 dB for SE and 8.8 dB for SC.

The effect that the various strategies have on
the LCR and AFD is shown in Figs. 3 and 4. In these
figures, the term 'normalised LCR' refers to the LCR
divided by the maximum Doppler frequency fp, (which
for our experiment was 33 Hz). The 'normalised AFD'
is the AFD multiplied by fp. In all of the schemes,
the LCR is considerably reduced for situations when
deep fading occurs. The largest improvement in LCR
is provided by SC with again, the switching
threshold affecting the improvement provided by the
SS and SE cases. In terms of the AFD, a consistent
reduction is obtained from SC with the LCR being
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almost halved. Fig. 4 shows that the SS and SE
strategies have an identical reduction in the AFD
above the switching threshold. Below the switching
threshold the SS strategy shows no improvement,
whilst SE does, as a result of the periodic
switching (2 ms).

The Effect of Correlation

The effect of envelope cross-correlation on
the CDF is shown on Fig. 5 for the SS case. An
tncrease in pgp, reduces the improvement until, in
the limiting case of pgpy = 1, the improvement
disappears completely. A similar argument would
apply to SC and SE. Figs. 6 and 7 show the LCR and
AFD over a range of Pgp, for SS. The AFD tends
towards the no diversity case as Pg,, increases.
Below the switching threshold, the AFD is not
improved for any value of Pgqy-

THEORETICAL ANALYSIS

Cumulative Distribution Function

In Rayleigh fading, the received signal
envelope at each branch has a CDF given by

rZ
P(R) = 1 - exp[- — 1 (1)
20~

where o2 is the average signal power (which has been
assumed to be unity since the received signal is
normalised by the local mean). The closed form
expression of the CDF for SE and SC with correlated
fading is given by

2
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for SC

where Py, is the value of the cross-correlation
function py5(t) at t = O between the complex
envelopes of the two fading signals, Q(a,b) is
Marcum's Q-function and Ry is a switching threshold.
An expression for the CDF of SS has not yet been
found for correlated fading, while it is identical
with that of SE for independent fading {6]. Hence,



we use the CDF of SE as an approximation to SS.
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Fig. 6 Effect of pgpy on the measured LCR for
SS using a switching threshold of -10dB.

Normalised AFD

10 T T T | G e e |
-30 -20 -10 o]
Normaiised Signal Levet aB)
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The calculated CDFs for independent fading
(py2 = 0) are shown in Fig. 8 for each of the
diversity strategies. It can be seen that SC has the
best performance, with reduced improvements being
availlable from SS and SE. The measured and
calculated CDFs (Figs. 2 and 8 respectively) are
quite similar. For small signal envelopes, (2) can
be approximated as

RR¢

[— —12, for SS and SE ( R « Ry)
207J(1-1 A121%)

P(R) =
R2

{
202~/(1‘|911|2)

12, for sC (3)

Since Pgny =|P|? in Rayleigh fading [1], (3) shows
that the envelope cross-correlation reduces the
effective average power by a factor of J(l-Penv) for
all of the diversity combiners. When pgp, = 0.42,
0.75 and 0.93, the diversity gain reductions are
1.2, 3.0 and 5.8 dB respectively. The measured data
shown in Fig. 5 agree well with the calculated
results.
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Fig. 8 Calculated CDF of a Rayleigh fading envelope
for various diversity schemes under
conditions of independent fading.

Level Crossing Rate and Average Fade Duration

The LCR is defined as the number of negative
or positive going crossings per second of the
effective signal envelope R(t) at a particular
signal level R, and is obtained from

Ng = I R p(R.R) dR, (4)
o

where p(R,R) is the joint probability distribution
function (PDF) of the signal envelope and its time
derivative R(t). The AFD is given by

. (s)

Recently, the authors have analysed the LCR
for predetection diversity combiners. When R is
small a simple approximate expression has been
obtained as

Brut 181212/ (1-{py5]?)

2n

Ng =4 [- 1 p(R), (6)

where p(R) = (d/dR)P(R) is the PDF of the effective

envelope, Hlll(dzldt )py1(t) at t=0 with oy (t)

being the autocorrelation function of the complex

envelope of each received signal and
Pyp=(d/dt)ey5(t) at t=0.

Assuming that all the multipath waves received
at the base station result from scatterers
surrounding a mobile uniformly, py)(t)=Jg(2nfpt) [1]
and thus py;= -2(nfp)“. For vertically spaced
antennas p|2 has not been analytically derived but
for horizontally spaced antennas a reasonable
distance apart its effect can be assumed small (4].
If we assume 612 = 0, then

P11
Ng = ’ (- —Zu_] p(R) (7)



If two fading signals are independent (P;; and and
Py 0), (7) gives the exact expression. The
cafculated LCR (Ng/fp) and AFD (fpt) for various 1 R
diversity combiners are shown in Fig. 9 for m (70

), for SS and SE (R « Rt)
independent fading signals, where a -10 dB threshold

has been used in the S5 and SE strategies. The T = (9)
measured data are shown in Fig. 3 for SC, and in 1 R

Fig. 4 for SS and SE. The measured and calculated 7—7 (I). for SC,

LCR and AFD are similar except for SE. The LCR @My J20

values are underestimated for SE, since the

calculations do not take into account the periodic

switching, which occurs when both envelopes are Without diversity, the LCR and AFD are given by (1]
below the switching threshold. The difference

between the calculated and measured data can be R R R
attributed to the envelope cross-correlation not Ng = Jmfp(——=)exp{- —] = J(2n)fp(—=)
being zero. J(20) 2 J20
2
R
109 exPI—zl -1
Switch and Stay 20 1 R
& T = z (=—) (10)
Switch and Examire R J(2n)fp J20
LR 2 =
=] No Drersity /, \\ J(~ﬂ)fD(J20)
\
i /
g 16 non Equations (8) and (9) show that the LCR increases as
z the envelope cross-correlation pg,, (=[p[%)
/ increases whilst the AFD remains constant and
2 / becomes 1.7 times, 4 times and 14 times as large as
10 —TrrTrTr that for the independent fading case for P, , =
-30 -20 -10 [¢] 0.42, 0.75 and 0.93 respectively. The AFDs for SS

Nommaiised Sgnal Levet  cB) and SE strategies are equal to those with no

diversity, while SC can halve the AFD. Considering
the effect of the envelope cross-correlations, the

109 measured data, shown in Fig. 7, agrees well with the
/sdzctlon calculated results.
o \ COMPARISON OF ERROR RATES
u
4 In the case of |Py5| = 0 the expressions for
k] the CDF of SS and SE are identical and can be
2 \ obtained from (3) as
E 10
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262
Fi 9 Calculated LCR and AFD for various
g diversity schemes under conditions of the CDF of SC is also obtainable from (3) and is
independent fading. given by
RZ
P(R) = [l-exp(- —)]° (12)
When the two fading signals are correlated, 202
J ( R Ry 2/1-1P 1 |2) where R2/20% can be interpreted as ¥/¥,, the
(2n) fp(—=—=)(=—=)4/(1-]"5|*), for SS and CNR/C} and q = l-exp(-Ry/20%).
t
J20' J2a SE (R « R) NRnean
N The error rate performance is dependent on the
Np* R4 ) (8) modulation scheme used, but the average error rate
Zj(z“)fD(E »3Q-1P 1212, for SC can be determined by averaging the conditional

probability of error over the ensemble of possible
values of R(t) at the diversity combiner output,
i.e. by integrating over the PDF of R(t). Taking
non-coherent FSK as an example, the probability of



error can be written as Pg(¥) = 1/2exp(-¥/2) where
vy =CNR and the value of Py ;, the value appropriate
to 2-branch diversity can be written as

Po,2 = I Po(v) pa(v) dv
o

where py(Y) is the PDF of the CNR at the diversity
system output.

For 2-branch selection diversity and Rayleigh
fading the value of Pa,2 is given by

4
e * GipG oy (13)

where Y, is the mean CNR. We know that P, |, the
single-branch Rayleigh-fading error rate is given by

1
Poy = 7T, (14)
So we can further write
Pa,z = 4 Bq, 1 (15)
Similarly for SS, it can be shown that
Pe.2 = Po,1{l-exp(-7p/7o)(1 + exp(-Y/2)]}  (16)

This expression can be minimised with respect to the
threshold value Yp by d:fferent:iation. The optimum
threshold is thereby found to be

Yp = 22n(l + v,/2)
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Fig. 10 Error probability for various diversity
schemes under conditions of independent
fading.

Substituting this back we obtain

2/

Yo 2 °
P = P 1 - 17
@2 el [ (Z + 70)(2 + 70) : “n

Fig. 10 shows the reiationship between eqns. (14),
(15) and (17) from which it can be seen that
provided we set the threshold level to its optimum
value, the performance of SS and SE falls only
slightly short of that for SC.

CONCLUSION

The effects of various two branch predetection
diversity systems (SS, SE and SC) have been compared
using the measured CDF, LCR and AFD statistics for
vertically spaced antennas at a base station site. A
diversity improvement can still be obtained for pg,,
up to 0.7 for SC and to obtain this correlation at a
base station about 1.3 km from a mobile, the
antennas can be separated vertically by around 12X,
The diversity improvement is most noticeable for the
CDF and LCR, however, the AFD is only reduced by
about half (note that there is no improvement in the
AFD for SS and SE below the switching threshold).
This means that if diversity reception is applied to
digital transmissions, then the bit error rate and
rate of burst error occurrence can be reduced
considerably, and the burst error length is
approximately halved.
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Abstract: Time diversity, in which the same data
are transmitted several times, is attractive In
digntal land mobile radio and 1s simple to imple-
ment because only one antenna 1s required.
Expressions for the level crossing rate (LCR) and
average fade duration (AFD) are derived in this
paper for a system in which each data symbol is
transmitted twice (two-branch diversity). As far as
LCR is concerned. the expected diversity advan-
tages can be obtained for a data repetition period,
normalised by the maximum Doppler frequency,
of about 0.2. For a large data repetition period,
the AFD is halved. Measured values of LCR and
AFD, obtained from 900 MHz signals received at
a base station site, are in good agreement with the
predicted values.

List of principal symbols

Jfp = maximum Doppler shift = v 4
R =signal envelope
time denvauve of R

=
nn

vehicle velocity

v  =dummy vanrable (ume delay)
z,(t) = complex signal envelope
¢,(1) = phase modulation

¢ = parameter of Rayleigh distnibution (¢? = mean
power)

/. = carner wavelength

w. = carner angular frequency

1 Introduction

In the UHF mobile radio environment, the received
signal is characterised by rapid fading as a result of
multipath propagation. Scatterers surrounding the
mobile station cause the received signal to be composed
of several component waves which combine construc-
tively or destructively, depending upon their relative
phase. With digital transmissions, the system per-
formance deteriorates rapidly when the signal falls below
some noise-related threshold and this causes bursts of
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errors to occur. The rates of occurrence and average
length of these error bursts can be estimated from the
level crossing rate (LCR) and average fade duration
(AFD), respectively, of the received signal envelope.
Otam1 and Omori [1] have shown that the measured
average length of error bursts in simulated Rayleigh
fading conditions are in good agreement with estimated
values.

Diversity reception techniques can be used to combat
the effects of mulupath fading. Of the various pos-
stbilities, time diversity has the major advantage over
other systems of only requiring a single antenna (space
diversity requires two or more antennas) and hence is
simple to implement. In a time diversity system, the same
data are transmitted several times and in the system con-
sidered here, the symbol associated with the largest
received signal strength is selected at the receiver.

Closed-form solutions are available for the LCR and
AFD without diversity [2 & 3]. However, neither theo-
retical analysis nor experimental evidence exists for the
LCR and AFD using time diversity reception. In this
paper we consider a time diversity system in which each
data symbol is transmitted twice over a mobile radio
channel. It is apparent that, if the data repetition period
is small, a finite correlation will exist between the fading
signal envelopes associated with the two transmissions of
the same data symbol, and one of the aims of the analysts
1s to establish the relevant relationship. In particular, we
are interested in the minimum data repetition period
necessary to ensure that the signal envelopes are suffi-
ciently decorrelated to produce improvements in the
LCR and AFD. A Rayleigh-fading environment is con-
sidered, and the theoretical results derived in Section
3 are compared, in Sections 4 and 5 with experimental
measurements taken at a 900 MHz base station site.

2 Time diversity

The basic principle underlying time diversity is that each
data symbol is transmitted several times. At the receiver,
the various received versions are stored and a decision is
taken as to which is correct. The two most obvious tech-
niques are to take a decision either by majority-vote on
the various stored versions, or to output the symbol
associated with the largest signal strength. For majority
voting, the minimum number of repetitions is three (in
the UK TACS cellular radio system, which uses this
method, words on the forward control channel (FOCC)
are repeated five times), whereas if a signal strength indi-
cation is used the minimum number of repetitions is two.
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If the original data stream is discontinuous. it may be
possible to use time diversity, by repeating words.
without increasing the data bit rate. However, if the ong-
inal data stream is continuous, the final data rate has to
be doubled or tripled etc. as appropriate. This is the type
of system considered by Wong et al. [4] and by Miki and
Hata [5]; the way in which a transmitted data stream at
2n bit/s is generated from an original stream at n bit's,
and a version delayed by a time T, are shown in Fig. 1.

R0

Fig. 1 Swugnal encvelope and data sequence
¢ Onginal data

b Delaved data

¢ Transmuted data

This is transmitted over the radio channel which has the
fading envelope shown. The precise details of the way n
which the final data stream is constructed does not affect
the analysis 1n this paper, which 1s applicable to any data
stream of the kind shown in Fig. |, te. one in which data
symbols are repeated after a ime T and a decision is
taken on the basis of received signal strength. Specifically
we consider a system in which the data is transmitted
twice and a single antenna 1s used at the receiver.
The received signal siz) can be expressed as

stt) = Re {z, (D) exp [Jlw t + @ )]} (1

where ¢(t) depends on the modulation system used. In
Rayleigh fading, z,(f) 1s a zero-mean complex Gaussian
process. A typical relauonship between the received
signal envelope R,if) = z,(t)| and the data sequence is
depicted in Fig. 1.

In time diversity the transmitted data stream contan-
ing the original and repeated data is demodulated from
stt). It can be seen from Fig. 1 that the original data
stream has the envelope R,(1) and the repeated data
stream has the envelope R,(t — T). The nth element a,
(n=--+ =1, 0, 1, 2, ...) 1s recetved twice and that
associated with the larger envelope is selected. Hence the
number of diversity branches 1s two and we can treat this
type of time diversity as being equivalent to two-branch
selection diversity with the signal envelopes R,(t) and

R,(8) = R\(t — T). The resuitant envelope R(r), after selec-
tion, is represented as

R(r) = max {R, (), Ry(0)} 0]

where R,(t) = R,(t — T) and is shown in Fig. 2. The
regenerated data symbol a, is associated with the
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envelope Ri(t,). Since, when digital transmissions are used.
error bursts occur when R(t) falls below some notse-
related threshold, analysts of the LCR and AFD of Rin) is

—R(t)

regenerated data

! a, a,a
J 1 - o, i | L

Fig. 2  Relutionship between R(t), Ryt), Ryt — T) and regenerated
data

important for estuimating the rate of occurrence and
average length of these error bursts. In particular, the
AFD analysis is important in connection with the appli-
cation of forward error correcting codes [1].

3 Theory

We assume that the received signal is subject to Rayleigh-
fading with a symmetrical power spectrum, i.e. the power
spectrum of z,(t) is symmetrical. The LCR of R(1) at a
signal level R is given by Reference 2, p. 32:

N(R) = er(R, R) dR 3)
0
The AFD at the same level is given by
- P(R)
R = s @)

where P is the cumulative distribution function (CDF) of
Rit). In Reference 6, the present authors have developed
an analysis leading to general expressions for the LCR
and AFD of two-branch diversity systems, which are
applicable in this case.

3.1 Level crossing rate (LCR)
Eqn. 8 of Reference 6 gives general expressions for the
LCR using vanous combining methods. The appropriate

relationship here is that applicable to selection diversity;
e

+x 'R
N =J. “ mpR, =R.R,,8,,)dR, d6,,

z JO

+x 'R
+ j j (R, Ry =R, 8,3) dR d8; (3)
-x JO

where p(R,, R,, 8,,) is the joint PDF of R, R; and ¢,,,
given by eqn. 7 of Reference 6, and n, and n, are the
conditional LCRs which can be evaluated from

n,=j RpRUR, = R, Ra, 8,5) dR,
0

» (6)
n; =J RzP(RﬂRn R;=R,0,;)dR,
o

Evaluation of eqn. 6 requires knowledge of p,,(0) and
p12(0) where p,,(x) is the normalised crosscorrelation
function of the two complex envelopes z(t) and z,(¢). In
time diversity z,(1) = z,(t — T), hence p,,(0) = p},(T)
and p,,(0) = —pT,(T) where p,,(x) is the normalised
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autocorrelation function of z,(1) and 1s a real function.
since 4 symmetrical power spectrum has been assumed.
The appendix of Reference 6 gives

4 . pi
n= T\/(—p“(O)—I_pl—lT)
v i —Pn

x fexp (—x}) — V/;x, erfc (x,))

g . P
= /‘ —p,(0) — )
\/:;[ M l‘p;l
x

1 2 ~ '
18Xp (—x3) + | T, erfe (—x,))

(7N

where we have introduced the simplifying notation
P =pn(T) and Py = py((T). The vanables v, and x,

are
( R j (‘R:) 0
S Pulu 0y cOS
3 3
.\l=—56 = A —
2 . Pir
TREE R =)
"y l I =i,
R (R %
. 1 .
— il B cos
Y7=<°’\ 2)!’1”’11 a\:)l’ubo 12

: ) Piy
(I = p12) (—p 0y - )
Pu\/ 1t 1=,

Since piR |, R, . U,,) remains unchanged when R, and R,
are interchanged. we have

2q /( . piy )I ['
— —p (0~
V‘.’n\/ H l_Pfl x 4O

x {exp (= ¥3) + \/;x, erf (x,)}

x R, = R. R, 0,, dR, df,, 9)

N =

This 1s a general expression. but 1t is of interest to note
that as T — x, the independent fading case, then g, and
£,y 0, and 1t becomes

—/5“(0) R Rz)
V=2 (-—-— — -
Y hid >a\2e\p< 26

X |:l —exp(—g)] (10
-0~

Conversely, if T is very small then p,, -~ and p{; =0
(symmetrical power spectrum case). Expanding py, and
£y, 1n a power series of T gives

P =1+ 0T = p(OT2 2+ -~ =1+p,, T2

P =pl0) + P 0T + -+ =~ 5, (O)T an

and usine the approximate formula for p(R,. R,. 8,,)

with strong correlation (see Appendix 9) 1t can be shown
that

1 2
L (CBO) R (R
.V—V(- . >U\12exp(—:a2 (12)

which 1s identical to the result for no diversity (Reference
5
2. p. 36).

3.2 Average fade duration (AFD)

The cumulative distribution function (CDF) with a time
diversity system of the type being considered is the same
as that of a two-branch selection diversity system with
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correlated fading [2] viz.

R.’.
P(R) =1 —cxp(—;ﬂ;)
-0

X[I+Q( R ) |/’|1]R>
o'l =piy oyl =pi,

R R
_Q( LITIL ):l (13)
oy l=piy 6y 1 =p1,

where Q(a, b) is Marcum’s Q-function

Qu. b = [ .\'exp[—x fu ]I.,lux) dx (14

b

Substitution of eqns. 9 and 13 into eqn. 4 allows us to
evaluate the AFD by numerical methods. However. for
large T (independent fading) and for small T (no
diversity) faicly simple resuits are obtainable. For large T,
P11 — 0 and hence

R.' 2
P!R)=[] —cxp(—?)] (15

Substituting egns. 10 and 15 into eqn. 4 gives

(Rl)

expl—=)-—1

.1 n 2g*

T== - (16}
2V —py,10) Roy2

For small T, P(R) approaches that without diversity, and

(RZ

exp ——z) -1

= [—Z 20 (17
Vo0 Roy2

Comparison of eqns. 16 and 17 shows that this kind of
time diversity can halve the AFD when T is large
(independent fading).

4 Calcuiated results

If we have knowledge of the normalised autocorrelation
function p,,(x). the LCR and AFD can be calculated. We
consider the case when the scatterers surround the
mobile umformly and the antenna has an ommdirection-
al radiation pattern. Radiowave propagation from base
to mobule is reciprocal. and so the autocorrelation func-
tion p,,(x) of the recetved signal complex enveiope -,(r)
at both mobile and base station is given by [2]

P11(x) = Jol 231y x) (18)
so that

. 2afp)?

poo) = - ZLel (19)

Using eqns. 9. 13 and 4, we can numerically evaluate the
LCR and AFD as a function of the normatised repetition
penod f,T. In particular we can again write fairly simple
expressions in the limiting cases. For T — x, we have

N R R} R? l
—=2 —_ —— ) 1= - — 20
7 2r 2f:xp( 3 _) exp( 3 _) (20

and
RZ
y o 1 exp (z;) -1
o= 2\/5 Roy2
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Forsmall T,

Y_o mR o ﬁ)
fo_\/-n“\z P 20°
R? (21
P ly) !
E 2

The calculated CDF, plotted from eqn. 13 is shown in
Fig. 3. It can be seen that significant diversity advantages
can be obtained at a normalised repetition period f,T =
0.2. which corresponds to T =5 ms if the carrier fre-
quency 18 900 MHz and the vehicle speed 15 S0 km h.
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Some advantages remain, at low signal levels, even if
JoT = 0.02. As far as LCR is concerned, Fig. 4A shows
that there is always an improvement over the no-
diversity case (f,T = 0) and for some values of f/,T near
0.2, the values are less than those for the case of indepen-
dent fading (f,T — x). This is also apparent from Fig.
4B which shows the oscillatory nature of the curves as a
function of /7. It is clear that time diversity will be effec-
tive in reducing the rate at which error bursts occur in
digital land mobile radio.
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Fig. 4B  Calculated LCR against T

Calculated results for the AFD are shown in Fig. S.
These curves also have an oscillatory nature (as they
must, because at any given level, CDF = LCR x AFD).
The AFD is halved, compared with the no-diversity case,
for large repetition periods but because of the relation-
ship that exists between CDF, LCR and AFD, values
corresponding to fpT in the range 0.1-0.3 are slightly
longer than in the no-diversity case. This is not a serious
problem since in all cases there is an overall improve-
ment. i.e. any slight increase in AFD is more than com-
pensated for by the reduction in LCR. For f,T > 0.5
there 1s always an improvement over the no-diversity
case.

5 Experiment

To verify the calculations in the preceding Section. an
experiment was set up in which a mobile transmitted a
CW signal at 896.5 MHz, this being received on a
vertically-mounted 4/2 dipole antenna at a base station
site. The vehicle was driven at a nearly constant speed of
10 m s around a test area, approximately 1.3 km from the
base-station which was located on the roof of the Depart-
ment of Electrical Engineering and Electronics at Liver-
pool University. The received signal was passed into a
signal-strength measuring receiver (Singer NM37-57) and
the detected signal envelope was recorded on an ana-
logue FM tape. The envelope was later digitised at a
1 kHz sampling rate for analysis on a mainframe com-
puter.

To remove any effects due to slow fading, the mea-
sured signal envelope samples were normalised by using
a running mean [7], and variations in the local mean
value were removed using a moving-average process with
a 0.5s averaging window. A computer program was
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written to simulate the time-diversity action for various
repetition periods.
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The measured results are shown in Figs. 6-8. It can be
seen from Fig 6 that the signal is below a value of
R 6,2 = —15dB for about 3° of the time without diver-
sity, but this value is reduced to 0.7 , when T = 3 ms,
and 0.3 when T = 10 ms. For a vehicle speed of (0 m s
a repetition period of 10 ms corresponds to [, T = 0.3
and at this value the measured results are in good agree-
ment with values given by Fig. 3. At the same envelope
level, Fig. 7 shows that the LCR is reduced by a factor of
20 for T = 10 ms and the measured AFD in the range
Roy2=-10 to —5dB is about 0.7 times the value
with no diversity. Again these values are in quite good
agreement with the calculated values in Figs. 4and 5.

6 Discussion and conclusions

In this paper we have presented an analysis leading to
expressions for the LCR and AFD of a two-branch time
diversity system in Rayleigh-fading conditions. It has
been shown that the AFD is halved by the use of a large
repetition period and that significant diversity advantage,
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as far as CDF and LCR are concerned. can be obtained
using a normalised data repetition period of about 0.2
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Although the analysis has been specifically directed
towards systems in which a decision is taken on the basis
of received signal strength, the results can also be used as
an indicator of how systems based on majonity voting
will perform. For example. in the UK TACS system, data
are transmitted at 8§ kbits/s and on the FOCC the word
length is 40 bits (28 information plus 12 parity) which
occupies a time of Sms. In practice, words are inter-
leaved to improve the probability of correct reception so
that the interval between repeats of any particular data
symbol is 10 ms. The results given in Section 4 show that
at this repetition period it should be possible to obtain
some very considerable advantages at 25 km/h, since at
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this speed a value of T =10 ms corresponds to f,T =
0.2. Figs. 3 and 4 show how the CDF and LCR are modi-
fied. and 1t 1s apparent that there is a very low probabil-
ity that a data symbol received erroncously at a certain
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£
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0] . . ‘ ~ .
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Fig. 8 Measured \FD
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Vehicle speed  [Um s

time will also be in error if repeated after 10 ms. In prac-
tice, the improvement only deteriorates very slowly as
JSoT is reduced. and so much slower speeds can be accom-
modated. In the TACS system, the added protection
given by coding, and the fact that words are repeated five
times. makes the techmque viable even for hand portable
equipment. However, the precise trade-offs between error
probability and number of repeats remains to be investi-
gated, as does a companson between majonty voting
systems and those treated in this paper.

Nevertheless, analysis of data gathered from field tnals
has shown that ume diversity yields a substanual
improvement in the envelope CDF, and the measured
LCR and AFD agree well with calculated results over a
range of values of 1,T. We conclude that ume diversity
can provide 4 signiticant improvement in system per-
formance and 1s easily implemented, compared with
spaced-antenna systems.
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9 Appendix

An approximate expression for Ry, R,.8,,) for small T
For time diversity with a symmetrical fading power spec-
trum. the original expression for p(R,. R,. 0,,), presented
in Reference 2, can be written as

Ry 0=
AR RaPra) =20 -9t
[ R} + R% —2R|R, cos 61:]
x exp| — = 5
271 - pyy)
__RR R} + R2
Tl —pl) P T 20—ty
> R\R,
x Zz,l,,[&%} cosnf,, (22)
-0 a*(l = p1y)
where [,(-) = modified Bessel function
g, = l(n=0),
=2n>0)

When T is small, we have from eqn. {1 that
1-p} = —pOT?

and hence the argument of the modified Bessel function
in eqn. 22 becomes very large. Using

_exp(y
)

Ly for large y

we have
R|R, T

5‘:_pn(0‘T:: (’n R(R, )
\} - 01'1 —}i“(O)T“,

« exp| — RLZ R = RiR:j,(OT
Zoli‘ﬁu(O)Tl}

PR Ry 85) =

k3

{
X — ¥ &,cosnb,, (23)

~Tx-0

_ L (RyR,)
o’ Ty (= 2mp, (0N
R, — R, — 2P T
xexp[—( : ',), "R‘R_px(O) '}5(91:)
20°—pO)T}
(24)

where (-) is the deita function. Since —p;,(0)T? is very
small, there is a high probability that the value of R, is
very close to R,, and so R,R, ~ R} and we obtain the
approximate expression

R R}
PR R, 0,) > }-;exp [“glz]

1 (Rl - Rz)z
X Jzna (—p, 07 P [‘ PP —bu(O)T‘}] ¥6.2)
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APPENDIX B. RAYLEIGH PDF IN DB
TERMS.

For ease of computing, the statistical distributions are determined in
terms of dB and not linear units. In order that the PDFs etc. can then
be compared we need to consider the equivalent distributions in dB
terms. The output from the receiver is usually calibrated in dBs, what
then is the equivalent distribution for the dB values? If we consider the
Rayleigh distribution for a linear expressed signal then

p(r)=—" exp{ - r22 } (B.1)
o 20
Let y be the output from the receiver 1i.e.
y=20logr=2alnr l1.e.a=10/1n10 (B.2)
Then
r=e? (B.3)
and
dar _ L pia (B4)

dy 2a

Remembering that probability space must be conserved i.e.

[2a la
PO) =) 2= £ exp{— i }%ey”" (B.5)

o 202

Rearranging we have

aoc 26>

la
p(y) = 21 > el exp{— e } (B.6)

Since we normalise by the average signal power = E{r?/2} = o2 then let
62=1 then

-B.l-



la
piy) = %ey/‘l exp{ _eyT} (B.7)

which can be rearranged as

. y  exp(=)
P(.Y)=_2;eXP T T g (B.8)
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APPENDIX C. VARIANCE OF DB
EXPRESSED ENVELOPE,

The standard deviation of the dB expressed envelope values, o.(dB), can

be found using classical definitions in the following manner. let y be

the dB output from the receiver 1i.e.

y=21logr=10logri=alnr? a¢=434 (C.1)
now
6%(dB)=<y?> - <y>? (C.2)
Firstly <y >
<y>= jwyp(y) dy = jooa In rzp(r) dr (C.3)
0 0

remembering that probability space must be conserved i.e.

p(y)dy =p(r)dr (C4)
e 2 r —)‘2/20'2
<y>=| alnr"—-e dr (C.5)
0 o

let x =r2/262 then dx = der
¢

—x O

oo 2 oo
<y>= j alnr? —rz—e —— dx = j a In(202x)e_x dx (C.6)
0 o 0

<y>= ajm[ In 202 + InxJe ™ dx (C.7
0

now
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jw Inxe *dx=—-C
0

i.e. Eulers constant, where C = 0.5772157
<y>=a[ 1n(202) - C]

Secondly < y%>

oo 20 2
<y2>='[ (alnrz)z—rz—e_rlz“ dr
0 (1)

= azj (1n 20%x)%e ™ dx
0

let z = 26%x dz = 26°dx

2 (oo 2,5 2
<y*>=2 J (Inz)%e 2% dz
2

2
g 0

now from [1]

oo 2
j (In z)% ™ dz=%[—7g—-+(c+lny)2]
0

2

<y2 > = 02[% + {C’ —1n 202}{\

hence

-C.2-

(C.8)

(C.9)

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)
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APPENDIX D. RICIAN PDF IN DB TERMS.

For ease of computing, the statistical distributions are determined in
terms of dB and not linear units. In order that the PDFs etc. can then
be compared we need to consider the equivalent distributions in dB
terms. The output from the receiver is usually calibrated in dBs, what
then is the equivalent distribution for the dB values? If we consider the
Rician distribution for a linear expressed signal then
2 2
pr) =L expf — 44y rd (D.1)
o 2 o

o

Let y be the output from the receiver 1i.e.
y=20logr=2alnr l.e. a =10/1n 10 (D.2)
Rearranging we have
r=¢% (D.3)
differentiating r with respect to y

dr _ 1 ypa

& = (D.4)

Remembering that probability space must be conserved then the PDF
of the dB values is given by

[2a e 2 |2a
Pw) = pr) 3 = ja . exp{—T;;d—}Io{ e d } (D5)

o

Since we normalise by the average signal power = E{r?/2} = o2 then let
62=1 then

p(y) = —— exp{ 2 _ ol +d® }Io{e”?‘ld} (D.6)

-D.1-



APPENDIX E. SAMPLE SIZE FOR LOCAL
MEAN ESTIMATION.

In order to study the fast fading signal and compare recorded data with
theory requires that any local mean variation (i.e. slow fading) be re-
moved from the raw data. The local mean variation of the recorded data
can be estimated over a particular measurement length. An improve-
ment in the estimation of the local mean, of a fading signal, can be
achieved through a knowledge of the effects that the sampling rate and
measurement length have on the standard deviation of the estimate. It
is insufficient to simply increase the sample size N, since for a high
sampling rate and small measurement length the values could lie on an
unrepresentative portion of the fading envelope. Similarly, a long
measurement length and a sampling rate that is insufficient to resolve
the fading envelope could inadequately represent the local mean. It is
not only necessary to have a sufficiently large sample size N, but also
that the samples should cover a suitable measurement length. In the
following the effects that the sampling rate and measurement length
have on the standard deviation of the estimated local mean, o., (ex-
pressed in dB terms) are considered.

The variance of a random variable x can be found from
o2 = E{x%} — E{x}? (E.1)

where E{x} is the expected value of x. The estimate of the dB expressed
envelope F(dB)* is given by

N
A(dB) = % Za In r2 (E.2)
n=1

since

2l The hat symbol, W, is used to represent an estimate of the variable w.
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rdB)=2logr=alnr®  a=10/In10 (E.3)

Using E1 and E2, the variance can be expressed as[1]

N-1

2_ 1 _n |
o=+ 40 +2Z(1 " )y(nAT) @9
n=1
where AT 1s the sampling interval

(i.e. AT =1/f,, f. = sampling frequency) and y(r) is the autocovariance
of the dB expressed envelope in Rayleigh fading conditions. Now (1)

was given in Chapter 2 and [2] as

OO

2n
V() = 022 "; |2 (E.5)

n=1

The autocovariance at zero lag, i.e. ¥(0), was also derived in Chapter 2

and Appendix C as
¥(0) = 557 (E.6)

The sample size N is related to the measurement time T or spatial
length L(= VT) by

N=£T (E.7)
fs fi L

_ _Is L ES

N A T £ (E.8)

Thus equation E4 can be written as
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N-1

0= ’;ij)/; 4(0) +22<1—n ’Z/f; )wn/fs)

= " (E.9)
N-1

olfs folfs
- w(0)+22(1—n o )xb(n/fs)
L n=1

Figure El1 shows o, as a function of normalised measurement length
(foT or L/2) and normalised sampling rate (i.e. f;/fp). Note that for a
given measurement length, the standard deviation decreases as the
sampling rate f; increases and asymptotically approaches some low value
for high values of sampling rate. To reduce the standard deviation of
the estimate, large measurement lengths (fpT or L/1) are necessary.
However, in real fading conditions, we then run the risk that the aver-
age signal power (i.e. ¢?) would no longer remain constant. From Figure
El1 fpT or L/A>20, the standard deviation decreases very slowly.
Therefore, it is reasonable to conclude that a practical measurement
length lies in the range of fpT or L[4 = 20~40.

In the case of this work a vehicle speed of 10m/s coupled with the
operating frequency (914MHz) relates to a Doppler frequency (i.e. fp) of
~30Hz. Which, with a moving average window of 0.5s (i.e. 501 points at
a sampling frequency f; = 1 Hz) produces a normalised measurement
length of fpT = 15. From Figure E1 this value of f,T corresponds with
estimating the local mean to within + 1dB.
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