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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 132 (base station) and < 12 (mobile station), can be usefully em-
ployed, in a cell of radius 1.31cm, 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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LIST OF PRINCIPAL SYMBOLS. 

ADC	 Analogue to Digital Convertor.

AFD	 Average Fade Duration.

AM	 Amplitude Modulation.

ASCII	 American national Standards institute Code for Informa-
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CDF	 Cumulative Distribution Function.
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EBCDIC	 Extended Binary Coded Decimal Interchange Code.
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FDMA	 Frequency Division Multiple Access.
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GMSK	 Gaussian Minimum Shift Key.

GSM	 Groupe Speciale Mobile.

IF	 Intermediate Frequency.

LCR	 Level Crossing Rate.

LO	 Local Oscillator.

MRC	 Maximal Ratio Combiner.

PDF	 Probability Density Function.



QPSK	 Quaternary Phase Shift Key.

SAE	 Switch And Examine.

SAS	 Switch And Stay.

SEL	 SELection.

SNR	 Signal to Noise Ratio.

TACS	 Total Access Communications System.

TDMA	 Time Division Multiple Access.

a(.)	 generalised quadrature autocorrelation function.

a'	 first derivative, wrt time, of a.

a	 second derivative, wrt time, of a.

a	 10/1n10 = 4.34

C	 Euler's constant = 0.5772

do	 vertical antenna separation.

d	 dominant envelope value in Rician PDF/CDF.

EL)	 expectation of {.}.

E„	 amplitude of nth wave.

erf(.)	 error function.

erfc(.)	 complementary error function.

F{.}	 Fourier transform of {.}.

F(.)	 Confluent hypergeometric function.

f	 frequency.

ic	 carrier frequency.

fp	 maximum Doppler frequency.

fs	 sampling frequency.

G„(.)	 directivity of antenna n.

M.)	 modified Bessel function of first kind zero order.

I(.)	 in-phase time varying component.

Im{.}	 Imaginary part of 1.1.



Jo()	 zero order Bessel function.

JI( . )	 first order Bessel function.

K[.]	 complete elliptic integral of the first kind.

L distance of test area from base station.

L sample distance over which local mean is estimated.

1	 separation distance between two sample points.

m 2	 local mean power.

rA2	 estimate of local mean power.

med	 median.

m	 mean of a random variable.

N number of samples.

NR	 level crossing rate at envelope value R.

PO	 CDF of (.).

P( . )	 PDF of (.).

p(a,b)	 joint PDF of a and b.

p(a I b)	 conditional PDF of a given b.

Q (.)	 quadrature time varying component.

Q(a,b)	 Marcum's Q-function.

R	 envelope value.

R(.)	 received signal envelope.

Rt	 envelope switching threshold level.

Re{.}	 Real part of 1.1.

r(.)	 normalised received signal envelope.

rdB(.)	 dB expressed envelope sequence.

estimate of fast fading component.

rmcan	 mean of the linear expressed envelope.

rifled	 median of the linear expressed envelope.

rmed(dB)	 median of the dB expressed envelope.



ru	 distance of scatterers from mobile.

Scarr(f)	 RF input or Doppler spectrum.

Senu(I)	 envelope spectrum.

Spm(f)	 random FM spectrum.

s(t)	 received signal.

T	 sampling interval.

V	 vehicle speed.

z(.)	 complex sequence.

< z(.) >	 ensemble average of complex sequence.

z*(.)	 complex conjugate of z(.).

I z(.) i	 modulus of complex value.

Cr n 	 azimuth angle of arrival of nth multipath wave.

13	 20.

y	 direction of vehicle motion relative to base station.

Y	 instantaneous carrier to noise ratio.

Yo	 average CNR.

En	 elevation angle of arrival of nth multipath wave.

Et,	 elevation angle at which multipath waves are centred.

CO	 normalised autocorrelation function i.e. a(c)/a(0).

On	phase angle of nth multipath wave.

A	 wavelength.

(-)	 autocorrelation function of the dB expressed envelope.

P12	 complex cross-correlation between antennas 1 and 2.

paw	 envelope cross-correlation between antennas 1 and 2.

Pii(T)	 autocorrelation function at delay T.

o- 2 	 average signal power.

0-n2	 noise power.

ar2	 variance of linear expressed envelope.



a r2 (dB)	 variance of dB expressed envelope.

T	 time delay.

TR	 AFD at envelope value R.

46 0	 received signal phase.

(?)(-)	 first derivative of cb wrt to time.

0.	 phase angle of nth multipath wave.

IP( . )	 autocovariance of the dB expressed envelope.

phase noise of receiver.

tPnT( . )	 phase noise of transmitter.

1M-)	 combined phase noise of transmitter and receiver.

C2	 coD/12-

co,	 carrier angular frequency.

CO D 	 maximum angular Doppler frequency.

CO n 	 angular frequency of nth multipath wave.

co.	 local oscillator angular frequency.
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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

is not fixed to a specific location, attempts to meet each of the above

criteria; however, it is 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

(i.e. Groupe Speciale Mobile-GSM) that will be introduced in 1991 is a

wideband scheme with 270k1/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



Japan[3], and to a certain extent in the USA, is towards narrowband

schemes employing narrow channel spacings (e.g. 12.5 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 22 to 202 were used, in steps of 12. Secondly,

the transmitter and receiver locations were reversed and antenna sepa-

rations from 0.52 to 4.02 in steps of 0.52 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 c„, an angle of arrival, relative to the x-z plane, a n , and En

relative to the x-y plane and a phase angle On . The parameters

CT' , an, En and On are random and statistically independent. The resultant

wave at a point (x0 ,y0,z0) is given by

N

E(t)=ZEn(t)
	

(2.1)

n=i

where

E n(t) = cn cos[coct — 27 (x0 cos an cos En + yo sinn an cos En ± zo sin En) + (i6 n] (2.2)

In the above co, 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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Q(t)

n=1

and

(2.4)

(2.5)

are confined to the x-y plane (i.e. cos En = 1). If the point (x0,,Yo,z0) is now

displaced with a velocity V in the direction y, relative to the x-z plane

(i.e.(xo,,Yo,z0)	 (V cos y, V sin y,z0)) then the resultant field is

E(t) = I(t) cos coct — Q(t) sin coct	 (2.3)

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

a quadrature detector receiver[6] viz,

1(t) = Zcn cos[cont O
n=1

sin[cont	 n]

con = WD cos(y — an) cos tn

zo
On = 27r —

A 
sin en -I- On

co,, is the Doppler angular frequency component of the n th wave and WD

is	 the	 maximum	 Doppler	 angular	 frequency

= 2rtfp, ID 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(g = 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 (a 2). Thus I(t) and Q(t) have a Probability Density Function

(PDF) of the form

1	 x 2
p(x) =	 expt —	 2	 x = I(t) or Q(t)	 (2.6)

cr,127r	 2o.
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(2.7)

(2.8)

The Cumulative Distribution Function (CDF) of the quadrature compo-

nents is given by

P(x � X) = i p(x) dx = —
2
1

[1 + erf 	
X 

	( Xi__ )]
a V 2-00

where erf if the error function defined as

2 	 Y_12
erf (y)= ,_ e dt

V ir 0

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

identical.

2.2.2 The Received Signal Envelope r(t).

The envelope of the received signal is defined in terms of the quadrature

components as,

r(t) = .\112(t) + Q2(t)	 (2.9)

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

a PDF given by

r	 1 _r2

2

1
P(r) = 2 exPi 

a
2

a

where a- 2 is the local mean power and r2/2 is the short-term signal power.

The CDF is then given by

R
P(R) = I p(r) dr = 1 - 

expt -----
--

R2 
}

0	 2a

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 clB terms, of

a normalised signal envelope respectively. Notice that the PDF is

(2.10)

(211)
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(2.12)

(2.13)

asymmetric such that a fade of 10dB below the local mean (OdB) 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 rmcan is given by the expectation of

r(i.e. EN) 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.

00
Trr r) dr = a\/—mean = Etr) = < r> = f p(
20

The variance of the envelope al is given by

2
2a = E(r2 ) — Etr}2

	

= 20.2 a Tr	 2(  4 — Tr  )= a

	

2	 2

1 7 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, rmed, which represents the envelope value

at which 50% of the distribution lie below and 50% lie above this value

is found from

frmed
p(r) dr = 0.5	 (2.14)

0

rifted =- cr-j2 1n2

Hence the median of the envelope is 0.94rmea,z 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 is

linearly proportional to the input power expressed in dB units. In this

situation the envelope, expressed in dB units, can be written as

rdB (t) = 20 log r(t) = a In r2(t)	 (2.15)

where

a = 10/ In 10 = 4.34

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

by

coo
<	

J
rdB > = rdB P(rdB) drdB

O

However < rdB > can be expressed in linear envelope terms with the ap-

propriate conservation of probability space (i.e. p(r)dr = p(rdB)drdB),

hence

(2.16)
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(2.17)

(2.18)

(2.19)

00

< rdB > = f a In r2 p(r) dr
0

= a{ In(2a2) — C)

where C = Euler's constant =-- 0.5772.

< rdB > = 10 log(2a2) — 2.51

Hence the average of the dB expressed envelope values is 2.51dB below

the mean envelope power (2a2).

The standard deviation of the dB expressed envelope values,

a r(dB), can be determined in the manner of equation (2.13). This form
of derivation is shown in appendix C. Another derivation of a r(dB) can
be determined by considering the autocorrelation, ( .-c-), of the dB ex-
pressed envelope values i.e.

( .r) = < rdB (t).rdB (t ± -r)>	 (2.20)

The autocovariance of a random variable is related to the
autocorrelation, ( .-L-), and mean, m, of the random variable by[8]

tp (r) = (-r) — < m >2
	

(2.21)

The autocorrelation of the dB expressed envelope values has been

found[9] such that

00

I p 1 2n
+ a2( In(2a2) — C)2

n
2

n=1

Now the second term in (1-) is simply < rdB >2 (see equation (2.18)) i.e.

m 2 , hence the autocovariance is simply

(2.22)
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11/ (T) = a (2.23)

a(dB) =	 = (2.24)

(2.25)

(2.26)

(2.27)

n=1

The variance of the dB expressed envelope values, o-(dB), is given by

P(r) at T = 0 i.e.

n=1

since l p I = Ip(T)1 = I p(0) I =1. The summation term can be further
simplified[10]

00

1	 n
2

n 2	 6

n=1

hence

2 a 2
n

2
r(dB) = 6

an. a r(d B) =	 — 5.57dB

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, i.e.
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rd(dB) = 20 log r d = 10 log(2a2) — 1.59 dB
	

(2.28)

Hence the median of the dB expressed envelope values is 1.59dB below

the mean envelope power (i.e. E{r2}).

2.2.4 The Received Signal Phase. 

The received signal phase 4,(t) is given in terms of the quadrature com-

ponents by

ow = tan-4  Q(')  }
t 1(t)

If viewed in the complex plane, where I(t) and Q(t) are the real and

imaginary parts respectively, the point z(t)(z(t) = 1(t) + jQ(t)), moves in

a random manner. The PDF of the received phase is rectangularly dis-

tributed2 between 0 and 27r such that

(2.29)

1
10) = 2ir 0 � 41 <27r	 (2.30)

The mean phase value, < 0> , is given by

r 2/r

<0 > = J 49 P(0)4 = Tr
o 

The mean square value of the phase is therefore

.1 
2/r	 2

2
<

2
4) > =	 4) P(4))d4)= 

4ir 

0	 3

hence the variance of the phase, 0, is given by

cr 4, = < 0
2 

> — < (1) > =
3

2	 2	 ir

2 The term rectangularly distributed is also referred to as uniformly distributed.

2

(2.31)

(2.32)

(2.33)

- 2.9 -



(2.36)

(2.37)

1
(2.34)

(2.35)

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 r1 and cb i , and at

another point r2 and 02 then there exists a four-fold joint PDF, between

the envelopes and phases, given by[l]

rir2
p(ri , r2 , 4) 1 , 4) 2) — 	 x

(21ry)2(1 — A 2)

{ 
r 4 —2r 1 r2 A cos(4) 2 —  — 0)

2/1(1 — A2)
exp

A2where	 tan 0 =
tt i '

2	 2
2	 1/ 1 ± ti2

A— 2
il

i ‘tz = < (r1 cos q) 1 )2 >
pi = < (ri cos 4) 1 )(r2 cos 4:12)>
122 = < (ri cos 0 1 )(r2 sin 4) 2) >

now r1 and r2 are such that 0 < 7-1 , r2 , < Go, therefore the joint PDF be-

tween 0 1 and 02 can be found from[1,4]

foo f 00

P(4)1, 4)2) =	 p(ri, r2 , (1) 1 , 0 2) dri dr2	0 � Op 02 < 27
00

1 — (2 
P(01, 02) — 2 X

4ir

.\./1 — C2 cos2(4)i —4)2) + C ens(4) 1 —4)2) cos'[—  — C ens (Cb i — 02)] 

(1 — C2 cos2 (46 1 — 00)312

where C = ((I-) = a(T)/a(0), is the normalised autocorrelation function (see

section on spectra for a(T)). If we now consider the phase difference

between the phase at two separated points in space (i.e. AO = 02 - 01)

then the PDF for AO is given by
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(2.38)

(2_ I A4)1)

1 - C2 
P(A95) -	 2 X

47r 

N/1 — C2 cos2(64) + C cos()[7T — cos-1 (C cos())]

(1 — C2 cos2(64))3/2

which reduces to the simpler model[5] when p(E--.-- 0) .--- 1, i.e. C(T) is the
normalised autocovariance function given by Jo(fi VT) ( $------ 27r/2, Jo 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 (iIA) 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 n phase

change occurs at separations of 2/2. When the two points are separated

by a distance of 0.382 they are uncorrelated and hence the joint PDF

becomes	 that	 of	 two	 uniform	 distributions	 i.e.

P(01, 462) = P(45 1) .P(452) ---- 1/47r2.

The statistics associated with the phase gradient, cb, 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 is 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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(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

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, NR, 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]

NR  f
00	 . .

; p(r, r) dr
0

where p(r, i-) is the joint PDF of r and i-, which is given by

.	 f 00 f 271-	 .	 •	 •
p(r, r).

	

	 p(r, r, 4), 0)4 cich
-00 0

now p(r,i-, 4), 4)) is given by[1] as

	

p(r, ;. , 0, :0=  47r2rb20b2 exp _ 1 ( 7.2	 ;2	 R 2,12 )
± ±  ' 

2	 b	 b

	

0	 - 2	 b2

where bo and b 2 are the spectral moments given by [1,8]

b0 = <I2 (t) > = < Q 2 (t) > = a
2

b2 = < (7(0)2 > = < (6(0)2 > — 2

r•2 1p(r,;) = -2:— ex {	 r
2 1 	 1 r_ exp./

2 P —	 •	 2 2a	 2a2	 acomjir	 a (1)/)

= P(r).13(;)

where p(r,;.)=p(r).p(i) because r and ? are independent and uncorre-
lated. Then NR is sirnply

R -R2120-2
NR = jr- fp ,., e

22
a t° D

(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 is given by[l]

P(R)
TR — NR

cr(e R 2/2a2 _1)

TR= 
,Fr fDR

Figure 2.8 shows NR and TR for a Rayleigh distributed

normalised axes. The normalised LCR and AFD

NR/fD and T RA, respectively. Notice that the maximum

-3dB and that NR and TR are linearly dependent upon

(2.46)

(2.47)

envelope using

are given by

LCR occurs at

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

received signal;

(i) 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(-r)[41 which is given by

a(-r) =E{ cos coo-}	 (2.48)

Now a(t) is affected by the PDF of the arrival angles in azimuth, p(a)

and elevation p(E). A reasonable ass -umption for p(a) is that it is

rectangularly distributed between 0 and 2n. The PDF in the vertical

plane, p(E), is more difficult to specify. Aulin[4] does not give any gen-

eral expression although p(E) must be known in order to evaluate aer).

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

by'

a0(t) = E{13 VT cos(y — a)}= J0(i3 VT)	 (2.49)

The RF input spectrum SRF(f) is simply the Fourier Transform of a(T)

SRF (f) = Fla(r)) (2.50)

where F{.} is the Fourier Transform given by

00
F{a(T)} = f	 a(r)e—JwTd-r (2.51)

—00

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[1,11]

3 ao is used to represent the two dimensional model autocorrelation function compared with
that for the three dimensional model a(r).
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SRFO = D
3

f r—Dfc )21

(2.52)

The factor of 3 arises from the directivity of a vertical whip antenna

(G=1.5) and the fact that p(c) is an even function[1]. This spectrum

together with its autocorrelation (i.e. ao(-0 =Jo(f31 7-0 ) 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 ID . This spectrum is 'U' shaped with frequency cutoffs occurring

at + fp• The observed power spectral density at low frequencies is

greater than that predicted by equation (2.52). Aulin[4] therefore, con-

sidered p(E) in an attempt to predict higher values for this region of the

spectrum. No experimental studies have been published which give

values for p(E). 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]

a(T) 2)2	
( IE{r(t).r(t + T)) = "v (__ 2 - ; 1 

a (0)

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.

(2.53)
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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
S ent(ñze 

8:fp	 \
KR(1 — ( --f--- )2) ] 2fD

where K[.] is the complete elliptic integral of the first kind. In this case

the frequency cutoff occurs at 2fD • 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 (a(-c) =-J6-'(/317T)). The spectrum of the envelope can be deter-

mined numerically by noting that

S envO = F { < r(t).r(t + T) > ) = F{a 2(T)}	 (2.55)

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

by

Sent,(f)z_-F {JP(13 VT)}	 (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 (2fD). 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 27r. 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(a) and p(E) on the spectra. The

uncertainty involved in distinguishing between the effects of

(2.54)
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p(a) 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(t), as

s(t)= Re{z(t)e jwct)

= r(t) cos(wt)

where z(t) is a complex Gaussian process, then the received vector moves

in a random manner in the complex plane. This motion introduces a

differential phase, 0, which appears to the receiver as noise i.e.

Int{ z(t);(t)*  1 _ d {
 

tan	
1(t)
Q(t) 

1 z(01 2	 — dt	 ( 1(t) )1

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(0), is obtained by appropriate integration of the

joint PDF of the envelope and phase and their differential co_unterparts.

This can be achieved by rearranging the integration of the four-fold

joint PDF, p(r, I., 4), 4)), and leads to

•	 f2n- J. 00 j-00	
.	 .

p(4,) =	 p(r, r, ck, 0) dr d; dc/)
0 —00 0

(2.57)

(2.58)

(2.59)
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P(46 ) =

The CDF of ; is given by

P(;) 1;5 P4) 45
-00

• 1	 r—	 (
P(0) 

2
— 1 ± — 1 + a'D

(2.60)

(2.61)

•	 224)
(2.62)2

a'D

Figure 2.11 shows the PDF and CDF of 4.. 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(4)1 R)[711

P(Ck IR) _ p(R) r_	 e
f R2(7.2 

p(R)
ct) a	

xp	
2 2

c°D6

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 4 (i .e < 0(04(t T) > ). The autocorrelation of

is given by[1,4,12]5

	

1 [(  Id(r)  2 c7(T)	 [
1
	 a(r)  )2	

(2.64)
]

< ek(t).(t + T) > —
2
	

a(t) )	a(t)	
'L1

6 The derivative here is with respect to T

(2.63)
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for the two dimensional model[5]

< (0.4)(t + T) > — 
co

2
D  [ J0(u)J1(u)2	 2• •

2j0(u)

2	

u	 Jo (u) — Ji (u)] x ln[l —4(u)]
	

(2.65)

where u = war

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

autocorrelation function

• •
SFm(r) = F{ < 0(t).0(t + T) > }

	
(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 2fD[12], from where

the spectrum falls off as 1 1 f. Hence, the principal random FM noise is

concentrated in the audio band. The asymptotic spectrum beyond 2fD is

given by[12]

2
„.,	 cilD

SFMV 1 -= v

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[1,4,7]. Some of the

statistics associated with this so called Rician fading will be presented

here for completeness.

(2.67)
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(2.68)

(2.69)

The joint PDF of envelope and phase, p(r, 0), with a dominant

envelope component d i.e. Rician fading is given by[416

r	 { d2 + r2 —2rd cos(n)  1
Pfr, ORk= 

2na2 e"P 2a2

where n = 4, — 0.,0t— coo

Integrating the joint PDF with respect to 0, gives the PDF of r as

2_12

PNRic = 2.— exp./ r
_,_
m "  lis (rd )

a2	
2a2	 u	 2

a

where 10 is 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

P(CRk = cos(q) expt — d 2 sin2()1d 

27ra2 	 2a

erf( — ..\./ c-	 cos(0) + +;r- expt — c--171
a2 	2a

(2.70)

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) 7 for a Rician distribution, expressed in dB terms,

for various values of normalised dominant component dlo-. Notice that

when there is no dominant component (i.e. dl o- = 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.

6 The subscript '0' here refers to the specific parameter associated with the specular compo-
nent.

7 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 E 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, a n , and elevation, cn.



Figure 2.2 Gaussian PDF, p(x), and CDF, P(x), for normally distributed in-phase, I, and
quadrature, Q, components.



Figure 2.3 PDF of a Rayleigh fading envelope normalised by the average signal power (a2) i.e.
p(r1 j cr).
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Figure 2.4 CDF of a Rayleigh fading envelope normalised by the average signal power (a2) i.e.
p(r1 ,IY a).
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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 (J/ Q 2 ), for the same
period of time as that as the upper diagram.
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Figure 2.6 The PDF of the phase gradient, 13(4), between points separated by 112. Note that
when 112 --, 0.38 then p(M) becomes that of two independent phases i.e.
P(Ack) —' P(40 0 . 1)(4)2) =1141r2-
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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.



Figure 2.8 Normalised LCR (NR IfD) and AFD(TRfD) for a Rayleigh fading envelope with re-
spect to the average signal power (a2).
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Figure 2.9 Autocorrelation function (J063 VT)) of the in-phase or quadrature component and
RF input spectrum (Doppler) for a Rayleigh fading signal. Note the small ampli-
tude of the low frequency components and the strict bandlimiting to + fp.



Figure 2.10 Envelope autocorrelation function (J3(fi'VT)) and spectrum for a Rayleigh fading
envelope. Note the flat response up to the sharp frequency cut-off at 2/D.



Figure 2.11 PDF and CDF of the instantaneous frequency (i.e. random FM) normalised by the
maximum angular Doppler frequency.



Figure 2.12 Conditional PDF of random FM as a function of fade depth, p(4 IR) normalised by
the maximum angular Doppler frequency.



Figure 2.13 One sided spectrum of the instantaneous frequency (random FM).



Figure 2.14 PDF of a normalised Rician distributed envelope for various values of dominant
component d. The term 'normalised signal level' means that the resultant envel-
ope (i.e. instantaneous plus dominant component) has been normalised by the av-
erage signal power (a2). The dominant component d has also been normalised by
the average signal (a') power (see Appendix D).



Figure 2.15 CDF of a normalised Rician distributed envelope for various values of dominant
component d. The term 'normalised signal level' means that the resultant envel-
ope (i.e. instantaneous plus dominant component) has been normalised by the av-
erage signal power (a2). The dominant component d has also been normalised by
the average signal power (a2).



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 is 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).



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 is 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 0.2fD . 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
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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 jci()67)

(where /3= 27r 1 A and I is the separation between the antennas). Uncor-

related samples occur for A131) = 0 i.e. 1 = 0.382, which at 900MHz 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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(3.2)

thus

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

Y mrc =	 Y'	 (3.1)

L=1

where M = No. of branches.

If we consider that the short-term signal power on the i th branch (i.e. the

power averaged over one RF cycle) is R?12 (R i is the envelope received

on the ith branch) in the presence of Gaussian noise, of mean power N,

then the 'instantaneous' CNR, y i , is given by
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i=1

Af

i=1

Ymrc (3.3)y i =

(3.4)Yi =

1=1

R2rnrc
Y MIT	 2/v

)2

(3.6)Yegc =
i=1

)2 = 211V i=1 )2

)IA!
(3.7)yegc

i=1

If we now consider the output CNR, y m„, to have an associated equiv-
alent envelope Rmrc then

This gives a resultant envelope R,,„(t)

Rnur(t) =	 R(t)	 (3.5)
i=1

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

Again if we consider the instantaneous CNR on each branch is given

by (3.2) then the output CNR for an EGC, y,, is given by

Thus the equivalent output envelope of an EGC is such that
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2
R eg,

21sT	 2M1 N
i=1

(3.8)Yegc =

which gives a resultant envelope Regc(t)

R eg,(t)

(i=1

M

R i(t)

3.3.3 Selection Diversity.

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

Ysel =  max{y 1 , y 2,  ym)
	

(3.10)

which gives a resultant envelope R„/(t)

Rsei(t) = max {R 1 , R2, ... R	 (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 i.e. an input above a predetermined

threshold, is found. This input is then used until it falls below the

(3.9)
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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 in

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.



R 1

R sel = D
'2

R 1 � R2

R I < R2

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 OW, determined from the output CNR. Using the

equivalent envelope formula given earlier the envelopes, for the various
diversity strategies are given by

R m„ = N I R + .1:4

R 1 + R2
R egc —

j (3.12)

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 0 1 and 02. 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

0mrc = 0 1 , 0 2, 0 or some function of 0 2 and 02

0 egc = 0 1 , 0 2 , 0 or some function of 4, 2 and 02

(1) 1	 RI � R2
(I) sel = js

W2	 RI <R2

we have assumed perfect co-phasing for the MRC and EGC cases and

R = R (t), R 1 = R 1(4 45 = CO, 0 1 = 0 1 (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

(3.13)
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.	 •
• RiRi+ R2R2

Rm — 	
rc	 ,,,/ D 2 , r, 2

/1 1 1-112
• •

• RI + R2
Regc= 	

•
• R1	 R1 _� R2

Rsei = •
R2	 RI <R2

• .	 •
4),,,,,, = 4'l' 0 2, 0 or some derivative of 4. 1 and 4'2
• •	 •
4)ege = 0 1 , 0 2, 0 or some derivative of 0 / and 02

•

49. sel=4)i	

Ri � R2

R I < R2'r2

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 is 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 p12.8

8 The complex correlation p 12 , between the two branches, will be discussed in detail in the
Results Chapter.

(3.14)
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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) = w e
1	 --Y/Yo	 (3.15)

y is the 'instantaneous' CNR (i.e. r2/2o-n2), o-n2 is the noise power, and yo

is the average CNR. The CDF is therefore given by

P(y) = 
1 _ e--Yho	 (3.16)

The relationship between the average CNR and envelope is given by

2	 2< r > a

YO = < Y > —	 2 22an	an

The relationship between p(r) and p(y) can readily be seen if it is re-

membered that p(Ady = 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 is 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 yo on each of the branches

(3.17)
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(3.22)

(3.23)

Psel(Y) = (1 — e—Y1Yo)/14
	

(3.18)

In terms of the envelope

P sel(R) = ( 1 _ e—R2I2a2)M
	

(3.19)

In the case of two branch selection diversity the CDF of the output CNR

is given by

Psel(Y) = ( 1 — e—YIY0 ) 2	 (3.20)

p sap = (1 e—R2/2cr2)2 (3.21)

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

d t M
Psel(Y =	

n
dy 0') = —Yo	 e—YIY0J131-1 ex/4 yY0

psei(r) =	 p(r) =	 [I. _ e— r2 12cr2 ]M-1	 r2
exp —

dr	 a22 a2

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 (7 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 x2 distribution
[9]. In this situation the PDF of the output CNR for M branches is
given by [5]
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(3.24)

(2.25)

P mrc(Y) =

ry
 Prnr,(Y) dy = 1 — e—Y

0

(YIYO)n-1 

(n - 1)! (3.26)

P mrc(R) = Jr p mrc(r) dr =1— e — R 2 12a

0

R 2/20.2)n-1

(n - 1)! (3.27)

R2P egc(R) =1 - e- /2a
1

(R 2/2 abn-1

(n - 1)! (3.28)

yM-1e—y/yo

PnirgY) — m
Y O (I/1 — 1)1

In terms of the envelope the PDF is given by

2

Prnrc(r) = r

	

	 1)!(M( iLT)

M-1

 e
-r2/2a2

2a	 - 

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

At

n=1

For the envelope

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 ,i3/2 [5]. Thus

n=1

= (3-2 T2- 	 (3.29)
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(3.30)

(3.31)

Psas(R)= (1+ q)(1 — e—R2/2a2)— q
--= q P(R)

R > R
R.� Ri

(3.32)

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]

p(r) = (1 + q) p(r)	 r > R1
= q p(r)	 r � Rt

where

1	 --R,212a2q = — e
R 1 = switching threshold

The CDF is found by integrating the appropriate expression for the two

regions. Thus

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. 10 log .157/) and -1.5dB respectively.



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 is

given by[5,11]

2a2
(1R-21P121)

,,,,., — 1
(1+ IP121)	 (

21P121	
exp	

R2	

2a2(1± 1 p 12 I)

)	 (12—Iplpi:121)  

exP

( 	
P(R) 

13(R )sae=1 — e(—Rt212a2)Q( Rc ,  1p 12 1R 1 

) e (— R 2 12a2){1 Q (  I/3 12 1R R t

K	 K	 ' K )} (3-33)

1_ c2 (  I P 12 1 R RK 	 , K ) + 4 R ,  IPUIR 

) }P(R)se i = 1 — e (—R2/262)

K = a Ni (1 — I P1212)

Q(a,b) is Marcum's Q-function defined as

a 2 + x2 10(ax) dx

	

Q(a,b) = f 00 x exp( — 	
6	 2

a2 + x2
= 1 — f b x	

2
exp( 	  10(ax)dx
0 

100 is the modified zero-order Bessel function. Again a good approxi-

mation for EGC can be obtained by multiplying the average signal

power in the expression for the CDF of MRC by .j3/2 [5]. An expression
for the CDF of SAS has not yet been found for correlated fading, but it

is identical with that of SAE for independent fading[8]. Note that the

CDFs given above reduce to the no-diversity case for perfectly correlated

branches (i.e. IP121 = 1).

Figures 3.4, 3.5 and 3.6 show the improvement in the CDF for MRC, SEL

and SAS (-10dB threshold), for I Pi 1 2 (=-- pc.), in steps of 0.25 from 0 to

(3.34)
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(3.35)

(3.36)

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

P(R)sas =[ 	
,2

2a21_ IP121

R 2

2 2 N/1 — 1P1212a 

RRt

for MRC, EGC and SEL.

RRt

P(R)=A[

{1
	 SEL

	

A=2 /3 	EGC

	

1/2	 MRC

Since p c„„'=-1 p 1212 in Rayleigh fading[5], equation 3.35 shows that the en-
velope cross-correlation reduces the effective average power by a factor
of .j1 — Pent' for all of the diversity combiners. When Pent' = 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 NR for each of the strategies. Closed form
solutions for the LCR and AFD, for uncorrelated fading, are given by[12]
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er

l_exp(	 R_ R 2 	 R2	  exp ) ,Fr- erd  R 

A 012-0.2	 aj	 2a2 (3.38)

R 2
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2a`

R 2 R 2
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aj	 2(72 )	 a2

-117 erf( 	 R
2	 crj

exp( 11

P11	 R	  exp(_ R 2 ){	 R 2 )1
NR = 21( —	 1 — exp —

2cr`sel	 2a2

exp(

TR =\/( 	
ram	 —P11

R2 )R2 )
— (1+

2a2	2a2

TR -= , \. /( 	
egc	 — p11

.)
1

1

	  exp ( 
R 2

2
2a 

.\./(sel 	— P11 )	 R 
cr,IY

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 H , the

second derivative of the autocorrelation p(T)9 is given by

d2p	 d2c/0(B VT)

_, 2
	 = —2 (fD )

2
Pll — 

d-r
2 —

LLT

Figure 3.7 shows NR and TR for MRC, EGC, SEL and SAS(-10 dB) strat-

egies 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 TR all the strategies show the same im-

provement below -10dB (except SAS), namely that TR is 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]

( ..	 3

P 1 1 ± (	 ) ( R  )
cr.,5	 R 

INTRv	

17'1212 	 )

for	 <1	 (3.40)

	

1 — 1P1212	
aj

1 7—r 
IP121

2

ER = I fp( R X 
Rt  )

)2 crj crj

(1- 1P1212)

1

{	

MRC

	

v = 4/3	 EGC

	

2	 SEL

9 pH is used here for the autocorrelation function to distinguish it from a(T) in Chapter 2,
which is a general term for both the two and three dimensional models. Here we consider
only the two dimensional model.

(3.39)
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for	 41 (3.41)

R<Rt

In the above cases I Pi2 I and hence leo 12 are dependent upon the antenna

geometry in relation to the direction of vehicle motion[12]. No analyt-
ical expression is available for ;0 12 with vertically separated antennas.

However for horizontally spaced antennas the effect of ;0 12 can be as-

sumed to be small, provided that the antenna separation is not too

small[12], hence 12 '0. The above equations show that NR 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 I p i2 1 2 = 0.25, 0.5, 0.75 and 0.9 respectively. The AFD for SAS

is unaffected whilst again TR for MRC, EGC and SEL is approximately

halved.

Figure 3.8 shows NR for MRC and SAS (-10dB threshold) for cor-
relations (i.e. 1P121 2 ) in steps of 0.25 from 0 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 is at 0Hz in our baseband case) is 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]
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(3.43)

wD
(3.44)

M-1

1,(4)
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

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(0), for uncorrelated

branches can be found by integrating the PDF of (1)

P(4 =.6 ) f; 1)(;) cilk 	 (3.45)
-00

However, P(0) 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(0) when (f) <0, in this case

.	 r;	 .	 •	 ro	 •	 •	 ro •	 •

P( 45 ) = j P( .46 ) ddi = j P(45 ) d 0 — J.P(C6 ) d 4)

ca

Now since p(4 , ) is symmetrical about zero the first integral on the right

hand side is simply 1/2 i.e.

(3.46)
-00	 -00
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(3.47)
"A2

+

(*k

P4) = -	 d; = —2

The same result is obtained when 0> 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.

3.9 THE RANDOM FM SPECTRA FOR SELECTION
DIVERSITY. 

The autocorrelation of (/) for selection diversity, with uncorrelated fad-
ing, is given by[13]

•	 •
< 4)(t).(t +	 > = 2

( (1 2 (0 — ct(r)7(r)
I[n 2 (3.48)

2a2
(r)

the random FM spectrum is thus given by
•	 •

1 + — a 2(T)

S F m(f) = F( < )(t).4)(t + T) > } (3.49)

again F{.} is the Fourier Transform. The asymptotic spectrum, for di-

versity, is given by[13]

SFAI(J)--62 	 	 (3.50)
f-.00

SFM(I) 	 r- 2,2
f-.00 	 4v2 7r7-

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
(DD

(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

receiver 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
(a2) i.e. 4,5 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 (a') i.e. r112-cr.



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 (a2) i.e. 4,12 - cr.



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 (cr2) i.e. rl j a.



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 (a 2) i.e.
rijcr.



Figure 3.7 The normalised LCR (NR /fD) and normalised AFD (TRfD) for the various diversity
strategies using uncorrelated branches.
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Figure 3.8 The normalised LCR (NR /fD) as a function of branch correlation for the MRC and
SAS (-10dB switching threshold) strategies.



Figure 3.9 The CDF of the instantaneous frequency (random FM) as a function of normalised
frequency (i.e. normalised by the maximum Doppler frequency ) for a single branch
and two uncorrelated branches using SEL diversity.
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CHAPTER 4. THE RECEIVER. 

4.1 INTRODUCTION. 

To characterise the narrowband mobile radio channel and fully assess

the improvement 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.



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 frequency
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-

ceiver.

(i) The IF Amplitude and Phase measuring receiver.
(ii) 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 together 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.

- 4.2 -



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-IF 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 tei(wci+Ct)+ On r(t)1}	 (4.1)

where from the above and Fig.4.1

co, = RF input carrier angular frequency.
CO O ---- Receiver local oscillator angular frequency.

CO = Information.
111 rzT(t) = Phase noise associated with the transmitter.
'R(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

1(t) = cos A cos B = —21:- [ cos(A — B) + cos(A + B)]	 (4.2)

Q(t) = sin A cos B = + [ sin(A — B) — sin(A + B)]	 (4.3)

where

A = coot + VI nR(t)
B = coat + ON + VI ',TO

In this work the experiments are performed with I', _'.' 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

t/in(t)

IP,, (t) = IP, T(t) + (P,R (t)
	

(4.4)

The in-phase and quadrature terms thus become

/(t)= cos[(wo — co e)t — OW — Cz(t)]
	

(4.5)

Q(t)= sin[(wo — co c)1` — OW — Ili n(t)]
	

(4.6)

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

ality. Now co, and wo can be arranged, through the use of frequency

standards, to be approximately equal such that

coo — COc = Act) < 27-,It

	
(4.7)

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

f .LN	 27 T7,	cosOW = ----- V 1	 y
A

where

V = Vehicle speed.
A= Carrier wavelength (),-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.

I OW i >14/.(01 then

1(t). cos{ -- j - 	 cos y}
	

(4.9)

Q(t)= sin{ — 2
A
Th Vt cos y}
	

(4.10)

If I and Q are now monitored on a CEO, in x-y moae, wad Nie. ass\me,

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 (27r I A)V cos y (+ve Doppler causes the vector to rotate clock-

wise whilst -ye 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.

(4.8)
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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-2-4). 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

- 4.7 -



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 resullant vector, i.e. 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 1 (Q11). 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, 4.4

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 = I we — coo I ) had a phase

difference of 7r/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,

-4.11-



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 0 . Thus the phase of the received RF signal and hence the random

FM introduced by the channel could be measured.

13 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
2/2 dipoles designed for the test frequency of 914.5125MHz. Each of the

2/2 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.



4.10 REFERENCES. 

[1] Adachi, F., Feeney, M.T., Williamson, A.G. and Parsons, J.D.,
"Cross-correlation Between the Envelopes of 900MHz Signals
Received at a Mobile Radio Base Station Site", TEE Proc. -Pt.F,
Vol.133, No.6. pp.506-512, 1986.

[2] Henze, M., "A Diversity System for UHF Mobile Radio", Ph.D.
Thesis, University of Birmingham, 1975.

[3] Dickinson, M., "Digital Matching of the I and Q Signal Paths
of a Direct Conversion Radio", IERE., Vol.56, No.2, pp.75-78,
1986.

[4] Neuf, D. and Piro, P., "Designing with Phase Detectors",
Microwave System News, pp.76-82, 1987.



Figure 4.1 The direct conversion vector demodulator receiver.



Figure 4.2 The dual branch phase-locked direct conversion vector demodulator receiver.



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.



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 ellipse 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.



Amplitude Error = 15%
Quadrcdure Error = 12.0 degs
DC Error for! = 0.3
DC Error

f 

or 

Q 

= 0.2

 ill*

Nil"

Q

20

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
ellipse 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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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-

ceiver 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

2/2 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(1) 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 2/2 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 12, from

22 to 202.

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 2/2 dipole antennas. A mast was mounted on the the roof of

the vehicle which enabled the antennas to be displaced in 2/2 steps

from' 2/2 to 42. The lower antenna was fixed at 12 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 separation of exactly A/2 could not be used otherwise the elements, 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 lk_Hz rate. The Analogue to Digital

Convertor(ADC) used was a 12-bit device with bipolar input (± 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 second 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 Ii, Qi, 12 and Q2 (where Ii 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).

16 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 hi byte, 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 is used to represent the test route for the fire. A typical

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 (t) can be repres-

ented as
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R(t)= r(t) • m(t)	 (5.1)

where m 2(t) is the local mean power, which is the total power of the

incoming multipath waves arriving at the receiver, and r(t) 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(t) becomes a Rayleigh process having unity

power.

An estimate of the local mean power, m2(t), at a time tn , 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)
m—

2

1	 R2(tn+m)
(5.2)

2

— 	 2

where riz 2(t,t) is the estimate of the local mean power. Using A 2 (tn) the

estimated fast fading component P(t) is given by

R(t) 
(t n ) —	 	

\//1\22(tn)

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 2 is estimated is

T = NIL , where fs 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 + ldB and + 2dB for a normalised sample period of

fD T = 16. The vehicle speed of 10m/s corresponded with a maximum

Doppler frequency of 33Hz. Thus the observation period was 0.5s, which

— (N —1)

(5.3)
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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 ID ) 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 verticaNy spaced arztenna

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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Figure 5.1 The test area in relation to the base station. Sections labelled A to F refer to the
data routes. The vertical antenna separation is du.



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 interpreted in terms of a scattering model which describes the

cross-correlation in terms of a scattering geometry. Finally, results il-

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.



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.

Ct + 1) — CO) and envelope, for a typical section of data gathered at

the mobile using the receiver. The seemingly abrupt phase changes

which occur between 0 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(4)), and dif-

ferential phase, p(0), for a typical section of data. The PDF was meas-

ured in phase bins of 10 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, i.e. 0° = I, 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 0 is in degrees the theore-

tical value for p(0) 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(0). 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(OIR). 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(0 I R) 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 4), for the shallow fades whereas, large values of 4) are

clearly	 associated with the	 deep	 fades,	 especially when

—10 � R <-6dB and 1 � 1 0103D I � 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 11A (see equation

2.38 and Figure 2.6). Clearly the PDF maximises at large phase differ-

ences (e.g 7r) as 112 —, 0.5. When //,10.38 the PDF is approximately con-

stant across the range of AO. This situation coincides with the samples,

at 112 apart, being independent of one another. In terms of equation 2.38

the normalised autocovariance function is zero and hence

POO or MOD 02) = AO i) • P(02) = 1/470.

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 22 forming the delayed, but replicated, data samples

of 2 1 . 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 + I'D. 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_ in

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 2fD . 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 2fD . 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, in 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 (/).

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 lkHz, 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 attention to the matter oi diversity

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, Pen„ , was cal-

culated using[7]

rA„ = rA,i (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 Pent,=-' 1)0121 2 [10,11] where 1 p 121 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 12 directly. If we represent the complex signal received

on antenna 1 as zi and that on antenna 2 as 22 then the complex

cross-correlation between the signals received on the two antennas is

defined as [12]
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(6.3)

(6.4)

COV(zi , 22)
P12 =	 •0A200-(22)

Since z i and 22 are complex, the signals can be expressed in terms of the

quadrature components, I and Q as

21 = Ii + jQi

22 :---- 12 + j(12

In equation (6.2) the terms of the complex correlation are

COV(zi, 22) = Covariance between 21 and 22

o- (2 1) = Standard deviation of zi

Also

COV(21 , 22) -=- E{(z i — Efzi l) * (22 —E{22})}

u(zi ) -== NI E{izi — E{z1} 12)

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"

*
< (zi — < zi >) (22 — < 22>)>

P12 —

	

	 , 2	 , 2
V < 121 — < Zi > I > -\/< 122 — < Z2 > 1 >

The complex cross-correlation, p12, 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.

(6.2)

(6.5)
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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, p12, was deter-

mined, using equation (6.5), for each of the antenna separations and for

each of the routes travelled. Values of p 12 were found for antenna dis-

placements of 22 to 20A in steps of 1.1. Figure 6.12 shows 1p121 2 plotted

against antenna separation, for radial and circumferential routes. The

values of i P121 2 shown in Figure 6.12 agree well with values of pern, found

in an earlier study[7] from measurements taken over the same routes.

It is generally accepted[11] that for 1p121 2 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

i p 12 I 2 < 0.7 can be achieved for antenna separations of 8A to 131 for the
various routes surveyed. This result agrees well with that found in the

earlier investigation[7] where 0, env < 0.7 was achieved for antenna sepa-

rations of 111 to 13A.

6.3.2 Cross-correlation at the Mobile Station. 

In this case, the complex cross-correlation, p12, was calculated, using

equation (6.5), for measurements using two vertically spaced antennas
at the mobile, for the same routes. Values of P 12 were found for antenna
displacements of 0.5A to 4.0A in steps of 0.5A. Figure 6.13 shows 1p1212

plotted against antenna separation for each of the routes. Regardless

of the route travelled, a value of I P12 I 2 � 0.7 can be achieved for antenna

separations ,1.0A, 19 which, at 1GHz, is physically small ( 	 33cm). This

19 Values of I p121 2 < 0.7 can be achieved at antenna separations , _-0.5A. 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 12 . The two cross-

correlation parameters are shown in Figure 6.14 for one of the routes.

This figure shows that enu iso	 generally a good approximation to I p i21 2, 

[11,13] i.e. pen° '=-' I P121 2 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 separation some coupling will occur between the two

antennas and thus reduce the received signal power.
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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 z i and

that on antenna 2 as 22 then

N 

z1 (t) = XE, exPa(0), + con)t + On]l	 (6.6)
n=1

N 

22(t) = XEn exp
n=1

27r+ con )t —
A

clv sin en -I- 00}	 (6.7)

where

En = Amplitude of n th wave. -
co = Nominal carrier angular frequency.c
con = Angular frequency of n th wave.
du = Vertical antenna separation.

E = Elevation angle of n th wave.n

0 n = Phase of n th 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 < 21 > = < 22 > = 0 the complex

cross-correlation, p 12 , is given by
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N

En2 eXp{ —j[ ifr- du sin En]}
n=1 (6.8)

exp{ —4-2-L' du sin Eni}
A

(6.9)P12

P12 —

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

then p 12 becomes

If we assume a large number of received waves with a PDF in elevation

given by p(En) then (6.9) can be replaced by an integral over p(En) such

that

7r

P12 — f exp
—7,

d sin p(E ) dEn	 n (6.10).[27i sin E—[ Au	 n

In addition, we assume p(E) to be Gaussian distributed and centred at

an angle eu. This angle (c,) is the angle of elevatiox‘ of fi-‘e x\-yoiCe -ieC-a-

tive to the base station. The PDF of the multipath waves in elevation

for a Gaussian distribution is therefore given by

exp1 	
{	 (en — Ev)2 1.

AO —
12m a- 	2o-

(6.11)



}

dvrt, sin EL, COS E,  12

L
(6.13)1 P12 1 2 exP

[27r_
A

a-
r0	 Esin 

0

L
(6.14)

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.

E = tan-1( 35  ) — 1.5°v	 1300
(6.12)

Since EL, and the spread in En are small, the directivity of the two A/2
dipoles in elevation (i.e. G(E)) need not be considered here
(i.e. GI(E)=G2(E):,--1).

The cross-correlation, 1 P 121 2, can thus be determined by numer-
ically integrating equation (6.10). Alternatively, an approximate closed
form solution to I p 121 2, is available[7] which relates the cross-correlation
with the vertical antenna separation (du), the distance of the mobile from
the base station (L) and the distance of the scatterers from the mobile
(r,), this being

Figure 6.16 shows theoretical values of 1P121 2 plotted using equation

(6.13) for various values of a (in 6.11). The results in Figure 6.16 suggest

that a lies between 10 and 1.4°. From Figure 6.15, a is given by

which suggests that the distance of the scatterers from the mobile
(i.e. ru sin co) is some 22.7 to 31.8m.
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Gi (E) = G2(E) = G(E) _

it sin E  1
2 

cos E
(6.15)

.1 7 G;(E)G 1(E)P ( EY 1 E fir G; ( E)G 2( E)P (E)C1 E

—7T	 — ir

(6.16)

f

7r 0)G(s) ex{ —4 2:
—7

du sin Ellp(E)dE
2

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, E ü 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 2/2 dipoles must also be con-
sidered. For a vertical 2/2 dipole the antenna directivity is given by[14]

In this situation 1 )9121 2 is given by[15]

1 P12 1 2 —

In other words, the multipath amplitudes (Er) 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 a.

Figure 6.17 shows curves of 1.0121 2 at several values of a. In this situ-

ation a clearly lies between 30 and 6°. The value of a 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. 20" 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 82 to 132 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 12 are required to obtain values of 1 P 121 2 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, 0env, is

a good approximation to the square of the modulus of the complex

cross-correlation, i.e. 1)0 121 2, between the signals received on two anten-

nas.

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

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 < ldB 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 2A(Ip12I 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 12, 2), and 42 which, for this route, correspond to

values of 1,9121 2 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 1,0121 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 Crossin a Rate and Avera . e Fade Duration.

The LCR and AFD of the received envelope at the mobile for an antenna

separation of 22(1p 12 1 2 = 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, ID, 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 NR and TR

were determined for zero correlation, whereas the experimental values

have an appreciable value of 1/3 12 1 2 = 0.41. Secondly, the normalisation

of NR and TR 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 NR and TR 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 12,22 and 42 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

P121 2 had little effect on TR, 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 52 which corre-
sponded to a value of I P12 I 2 = 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

- 6.19 -



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, fp,
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 A
is 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 2fD.

6.4.5 Random FM. 

The PDF, and hence CDF, of the random FM component, i.e. .), was
determined for data gathered at the base station using simulated SEL

and SAS diversity strategies. The CDFs of 4), P(0. ), are plotted in Figure

6.31 for an antenna separation of 152 on route A (110121 2 = 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(0) are slightly worse than than those expected the-.
oretically because 4) 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(0) assume independent branches.
The tendency for the measured data to show too large a reduction in
P(cb) 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(4)) for selection diversity as a function of
antenna separation from 52 to 202 in steps of 52, which corresponds to
correlation (1p1212) 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(4)) 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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Figure 6.5 Measured conditional PDF of the phase, i.e. p(0 IR), over a range of envelope val-
ues. Note that small changes in phase are associated with shallow fades (i.e.
small values of R) and that the large phase transitions are associated with the
deep fades.



Figure 6.6 Measured PDF of the phase gradient (i.e. p(Acb)) as a function of several values
of distance (//).). Note that when the distance is.-L-0.38 the PDF is uniform i.e. the
samples are independent and therefore p(64)=p(4)1).p(4)2)= (1/2702.
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Figure 6.15 Coordinate system for the scattering model in which ip121 2 is a function of the
vertical elevation angle (c„) and the spread in arrival angle (a) of incoming multi-
path waves.
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SEL diversity strategies. The term 'normalised signal strength' means that the
envelope sequence has been normalised by the average signal power (a 2) i.e.
r/ja.
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Figure 6.23 The measured LCR, 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 (a2) i.e.
r1,12 - a.
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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.
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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
when switching between branches.
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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
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Figure 6.30 The measured autocorrelation and envelope spectrum for an individual branch and
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quency energy and the broadening of the spectrum beyond 2fD• 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
mean variation of the envelope.



DATA FOR FILE VB15.4

v Single Branch
+ Selection

x Switch and Stay -5d0
[' Switch and Stay -10dB
0 Switch and Stay -15dB
0 Switr.h and Stay -20d11

2

-1
0

LOGI 0
-I_

Normalised Frequency (ilIND)	 LOGIO

Figure 6.31 The measured 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 152. Note that SEL provides the best im-
provement with SAS showing optimum performance with a switching threshold of
-10dB to -15dB.



Selection Diversity
	  Single Branch

v Antenna Separation =51
Antenna Separation = 101

)( Antenna Separation = 151
° Antenna Separation = 201

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-
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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

+ ldB 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 penu is a

good approximation for IP121 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 8A and 13A is all

that is necessary for diversity to provide useful improvements in the

received signal statistics (i.e. 0, env � 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 < 12 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, i.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 <lkm ) 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 in 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 discussed,
and a recent base station diversity investigation is outlined, and results reported.

IITRODUCTION 

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 interference of the
various scattered waves in the vicinity of the
nooile. In most locations no line-of-sight path
exists between the base-station and the mobile,
and communication is achieved only by the reception
of these scattered staves. The received signal can
vary by as much as 20-30dB in as short a distance
as a quarter of a wavelength (Elcm 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 mitigate 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
a pplications, note the suitability of space
diversity systems, and consider the receiving
antenna system requirements at both the motoile and
base station. A recent experimental 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, res pectively, which
make them unattractive solutions for mobile radio
applications wnere demand for service and spectrum
is very high. Polarisation diversity is also a
possibility, but it requires the transmission of
two polarisations. For mobile radio applications
we would like 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 oolarisation,
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

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 simplest
techniques can p rovide significant im p rovements in
terms of reception reliability. 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
samp les 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. It 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 tosignals 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.
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Consequently obtaining suitable signals at the
mo p ile is not difficult, certainly at VHF and UHF,
and we shall consider the matter no further here.

Base 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 miles. The consequence of this is
that much larger antenna separations are required
at the base station than at the mobile in oraer to
obtain signals with low correlation. The antenna
se paration could, of course, be in the horizontal
or vertical planes, or perhaps both.

iorizontal seuration base station soace diversity
nas been investigated by a few authors [3,5-7]. It
has been found that the required separation
between the antennas is dependent on the angle
between a line between the mobile and base station
and the base station diversity antennas base line.
The reauired se paration has been re ported to be of
the order 15-20A for the broadside case and 70-80A
for the endfire case [3]. It is also a function of
base station height [6]. While such separations may
be acceptable at some sites in a system they may be
difflcult 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
little attention [7]. The restricted study in [7]
found that the signals from two vertically separ-
ated antennas were quite hignly correlated up to
10\ separation. Moreover it a ppeared that the
relationship between correlation and separation
dis p layed a "standing wave" variation. Separations
greater than 10A were not considered in [7].

CEL_ULAR MOBILE RADIO 

A potential application of diversity reception in
mo p ile radio is in cellular systems. Because of
the frequency reuse inherent in cellular mobile
raaio systems, it is impractical to increase the
transmitter power to provide an additional margin
against fading in view of the interference
imp lications. This would be particularly so in
uroan areas wnere the cells are likely to be small,
and the fading quite severe because of the highly
obstructed transmission paths. Diversity reception
of'ers the possibility of improving reception
reliability without increasing transmitter power.
Of 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 a minimum consistent with the desired
performance.

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

EXPERIMENTAL STUDY 

The aim of the study was to compare the performance
of various base station antenna 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 ac 900MHz in the Liverpool city area.

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 equi pment comprised
two receivers the input signals to which were from
two identical half-wavelength dipoles the relative
dis position of which could be altered in both the
horizontal and vertical planes. The log video 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 apout
200-250m in length. The test area was located
approximately 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 levels 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,
one 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
were investigated so their comparative performance
could be assessed. The following situations were
considered:

Horizontal separation only: for separations of
multiples of 5X, from 5X to 45X (de pending on
8), for 04°, 10°, 20°, 30°, 60' and 90°
where 6 is the angle between a line from the
base station to the nominal centre of the test
area and the baseline of two antennas.

Vertical separation only: for separations from
2A to 24X in increments of 11.

Joint horizontal and vertical separation: near
end-fire case (6=0) for horizontal separation
in increments of 5X and vertical separation in
increments of 4X.

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].
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Joint displacement cases were only considered for

cases near end-fire since it is only for sucn cases

that the separation distances required for horiz-
ontal separation become large. One puruose of the

investigation of joint displacement situations was

to assess whether the required horizontal separat-

ion for such cases could be reduced by introducing

some vertical separation.

In order to calibrate the data gathering system,

known signals were fed into each of the recetvers-

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 subseouently digitized and the

results transferred to computer for processing.

RESULTS

The analysis of the data, and calculation of the

correlation coefficient follows that in (3]. The

initial phase of processing the data has been

comp leted, and results for two situations are

snown in Figs 1 and 2.

Fig 1 presents results for the section of the route
which was nearly racial, and shows the variation

of the correlation coefficient with horizontal

separation. Results are shown for 9 =0', 10, 20',
20°, 60 and 90. (It should be noted that 9 was
measured between the antenna base line and a line
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 8 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 e of course because of the omni-
directional character of the receiving antennas

arrangement.) Two cases are considered in Fig 2;
results are given for the nearly radial test
section considered in Fig 1, as well as for a
neignbouring almost circumferential 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 results of

the limited study reported in [7] which tended to
indicate that the variation of correlation coeffic-

ient 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 15X 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 coef'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-

icient 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 agreement with

results published previously, wnile the investigat-
ion of vertical separation configurations was more

extensive than that in an earlier study. A signif-
icant result of this recent investigation is that

vertical separation space diversity systems appear

feasible with a minimum separation of 15A to obtain
a correlation coefficient less than 0.7
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Crosscorrelation between the envelopes
of 900 MHz signals received at a mobile

radio base station site
F. Adachi, Ph.D., M.T. Feeney, M.Sc., Prof. A.G. Williamson, Ph.D., and

Prof. J.D. Parsons, D.Sc.(Eng.), F.I.E.E.

Indering terms	 Rathoconununication, Antennas. Radio-sure propagation (Terrain effects)

tbareet: expenmental invest aatton i norted of the crosscorrelation of 900 NI Hz signals received by two
spatially separated antennas at a base station. The investigation embra yed vertical. honzontal and combined
honzontal and vertical separation of the antennas, for transmission from lest routes 1.3 km from the base
station It was found that a crosscorrelatwn 40 7 11.e. when diversity improvement becomes signihcantl can best
be achieved using vertical separation of the antennas of between II 4 and 13 for the 1 3 km ix11 radius. At
9(X) ‘11-1z such an antenna separation is easily obtained and, in addition, the roof space required is small.
Moreover, the crosscorrelation using ertically spaced antennas is independent of the incoming arnval angle
(unlike horizontally spaced antennasL and hence low correlation can be achieved while maintaining omnidirec-
tional coverage

Lust of principal symbols

effective antenna separation
d i,	 horizontal separation of base station antennas
d, — vertical separation of base station antennas
e, — complex amplitude of tth multipath wave
E = amplitude of ith multipath wave
iD — maximum Doppler frequency

— Doppler frequency of ith multipath wave
J;	 = sampling frequency
L distance of mobile from base station

= estimate of local mean power
V = number of samples

-

•

	= probability distnbution function of variable:
= effective distance of scatterers from the mobile for

multipath wases received in a honzontal plane
r, = effective distance of scatterers from the mobile for

multipath waves received in a vertical plane
lilt)	 time-vary ing signal strength ens elope
fir)	 time-varying Rayleigh-distributed signal strength

envelope
• sampling interval
z * = complex conjugate of complex variable:
z = ensemble average of variable:

x	 — ang le between two base station antennas and a
mobile

xli = arrival angle in honzontal plane of incoming multi-
path wave

x	 = arrival angle of ith multipath wave
xv = arrival angle in vertical plane of incoming multi-

path wase
4
	 = wavelength

= phase of ith multipath wave
= crosscorrelanon between two signal envelopes
=complex crosscorrelation between two signal

envelopes
as = earner angular frequency
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1	 Introduction

In mobile radio, the received signal envelope is composed
of the superposition of fast and slow fading components
[I]. 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
mobile the antenna separation need only be around 0.24
since the pnncipal scatterers surround the mobile. At the
base station, howeser, 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 a 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 (a = 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 sertical and horizontal 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 a (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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01 the local mean. The values of p,„„ are presented as a
lunction of antenna configuration. and compared with
tattles obtained from a theoretical model which describes
the effect that a spread in arrit al angles has on p,.

2	 Crosscorrelation calculation procedure

2 1 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 — 2,
Howeser, because deep fades occur only rarely, useful
ditersity advanta ge can still be obtained for o,.„, as high as
0 7 Since the principal scatterers surround the mobile. it is
relatitely easy to obtain a low p „, at the mobile end of the
link. and in such a case the minimum required spacing is
iround 0.2i. However, at the base station the required
antenna spacing will be lar ger than at the mobile, since the
arrit al angles of the multipath waves are concentrated
vithin a small sector. The correlation Is a function of the
Irmal angle of the multipath waves, the distribution of the
scatterers surroundin g the mobile and the antenna
spacing. This means that the orientation of the routes trav-
elled, relative to the base station, and the different types of
area ii e. suburban, urban etc.) affect the crosscorrelation.

22 Estimation of local mean
The received signal envelope is composed of superimposed
last and slow fading components To calculate a,„,. we
have to remove the slow fading component, often called
the local mean. which varies in 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

Rh) — r(t)m(t)

where m 2(t) is the local mean power, which is the total
power of the incoming multipath waves amvin g at the
receit er. and rlt) is a normalised received signal strength
which vanes quickl y lie, fast fading) In an urban area, the
number of multipath waves can be assumed to be tery
amt. and thus r(r) becomes a Ra ylei gh process having
unit power.

Nn estimate of the local mean power. in t„, at a time
i„. for a %chicle movin g at a constant speed can be found
from a series of V samples using the following moving
aterage method.

I	 V," 2 R 2ir	 )
— 7	 •	 (2)

v	 IV 112	 2
where	 is the estimate of the local mean power Lsing

the estimated fast fadin g component hills given by

1211„) 
—

	

	 13)
[uPI-(tn)]

This estimated fast fading he, the normalised signal) can
be used to calculate the crosscorrelaion.

The length of time over which in 2 is estimated is T =
NJ,. If T is chosen too short then the local mean is poorly
estimated, since fast fading components are still present. If
T is too long the slow fading is largely lost. To establish a
satisfactory value for T, a preliminary 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 fD T
12, and an estimate within + I dB can be obtained using

JD T -= 64. For values of fD T > 12, the improvement in the
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accuracy of the estimate improves very slowly with
increasin g JD T. In the analysis of our data. /0 T = 16 w as
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 period is thus
0.5 s, which corresponds to an observation length L =
(fD T)). = 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 crosscorrelanon p,„„ between the normalised signals at
two antennas is calculated using [6]

Pew	 — 
v [ri(t) —	

1	
[ri(t) — r2(t)2]

1-,(t)?2(t)—;1(01-2(t) 	

(4)

where P,(t) and NO are the estimates of the fast fading
components of the two received signals, as obtained from
eqn. 3. Because the test routes were long (200-250 rn1, 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
effect was investigated by determinin g 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„„„ vaned quite considerably over the segments
of a section and for the various antenna configurations. An
average value of p,„„ was determined for each section.

3	 Experimental 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 radially
and transversely (relative to the base station) on a hillside
that included some locations giving line of sight propaga-
tion. Fi g. I shows the various sections within the test area
in 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 communication 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
len gth. 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) Homontal separation only: The base station
antennas were operated at the same vertical height for
horizontal separations from 5 to 50 A in 5). 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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1-0—
T

T

e-

mounted vertically and separated in 1 4 steps from 2 to
24

lel Joint horizontal and vertical eparation: In this case x
was arranged for the endtire configuration (2 = 0 ) and the
horizontal spacing was increased from 5 to 45 :t in 5
increments for vertical separations of 4 to 16). in 4 2 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 varied linearly in decibels. Preplanned markers on
the test route were used to identify the start of data collec-
tion. Subsequently the data on the FM tapes were digi-
tised, at a 1 kHz samplin g frequency, and recorded onto

mo 250 m
c

I area

•
3 km

antenna 1

base station

antenna spacin g 01 between II 4 and 13 / for radial and
circumferential routes. respectivel.

4.2 Horizontal separation
The crosscorrelation data at various horizontal 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 it is seen that as the horizontal
separation increases p for all antenna angles.
In addition, it can be seen that, as the antenna configu-
ration approaches the endfire case (2 = 0 p
for nearly all 'values of horizontal separation, which is in

f*,
•f.

V.•.

V..

V	 • •
V . T •

.1•••
•

VI

Fig. 1	 Tat area in relation to base ration and antenna arrangement
Seco rts labelled A to I refer to data routes. Parameters H and V refer to honzontal
nO .en an antenna chsplamments. 2 is the antenna Angie see teat for &Mintoni

computer magnetic tape A 'sample-and-hold' circuit was
used n conjunction with an analo gue digital convertor
(ADC) to ensure simultaneity in the data. The ADC was
an eight-bit machine with a resolution of 0 3 dB over a
d y namic range of 75 dB ( 115 dBm to 40 dBm). The
120 Mb.vte of data gathered were transferred, in stages.
onto one of the University's mainframe computers (an
IBM 3083) for analysis.

4	 Experimental crosscorre1ation

4.1 Vertical separation
Fi g. 2 shows the crosscorrelation of the envelopes of the
si gnals received on two antennas at various antenna spac-
ings for radial and circumferential routes. Both routes
show a monotonic decline in p„„, with increasing antenna
separation. The radial section has, overall. a larger
reduction in pi„„ 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 amval angles in
the vertical plane than the circumferential route (see
Discussion). It is generally accepted that for p. 4 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

01—

1
10	 20

vert cal. separation.

Fig. 2 Croskorrelation betueen signal entelopes 	 receiced on tuo
antennas spaced ar Lamas cermal separections. for data Irom a radial and a
circumferential route
V ear radm route th
• nearly circumferential route C

agreement with the trend found by Lee [3]. Overali the
values of p.,„ reported in this paper are smaller than those
of Lee. It is believed that the differences can be attributed
to the larger spreaa in mulupath arrival angles in the
Liverpool experiment, these arising because the test area is
closer to the base station (1.3 km) than that used by Lee.
The overall crosscorrelation is lower for the circum-
ferential route than for the radial one. A gain, this is attrib-
uted to a difference in the spread of arrival an gles in the
horizontal plane. In the case of the circumferential route
the spread is larger, thus producing a lower value of p.

43 Joint 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
illustrated, 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.5„, 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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Fig. 5 Crosscorrelatton between signal envelopes
(p„,,,) received on two antennas separated both hors.

SO	 :ontally and vertically at 2 = 0°. for data from a
radial route
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5	 Theoretical analysis and discussion

5.1 Horizontal separation case
Consider the transmission from a moving vehicle received
hy the two antennas at the base station It is assumed that
no line-of-si ght propaeation path exists. and that all the
•Aaves received at the base station come from scatterers
urroundine the mobile unit It Is turther assumed that

there are no local scatterers at the base station, and that
the distance between the mobile transmitter and the base
station receivers is much greater than the antenna separa-
tion. The co-ordinate system for this model is shoun in
Fie. 7 Under these assumptions, the received signals e,(t)

arr.rers

(nt., I ccrl,	 vaves

2nterna '	 anter,PCI

Fiq. 7	 Co- rdaurier I iron r I II at. n	 a I 07,t n	 e

or:: Ma irr n tai aube 2,,) and -r id n ,rr .12 .1 I s I r,( mina drill

It I ((UL es

eira-ne crs i and r are 101171 ft al intcr,n, ,cnara In 	 a .rail c 5, r nnt
IsUct.0 1 I he st-ItterC.	 Sc 11,01C ,DC,IISCIN

ana ezir) are given by

e,111 = V E, exp	 — 271	 0,]	 (5)
-

e 2(t) =	 E, exp {j[ko, + 271;)t

du
— 2tt-= cos 1, + (1)1]}

A

Fig. 6	 Crosscorrelatton betxeen uynal entetrovs

ret tiled n tsio anterirlaS • eparatea horn u rt-
:ontallt ana emu alit It = . ;or data From 0 ,:r-

umterential route

The normalised crosscorrelanon betueen the two
received si gnals may be obtained from

— e.(t1	 • !e 2 (t) — e2111
— eon — C u )o 	 =	 [ 2: e,(11— e 2 (t)> 2)

7 E exp -- .1( .27r	 cos	 )
1	 4 

1 E
1=1

Assumin g the multipath waves have identical amplitude.
i.e. E = E. then earl. 7 becomes

p = —
1 

7 exp {—j(17 4' cos
N	 1')}	

IS)

If we assume a large number of received waves. where 71x I
is the probabilitY density function (PDF) of 2,. we have

di!
— cos X, )}p a . 1 dx,	 91
4

Since the arrival aneles at the base station are concen-
trated within a small an gular uidth at an an gle 2 H , can. 9
can be a pproximated by

d H	 1
exp • — 2 — cos a ff COS ía — an/S

-	 4

< exp	 sin 1 H) sin ix, —	 x.) dl,
4

d n I
p — _ 7 cos

(	 d H
x	 cap :j2 (t — sin 7 H) sin I; — x ll )Ipixd dx,

-•	 L	
110)

if the an gle xff is not near 0'.
Thus, the crosscorrelation of the envelopes of two

signals can be obtained from [7]

IP12

1- I

(6)

11)

= I exp • —

d =

Since the multipath waves come from different scatterers. d'	 12

=	 exp Nj27 -7 sin (a, — x 11 )}p(x,) dx,1	 (II)
the random phases are independent. 	 4
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1 L111 I I shows that the crosscorrelation is dependent on
the arm al anele. ro further examine this effect, let us
assume that the distribution of arrixal anele pia,), in the
horirontal plane, is a Gaussian distribution with a
xariance of ef':

1
pt:t	 _	  cxp	 a7„): 26 I1)

ssumin.: that he .2tlectit.e cattc: r • rs ur stribe : : 1 t car
the mobile, and that the base-m, oile distance is raucn
lar 'Cr than the distance tf the scatterers ir tm the mobile.
he spread a ot the armai an g le tx. the muitipatn

b

ft,, Li
	

14i

lere r„ Is the ellectixe	 t the Latt.t rers ft in :he
in rile. measured perpendicular ) 'he mt. ile 'o h ise
lircction. It can he een tr )rn Nns II and 1 4 mat the
cr sscorrelation approache iflit', as the m, ei e-nase Jis-
',Ince becomes 1,0-2.er.

F12, 's and / how both cxperimentai Ind predictcd
dues t	 n ,	 .:Ifectixe ant_nna epar iti )nli e or

Sarions It-mat anutest. for both radial and circumferential
test route .:. The curses represent ..alues ol ,) lobtaimtd
from eqn. 11 b numertcal i nteurationi for a spread in
arrixal angles of I to 6 . The experimental data and the
theoretical model appear to a gree quite reasonably for a
small spread in arrival an g les. The spread in arrival angles
for the radial route lies between I 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 lar ger anele than the radial route.
leadin g to lower correlation values fur a g iven base station
antenna confi guration. Using eqn. 14 we Find that the
effectixe distance of the scatterers from the mobile is
between 23 and 6S m for the radial route and between 45
and 136 m for the circumterential route. These values
su ggest that the principal scatterers are 'long the routes.
The effectixe distances of the scatterers from the mobile
ire, in general, smaller for the radial route than for the
circumferential one in the case f horizontal antenna
separation.

52 Vertical separation case

The results obtained for horizontal separation of the
antennas can be applied to the case of xertical separation
with some modification. The co-ordinate sxstem for this
model is shown in Fi g. 10. Tic crosscorrelati in Is gixen

antenna 2

mull oath waves

scatterers

Fig. 10	 C '-sr lemur est, ne r a nuneet is, ers net h	 es a tuns non I the
iris as trrit al anust is i aid nre	 n tern td angler al esic nntny multi path

	

Ira n Cr . Ina	 C	 item a cram, on ind clfc, , i,c horizontal C.,

	

if .11 er,	 n cm r C. arc, Lis •Is

•
• a-

nere rr is the spread of : he multipath armal angle in the
xerticai plane. The results tor the horizontal separation
case su ggest that the principal scatterers are located along
the route of the mobile in an area 46-136 m wide bx
q0-2 -2 m long. Hence the effectixe distance r, of the scat-
terers from the mobile, measured parallel to the mobile to
base station dtrectIon. is 23-68 m for the circumferential
route and 45-136 m for the radial route. Therefore, the
radial routes base a lar ger spread in armal an gle a in the
xertical plane than the circumferential routes, thus produc-
in g a lower This agrees well with the results shown in
Fig. 2.

For a small spread in the arrival angle. a further
approximation to eqn. II can be made as follows:

10	 15
d sin crli.wayeiengths

Fig. 9	 Theurer:cal urres i tram egn. 111 and ssperernental results al
ts a nem wen at aleetete antenna spatula and spread tie arni al tingle in at
n anima tentletraue n , at es tor iara tram gaper,  tante retinal r lure

20	 p v vv =- f exp {).7.71	 (2, — x)}P(a) d;	 (17)
	1	 d	 2

where a = au for the horizontal antenna separation case
and a, for the vertical antenna separation case. The inte-
gral on the right-hand side of eqn. 17 is equal to the char-
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acteristic function of the variable x„ which is defined as
the Fourier transform Fl;) with = 27rd A on its probabil-
ity distribution function mad. Assuming that ptxd follows a
Gaussian distribution function, we then have the following
simplified expression:

p,„„ exp
	 d' 0) 2 1 =

A	 J

	

(2	 u.yr d r I, sin any}
exp

	

A	 L

for horizontal separation	
(18)

ex_ 5 _

P for 

(2rc

vertical 

I-, sin a, cos a,  )2}

separation

In .4.eneral, ay is %cry small, even for a small mobile-base
distance of 1.3 km, and hence cos =- 1. In contrast.
howeser. 7 11 can sary over 0 an < 27, in which case eqn.
18 su ggests that the vertical antenna separation case can
achieve a lower p ,„„ than the horizontal separation case
with the horizontal arrival angle 1,, of the multipath waves
being ver y small, irrespective of the orientation of the
routes travelled. Indeed, a comparison of Figs. 2-4 shows
that p , ,, for the vertical separation case is lower than that
of the horizontal separation case when api = 0 and higher
w hen 7 11 = 10 90 .

6	 Conclusion

An experimental investigaion of arious 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
si gnal envelopes, detected at the base station, is best
achioed using vertically spaced antennas. This suggests
that space diversity systems can be Implemented using
antennas with ‘ertical separations of between II ). and 13
4 when signals receised are from a mobile, at a distance of
scout 1.3 km. At distances greater than 1.3 km it is

expected that the trend in reduction of the crosscorrelation
will be similar, but that the absolute crosscorrelation 'A ill
be higher, owin g to the smaller spread in multipath arrival
an g les. A similar ar g ument leads 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 vertically 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 wases. In addition, vertically spaced
base station antennas require little roof-top space
(approximately 4 m at 9(0 MHz).
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THE PERFORMANCE OF VARIOUS DIVERSITY COMBINERS ON
SIGNALS RECEIVED AT A BASE-STATION SITE

M. T. Feeney+ and F. Adacht•

SLMMARY

a multipath environment he received signal,
tooth at zne motoile ana the oase station, .s suraj-
ect to dee p and ra p id 'ading. This causes
problems for cigita, ano analo gue type trans-
missions. It may oe overcome, to some e(tent,
by	 implementing	 iarious	 divers:Et	 tecnniques.
Cne sucn tecnnique utilizes diversit/ corroiners
e.g. selection, equal-gain, maximal ratio, 'switch

and stay and i switcn and examine') with spaced
antenna systems.

Extensive field trials rave peen carried
out in which a mobile transmittea to a base
station equipped for spaced antenna diversity
reception. Data from these trials have been
used to compare various forms of diversity corm-
iner. Results from such com parisons take the
form of, the cummulative probability distribution
function, the level crossing rate and fade dura-
tion. The latter parameters are esoecially
important for digital transmissions since they
Provide information on the burst error occurrence
and ,ength. The resuits 'or the diversity
Combiners are also compared for various `adirg
correlatiors, wnich are a corsequence 01 the
antenna configurations used.

iN-RC.CLC-i3•1

mooi.e radio, 'ne reoe.ved signal is suoject
o -nuitipath fading. The signal envelope is

ccmoosed of a fast fading signal superimposed
on a slow facing signal. The fast facing results
tram the interrererce between scattered raaio
paths ;n 3 region between the base and mobile
stations. The sicw 'ading is caused by the
/arying terrain cetween the base and mobile
stations.

Diversity receot:on ii ,s one of the most
Promising tecnniaues avai;aote wnich Can reauce
-ne lading effect.	 Since the diiersity antennas
are c.ose to each other (less than a few tens
of waveiengtns), the technique has little effect
on 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 particuiar ievel, and the duration of 'ace oe.cw
a ,eve! are important in system cesign 12].

There does not exist in the literature, to the
authors' knowledge, an y comparison
oetween calculated and experimental	 results
obtained from several diversity reception
scremes.	 Lee [3] analysed the level crossing
rate for just one system assuming a precietec-
tion equal-gain combiner and a low cross-
correlation among fading signals.

This pap er presents the measured data
for the statistics of level crossing rate lLCR)
and fade duration wnen predetection selection
(SC), equal-gain combining (EGC) and maximal-
ratio combining (MRC), schemes are usea. In
aadition, we present results using 'switch and
stay' (SS) and 'switch and examine' (SE)
strategies. The experimental data are compared
with results obtained theoretically for a simple
case of no cross-correlation.

II. DIVERSITY CPERATION

The EGC and MRC strategies copnase and
=noire au i the recei/ed signals. MRC weights
the received signals in proportion to tre res p

-ective enveicoes k assuming tre receiver noise
power :s identical in ail or the brancnes).	 The
SC selects one of the received signals wnicn
as tne .argest signal enveloce, anc so the

sim p lest. Practicai combiners have been proposed
for EGO and MRC for use in mobile radio
systems [l]. To realise the action obtained
by SC with less complexity, 'switch and stay'
and 'switcn and examine' strategies have been
proposed [4]. SS and SE switch between
antennas whenever the received signal falls below
a 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. SS and SE are simple to
implement and hence are attractive for mobile
radio use. However the signal statistics are
a function of the switching threshold, and although
the SE strategy allows for a quicker return to
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
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resultant signal -to-noise ratio (SNP) after
combining, since the receiver noises are alro
added for EGC and MRC. 	 When the recei /ea
signal envelopes are R 1 , R 7 , ... RN , for a N
branch system, the ef fective signal envelope
is given by:

R N	, for SC,SS and SE

R	 R	 f•RN	 , 'or ESC	 ( I /

ir171

tar MRC

:f the ef fective envelopes are the same 'hen
be combiner outcu's aye •. `'e .arre :.P.

As the number of diversity branches
.ncreases, the increase in diversity improvement
becomes less and the receiver structure becomes
more complex. A two -b rancn diversity N=2)
.vstem, wnicr is considered to be tne most
p ractical, Has adopted or our experimert.

E <PER1MENT

The data for this pacer originates from field
'flats carried out in an urban area of Liverpool
using a mobile which transmitted to a base
station.	 The data were recorded, at the base
station, as signal strength values from the output
of field strength receivers that were connected
to two antennas. These antennas were positioned
for various configurations relative to each other
and tne mobile test area. The mobile trans-
mitted a 25 watt continuous wave at 896_5 MHz
.sirg a vertical monopoie antenna mounted on

	

root at the yenIc.e.	 The vehicie was driven
.rcund a creo.anneo route in t ne test area, some
•	 distance 'ram tre base station, at a
-ear./	 ccnstant	 zeea	 of	 around	 10m/sec.
-e data used .n 'his pacer are taken `ram

3 route wnicn was some COrn in length that
lay nearly circumferential relative to the base
sta t ion.	 The base station was located on the
root Jf the deparment at a -eignt of 35 meters
acove the orcund .evei. 	 Two ierticallv mounted
-31'-waveiengtn ci poies were used, at t'-e
case station, to receive the -nuitioath signals.
Far this pacer we use data detained when the
antennas were con f igured in a stacxed manner
'or separations of -i, 10 and 20 wavelengths,
•yricn corresponds to envelope cross-correlations

fenv ), oetvveen the two received signals, of
033, 0.75 and 0.42 respectively. These cross-
-al-relations Here obtained by averaging cross-
correlations 'or two second segments over tne
whole section length (a pprox. 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 holding
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 enaoled a true comp-
arison to be made between various diversity
reception systems by simulating the diversity
action	 using	 identical data.	 The	 diversity
schemes are compared using a number of
statistical results such as; the cummulative
procap iiity distribution 'unction (C.OF), the !evel
crossing rate (LOS) and the average face dura-
tion tor the originai signal envelope ana the
effective envelope after diversity has been empl-
oyed. Prior to determining these parameters
:re data is Iii tered to remove the slow faairg
com ponent. This :s achieved oy normalising
the enveicoe by the 10C3i mean.	 The received
signal envelo pe 5( t), is a comoination of a 'est

t) and slow m	 t) fadirg ccmoorerts sucn
that:

5( t) = r(t) 4,7175 	 (2)

The local mean power (m4 ( t)) is estimated using
a moving average method by:

N-I

('')	 t
n+m

)n t71
2

m=-N+1
-T

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

R(	 (4)
r( tn)

IVa. E <PERIMENTAL RESILLTS

In the following section we present results 'or
the ef teats that SC, EGO, MSC, SS and SE
diversity strategies have on statistical parameters
such as the CCF, LCR and average facie duration
for data with envelope cross-correlations of
0.93 , 0.75 and 0.42. Figure 1 snows the CDF
for each of the diversity strategies (using a
-10a8 switching threshold for SS and SE and
a 2 millisecond duration for SE) for data with
f 0.42. Al! of the schemes show big
imgovements compared with the case of no
diversity, especially when deep fading occurs.
Typical improvements at the I% level are:

5.25 dB using SS
6.93 dB using SE
8.83 dB using SC
9.52 dB using EGO

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

3)
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cur experiment was 31-1). The 'rormali-ed
aierage	 face duration'	 is	 'he	 duration,	 in
econds, of a fade below a par'icuiar 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 again, the switch-
.ng	 tnre nolo	 atfec t ing	 tne	 improvement
oroiided o/ the SS and SE cases.	 In 'erms
• •re aierace face ourat; n me SC, E.SC

and MP C ca es show a consistent remotion
n the duration of a face, with	 he larcest
mor vement oeing proviaea b y MRC.	 Be,cw
fre 	 thresnold tre C• S and SE strafed/es
now	 feauc•ton al the f ace durati-n.

The =tf=ct , f envelcoe cro.s-,arreia..on
s nown .n icure	 t r • ne 'ARC and SI'. oa_es.
.n born ,..ases an rcrease .n 	 n, reduces the
-e pec • iie improvement.	 HowLer where as
ii tne limiting case of f 	 = I the SC, SS
and "E strategies .how n	 improvement, the

and 'ARC cases have a minim Jrn 3dB
srcrovement. F gures 5 and 6 now the -CR
.rd averaae 'ace d-rat. n vet a -arge cf
I

	

	 for 'ARC and SS re oectively. For MRC
L,..R is maximised for increasing f o v and

oven 33	 oc, approache a high ialue ttCere is
till a sigt1.11cant reduction in the LCR.	 The

average faae duration, using MRC, changes little
with f and remains approximately halved.
The SS cge, in Figure 6, snows a greater incr-
ea e in LCR for enlarging fthan that for
meMRC case, and in addi f ior,v the choice of
sl.v itching	 thresno Id	 consideraoly	 affects 	 the
performance.	 The average face duration tenas
"awards the no di/ers,t/ ca e as 1	 incr-
e a:e .	 Be,ord the	 wit-nirg-hresnalIcY point
-he average face du ration .s	 cr. ,morcved for
m 3""e va -es 31 f

aeil <rown -hat f `"e aavantage or
3 '. n — rar n zliorsio	 t=rn -.n -111 oe obtained
or a cor s- arr. /at/on -0 ".". Iris is
een in all or our -esults 'or the CF, LCR
3rd averaae `ace durat on for all strategies
excep t mat S ana ^E have a reduced improve-
-ent .vim regara fo -CR and 'see duration.

ac-ieve a f or 0." at the mooile an
ante-na zpac.rg 51' around nalf a wavelength
S reauirea. To acrieve a = rifler f .nv at -..he
ca e stath-n, wren 'he mobile .s -or ne 13km
z.starce, the antennas can be separated
.rticallv apart by around 12 wavelengths.

"ALC-L z. TEID RESLLTS

..n Ray leigh fading, the received siaral envelope,
at eacn branch, has a probability distribution
function (PCF, given by,

_R2
p(R) R e —F 2 r

where, from now on, R is the envelope, and r
is the average signal power (viz rni (t)). When
predetection diversity is used, the signals are
combined in phase or switched. For independent
Rayleigh fading, the PDF and CDF are given
in Table I for various diversity strategies.

-he calculated CF :s arowr in .= :g.7 for
each of the diversity strategies. It can oe shown
that MRC has the best performance, and that
SC and EGC achieve a reduced improvement,
relative to MRC, of -I5dB and -0.88dB respect-
ively.	 In the case of SS and SE the diversity
gain varies according to the switching threshold.
The calculated and measured CDF (Figs.7 and

respectively) are quite :frillier.

The LC.R :s cerea 35 tie number cf
negatiie or positiie-goirg crossings per second
Of the eauivalent signal envelope R, ana is
obtained `rom:

co

NR= I
. 	 •
RoR,R JP	 (6,

.vnere R is the r ime deri.auve of R and o(R,R)
is the joint PDF. If we consider R, and R7
as the „equivalent envelopes of e.ach br iarch therl
since R, and A,, are independent of R and
R, end they are Inutuall/ independent zero -mean
Gguss.an variables, then their variance is given
by;

o2 A = 	 (0)

where .13 (t) is the normalised autocorrelation
function of the received complex signal envelope.
Substituting (7) into (6) and using Table I then;

NR = p(R)	 -.P (o) r
"ri--

If we assume that the scatterers surround
the mobile uniformly then;

•• o) = 2)
2 J 2•7(-`,-,t)1

°	 0

.vnere f- is the maximum Coopier ‘requency
i.e. ,er7d.e eoeed wavezengtr).

The calculated	 (NR f0) for the various
diversity schemes are shown in Fig .8, where
a -10cB threshold has been used in the SS and
SE strategies. The LCR values are under-
estimated 'or SE, since the calculations do not
take lnto account the Periacnc switching, which
occurs wnen both envelopes are below the
switcning thresno.a.

The average facie duration is given by;

(10)

The results are also shown in Fig.8. The
measured and calculated LCR and average
fade duration are similar.

It is well known [2] that if two signals
are correlated, the effective average power
is reduced to r ff .r	 , where
p is the %ornplex fading cross-correlation12and is related to env-1 4 P 121 2 When

J 
env = 0.7 the diversity reduction is about

(5)

••
(8)

= - (27/4,-; 2 	(9)

—2—
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2.6 dB. Considering this effect, the measured
data agree well wifr the calculated results.
The difference between the two can be attr-
ibuted to the normalised data not being pure
Rayleigh and not having zero cross-correlation.

V. CONC_USION

The effect of variou r diversity combiners were
com p area using tne CD, LOS and average fade
duration	 c tatistics.	 :A.;	 results show	 tna•
:Diversity rece p tion is u eful	 ir	 reaucing	 the
effect o f fast and cieec signal fading, in agree-
ment with theor y .	 The improvement is most
noticeable for the CDF and -CR, however
the average faoe duration is onl	 reduced by
about a half.	 This means that if diversity
rece p tion is app lied to di g ital transmissions,
then tne Pit error rate is recJcac oonsiderab4
aria tne burst error length is approximately
halved. The advantaae of a twc branch diversity
s rne rne ca r be oPtained fo r an envelope cross-
co-re...nor up to G. 	 , c- SZ, EGO ano 1150,
ex reot for tne SS anc -T strategies.
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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 simulated and
the computed results show that the theoretical 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, a pe„,, 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 fade duration
CDF cumulative distnbution function
CN R carrier-to-noise ratio
EGC equal- gain combining
LCR
	

le el-crossing rate
M RC maximal-ratio combining
PDF
	

probability density function
Sc
	

selection combining
SE
	

switch and examine
SS
	

switch and stay

1 Introduction
It is well known that in mobile radio the recened si gnal is
subject to multipath fading. The si gnal enxelope
composed of a fast-fading component. caused by multiple
scatterin g in the immediate vicinity of the vehicle.
superimposed on a slowly varyin g mean value. The fast-
fadin g component often exhibits Raylei gh statistics whilst
the mean N. alue (slow fading component) is log-normally
distributed.

When di gital modulation is used, the radio link
performance deteriorates rapidly whenexer the receiNed
signal falls below some noise-related threshold. Diversity
reception techniques 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 avera ge 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

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 station site in an urban area. It had previously been
shown that si gnal envelopes with sufficient decorrelation
could be obtained from vertically-separated antennas' and
si gnals 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 receixed 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 si gnal, 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.4 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

Journal of the Institution of Electronic and Radio Engineers. Vol 57 No 6 (Supplement) pp 5218 5224 November December 1987 	 0 1987 IERE
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the computed results show that the theoretical 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, a Pens 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.
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AFD average fade duration
CDF
	

cumulative distribution function
C R	 carrier-to-noise ratio
EGC equal- g ain combining

R
	

level-crossin g rate
M RC mavimal-ratio combining
PDF
	

probability density function
SC	 selection combining
SE
	

switch and examine
SS
	

switch and stay

1 Introduction
It is vvell knovvn that in mobile radio the received signal is
subject to multipath fadin g. The si gnal envelope is
composed of a fast-fadin g component. caused by multiple
scatterin g in the immediate vicinity of the vehicle.
superimposed on a slowly varyin g mean value. The fast-
fadin g component often exhibits Rayleigh statistics whilst
the mean value (slow fading component) is log-normally
distributed.

When di gital modulation is used, the radio link
performance deteriorates rapidly whenever the received
si g nal falls below some noise-related threshold. Diversity
reception techniques 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 avera ge 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,2
which may not represent conditions encountered in
practice. It is therefore of interest to conduct a practical

comparison using real received signals which have
statistical properties that may be somewhat different from
those theoretically assumed. This paper presents such a
comparison usin g measured signal envelopes obtained at a
base station site in an urban area. It had previously been
shown that si gnal 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 various 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 comparing the various diversity techniques it is of
interest to examine the cumulative distribution function
(CDF) of the output si gnal, the level-crossing rate (LCR)
and the avera ge 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.4 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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Ri(t). R,(t).....R„i() for an M-branch system, then it is
shown in the Appendix that the effective signal envelope is
given by

for SS. SE and SCRk(t).

Ri(t)+R2(t)+...R1(t)
	for EGC	 (I)

V.11

vIR;(t)+	 .RL(0], 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 receiver
structure becomes more complex. Two-branch diversity

— 21. which is probably the most practical, is
considered in this paper.

R(t) =

•

• • •
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Fig. 1. Crosscorrelation between signal envelopes ihnv
received on two antennas spaced at various vertical
separations for data from a nearly circumferential route.

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 obtained theoretically.

2 Diversity Operation
The deleterious effects that fading has n sign.. ieception.
especially to digital transmissions, can be overcome, to a
large extent, by implementing various diversity schemes.
Diversity is a convenient method of reducing the depth
and occurrence of fades by combinin g decorrelated
versions of the original signal. Of the many' diversity
schemes, the most useful method for mobile radio is space
diversity which utilizes the simultaneous reception of
decorrelated signals on two or more spaced antennas. The
spacin g between the antennas determines the crosscorrela-
non between the received signal envelopes and thus affects
the degree to which the rate and depth of fading can be
reduced. The &correlated signals obtained from the
diversity branches can then be processed using vanous
'combining' schemes. The processing can be performed
prior to or after demodulation (pre- or postdetection). In
what follows we consider various predetection combining
systems for which we assume the noise power to be the
same in all branches.

In a predetection MRC the signals from the branches
are cophased and added together, each branch beIng
weighted in proportion to its own signal voltage to noise
power ratio.' 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 is the best that can be achieved by a linear
combiner. Predetection combinin g can be more simply
achieved however by settin g all the wei ghtin g factors to
unity, thereby producin g an EGC. Practical realizations of
MRC and EGC ha%e been proposed for use in mobile
radio systems.' SC selects the branch with the largest
instantaneous SNR. However to realize an action similar
to that of SC with less complexity. SS and SE strategies
have been proposed.° The essential difference is that in
switched systems there is no attempt to find the best input.
merely one which is acceptable A threshold is set and an
input is used until it falls below that threshold. Bastcal4
there are two switchin g strategies which can then be used
and these cause different behaviour when both si gnals are
in simultaneous fades. Firstly, there is the SE strategy
which causes rapid switching between the inputs until one
of them rises above the threshold. Secondly. there is the SS
strate gy in which the receiver is switched to. and stays on.
the alternative input as soon as the input in use falls below
the threshold, irrespective of whether that input is
acceptable or not. Of course, if the alternative Input is
above the threshold, both systems behave in an identical
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

3 Experimental Configuration
The data for the simulation originates from field trials
carried out in an urban area of Liverpool.' A vehicle-
borne transmitter radiated a 5 W CW s-igna( gc16...5
using a vertical monopole antenna mounted on the roof of
the vehicle which was driven around a route, nearly
circumferential relative to the base station, some 1-3 km
distant, at a nearly constant speed of 10 m s. The base
station was located on the roof of the Electrical
Engineerin g building at the University, some 35 m abo‘e
ground level. Two vertically-spaced A 2 dipoles were used
at the base station to receive the multipath si gnals. 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 si gnal strength data were later
simultaneously di gitized at a rate of 1 kHz using an eight
bit analogue di gital converter, and stored on a di gital tape.
which was subsequently transferred onto one of the
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Fig. 2. Measured CDF of a norMa ized fast fading signal
envelope for various diversity schemes

lini‘ersity's mainframe computers (IBM 3083). The data
base enabled a true comparison to be made between
%arious dRersity combiners by simulatin g the di‘ersity
action using identical data.

Since the diversity antennas are usually close to each

other (less than a few tens of waveleneths), there is little
effect on the slow fading caused by the vamne 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-as erage window) to remo‘e
the slow fading component.' The ‘arious 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 effective signal envelope after diversity has been
employed.

4 Experimental Results
The measured envelope crosscorrelation. p,„,. between the
two received signals is shown in Fi g . 1 for vertical antenna
separations from 2 to 24Z. These crosscorrelation
coefficients were obtained by avera gin g values obtained for
two-second se gments over the whole section (approx.
300 m). For the diversity simulation, we used the data
obtained when the antenna separations were 4. 10 and 20Z.
which correspond to p,„, bein g 0-93. 0 . 75 and 0-42
respect ively.

4.1 Cumulative Distribution Function (CDF)
Fi gure 2 shows the CDF for each of the diversity strategies
(usin g a -10 dB switchin g threshold for SS and SE and a
2 ms duration for SE) usin g data for which p,n ,= 0.42.
Without diversity. the CDF of the individual branch
signals follows the Raylei gh distribution as expected. All
the schemes show substantial improvements compared
with the case of no diversity. especially when deep fading
occurs. MRC gives the lar gest improvement. SE is slightly
superior to SS for a signal below the switching threshold.
while the CDF is identical above the switching threshold.

-2
10 I	 I	 I	 I	 I	 -7	 1

-30	 -20	 -10	 0
Normalised Signal Level (dB)

Fig. 3. Measured (a) LCR. and (b) AFD, for SC. EGC and
MRC strategies.

152

-30	 -20	 -10	 0
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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 I'', level are 5 . 3 dB for SS.
6 . 9 df3 or SE. 8 . 8 dB for SC. 9 5 dB for EGC and 10 . 5 dB
for \IRC.

4.2 Level Crossing Rate and Average Fade Duration
The effect that the various diversity strategies have on the
LCR and AFD is shown in Figs 3 and 4. In these fieures,
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
multiplied by f0. In all the schemes the LCR is
considerabl n, reduced for situations where deep fading
occurs. The SC. EGC and M RC Cases provide the largest
improvement in LCR with again the switi_hine threshold
affecting the improvement provided by SS and SE. As far
as AFD is concerned. the SC. EGC and \I RC eases show
a consistent reduction, with the lar gest improvement beine
provided by NIRC. It can be seen in Fie.. 3 that the AFD
for SC. EGC and MRC is almost halved. Figure 4 shows
that the SS and SE strate g ies ndeld an identical reduction
in the Al-D when the sienal is above the switching
threshold. Below the switching threshold. the SS strategy
shows no improvement. whilst SE does, as a result of the
periodic St!. itching.

4.3 The Effect of Crosscorrelation
The effect of envelope crosscorrelation on the CDF
shown in FIE. S for the MRC and SS strateeles. In both
cases, an increase in p 	 reduces the improvement.
However, whereas in the limiting case of = I the SC.
SS and SE strate g ies show no improvement. the EGC and
MRC cases have a minimum 3 dB improvement, which is
easily understood by reference to equation (I). Figures 6
and 7 show the LCR and AFD over a ran ge of for
MRC and SS respectively. For MRC, even as pc„,
approaches a high value, there is still a significant

Fig. 5. Effect of p,n on the measured CDF for MAC and SS
strategies.

reduction in the [CR. The AFD. using MRC. changes
little with p c., and remains approximately halved. The SS
case. in Fig. 7. shows a greater increase in LCR for a larger
p c „, than that for the MRC case. The AFD tends towards
the no-diversity case as p c., increases. Below the switching
threshold, the AFD is not improved for any value of pn„,.

Fig. 6. Effect of p.n., on the measured (a) LCR, and (b) AFD,	 Fig. 7. Effect of pen,, on the measured (a) LCR, and (b) AFD,
for MAC.	 for SS using a switching threshold of -10dB.

0
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P(R) =

P(R)
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It is well known that in Rayleigh fadin g conditions the
advantages obtainable from diversity are still apparent
pros ided the envelope crosscorrelation does not exceed
0 7. This is confirmed by the results for the CDF. LCR
and .1I-D for all strategies except SS and SE. To achieve a

no greater than 0 . 7 at the base station. when the
mobile is some 1 . 3 km distant, experiments' have shown
that when the antennas are approximately 35 m 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 branch has a CDF given by

P(R) = I	
( R2

exp

where c is the avera ge si gnal power (which has been
assumed to be unit) since the received si gnal is normalized
by the local mean). A closed form expression for the CDF
of SE. SC and ‘1RC with correlated fading is given by'

where K = I for SC. 2 3 for EGC and 1 2 for N1RC. Since
0 2 in Raylei g h fading.' equation (5) shows that the

envelope erosscorrelation reduces the effective average
power by a factor of (1 —p,„„1 for all the diversity
combiners. When p,„,, = 042. 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 second of the effective si gnal envelope
R(t) at a particular signal level R. and is obtained from

NR	 fip(R. fi) dfi.	 (6)

where p( R. fi) is the joint probability distribution function
(PDF) of the si gnal envelope Rut and its time derivative
Ala The AFD is given by

PI R)

ii
= 	.

(2)

(7)

R,
—exn	 •

	

) Q(cr ( I — p i: ")	 cv	 P12 2))

	—exp ( -
2a-

-.){ I 	 —Q(1)1.2 	
av P121 2 ) S a, (I — P1221)}'
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ex P 	 2u2	 — Q(12 	 , •	 r

	a N., ( I — Pizt") a N,	 Pi21-)
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+Q 	 , • PI2
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\	 R2

2 P,21
{(1+ pi2)exp( 

2'0	
(I	 )exp (—

(7	 + p, 2 ) )	 16-(1— P12 ))}.

for SE

(3)

for SC

for MRC

where p, 2 is the value of the crosscorrelation function
p .1:1 at r — 0 between the complex envelopes of the two
fadin g si g nals. Q(a. h) is Marcum's 0-function defined as

0 = 4- v'
Q(u. n) — I	 exp —	 )1 (avi dl: (41

where 1,, ( • 1 is the modified zero-order Bessel function.
and R, is a switchin g threshold. A good approximation for
EGC can be obtained by multiplyin g the avera ge signal
power in the expression for the CDF of MRC by v )3 2))
\n expression for the CDF of SS has not yet been found
or correlated fading, but it is identical with that of SE for
independent fading." Hence, we use the CDF of SE as an
approximation to SS.

The calculated CDFs for independent fadin g (P i z = 0)
are shown in Fi g. 8 for each of the diversity strate gies. It
has been shown- that ‘1RC gives the best performance.
with SC and EGC achieving a reduced improvement
relative to MRC of —1 . 5' dB and —0 . 88 dB respectively.
The measured and calculated CDFs (Figs 2 and 8
respectively) are quite similar. For small signal envelopes.
equation (3) can be approximated as

[ 	RR, 2
for SS and SE (R « R,)

2cr2,/(1-1PI2I2)

(5)
R2 

i2 . for SC. EGC and MRC
2a " N, ( 1 —W12.12)

-30	 -20	 -10	 0
	

10

Norrnaltsad Sig naL Level ( d B )

Fig. 8. Calculated CDF of a Rayleigh fading envelope for
various diversity schemes under a condition of independent
fading.
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Without diversity. the LCR and AFD are given by'

N R = (27 )./D(	 exP
2er	

)
—	 (27r)10.2

	

R 2	 RR

 sy 2

rf,

Recently, the authors have analysed the LCR for
predetection diversity combiners.' When R is small a
simple approximate expression has been obtained, namely

(8)

where p(R)= (d dR)P(R) is the PDF of the effective
envelope, j = (d 2 dr 2 )p 1 ,(r) at r = 0 with Pi ,(r) being
the autocorrelation function of the complex envelope of
each received signal and i) 2 = (d dr)p, 2 (r) at T = 0.

Assuming that all the multipath waves received at the
base station result from scatterers surrounding a mobile
uniformly,	 p„(r) = J0(27fori	 (Ref. I I	 and	 thus
i)„ = -2(7/0 ) 2 where fr, is the maximum Doppler
frequency (vehicle speed carrier wavelength). No analytical
expression is available for with vertically-spaced
antennas but we know that for horizontally spaced
antennas its effect can be assumed small if the separation
01 the two antennas is not too small.' We therefore assume
p	 0 and hence

N R	 p(R)	 (9)
V 2a

If the Wine sienals are independent ( p 12 and 1, 12 = 0)
equation (9) jives the exact expression. The calculated
LCR (.% /OD ) and AFD 1 ./ D r. R ) for various diversity
Lombiners are shown in Fig. 9 for independent fading
signals, where a -10 dB threshold has been used in the SS
and SE strate g ies. The measured data are shown in Fi g . 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

the jVi itchin g threshold. The difference bemeen the
calculated and measured data for SS. SC . EGC and NI RC
can be attributed to the envelope crosscorrelanon not
being zero.

When the two fading si gnals are correlated we have'

for SS and SE (R «

(10)

for SC. EGC and NI RC

and

(II)

122
exp GA -1

1	 R
T R = 	 	 (12)

(2r)f0(-1.)'t .j(2n)fl) \ ICrj
2c7

Equations (10) and (II) show that the LCR increases as
the envelope crosscorrelation ( pi-) increases (whilst
the AFD is unaffected) and becomes 1 . 7 times. 4 times and
14 times as large as that for the independent fading case for
p a„, = 0-42. 0.-5 and 0-93. respectively. The AFDs for SS
and SE strategies are equal to that of no diversity. while
SC. EGC and %I RC can halve the AFD. Considerin g the
effect of the envelope crosscorrelations. the measured data
shown in Figs 6 and ' a gree well with the calculated
results.

6 Conclusion
Recorded si gnals obtained from vertically-separated
antennas at a base station site have been used to compare
the effects of various two-branch predetection diversity
systems (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 pan , up to
0 . 7 for all strategies except switchin g . A value of pan , no
greater than 0-7 can be obtained at a base station site 35 m
above ground level. in a cell of radius 1 . 3 km. using
antennas separated vertically by about 12).. 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.

p„ +	 2  ( I - P1212) 
p(R),

27r

Fig. 9. Calculated (a) LCR and (b) AFD, for various diversity 7 Acknowledgments
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9 Appendix
If a signal with a Raylei g h-fading enselope gisen b)
equation (2) is received in the presence of Gaussian noise
of mean power N. then It follows directly that the
instantaneous carrier-to-noise ratio (CNR) = R 2 2N and
the mean CNR = N. It is easily shown that the POE
of the CNR is given by
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Effects of correlated fading on level crossing rates
and average fade durations with predetection
diversity reception
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Abstract: General expressions for the level cross-
in g rate (LCR) and average fade duration (AFD)
are obtained for several diversity combining
schemes employing two-branch predetection
reception of correlated Rayleigh fading signals.
These expressions are obtained from joint and
conditional probability density functions (PDFs)
of the received signals, and lead to a unified treat-
ment. This simplified method contrasts with the
characteristic function approach used in previous
investigations. Numerical results are presented for
a space-diversity system using horizontally spaced
antennas at a mobile station. It is 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, it 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 is loosel!, dependent on
the antenna spacing and, provided the antenna
spacin g is not too small, is approximately half that
for the no-diversity case.

List of principal symbols

d	 = distance between space-diversity antennas
t!,	 = received amplitude of ith multipath wave
erfc	 = complementary error function
I D	= maximum Doppler frequency
.1 0(.) = zero-order Bessel function

= mean value of
N R	 level crossing rate LCR) at envelope level R
n	 = conditional level crossing rate
p(a, 1)) = joint probability density function (PDF) of a

and b
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b) = conditional PDF of a with b given
= real part of complex value

pit) = time-varying signal strength envelope for Nth
branch

g( t)	 = time derivatixe of time-varying si gnal strength
envelope

= complex amplitude of ith multipath wave
= complex conjugate of complex ith multipath

wave
= modulus of complex ith multipath wave
= ensemble average of complex ith multipath

wave
= mean matrix
= inverse of matrix M
= transpose of matrix M
= angle between antenna axis and direction of

vehicle motion
= phase of ith multipath wave
= phase difference between ith and jth multipath

waves
= wavelength
= complex crosscorrelation function between ith

and jth branches
= avera ge received si gnal power
= variance of R
= time delay
= average fade duration (AFD) at envelope level

1	 Introduction

In UHF land mobile radio, the signal transmission per-
formance deteriorates severely because of multipath
fading [I]. 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 estimated
from the level crossin g 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

11



(4)

(5)

R,R,

the combining method used. In practical diversity
systems, the fading si gnals received at the different
antennas may be partially correlated, but little attention
has been given to evaluation of the LCR and AFD of
diversity combiners with correlated fading signals. Lee
[7] investigated 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 fadin g 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] usin g an approach
based on characteristic functions. This approach has
restrictions because, to derive one of the fundamental
relationships (eqn. 5 of Reference 81, it is necessary to
assume that the branch sinuals and their time derivatives
are all Gaussian random variables, that the correlation
between the signals is not stron g, and that the time deriv-
ative R(t) of the output si gnal envelope is a function only
of the time derivatives Rot), R 2 1t) etc. of the branch
si gnal envelopes. This latter restriction has the further
effect of limiting the analysis to the case of equal-gam
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 their
time derivatives 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 usin g honzontally spaced
antennas at the mobile station.

2	 Analysis

2 1 Received signal representation
We assume that an unmodulated carrier is transmitted
and that the si gnals received on the two antennas are
subject to mutually correlated Raylei gh fadin g with a
symmetrical power spectrum. The fadin g power spectra
of the two received si gnals are assumed to be identical.

The received si gnal at the ith antenna (i = 1. 2) can be
represented in complex form as

elf) = Re ::,(t)e-1"`;

= R (t) cos ;(f), t + 0,(t) . 	 (1)

where ;(t) is a zero-mean complex Gaussian process. The
envelope R 1(t)( = I:P11) follows a Rayleigh distribution.
and 0,(t) is a uniformly distributed random phase [1].

21 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

R(t) can be expressed as

imax ;Rot). 12 2 (t);	 SC

R,(tI	 R21t)
R(t) =	 EGC	 (2)

2

(Rt(t) + 12 .21 (t))	 MRC

In the above we have assumed that the noise power in
each branch is identical = No). and have taken into
account the resultant noise power at the combiner
output, such that R 2 (t) 2.V 0 represents the combiner
output signal noise 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 Mt) at a certain
level R can be obtained from eqns. 1.3-32 and 1.3-41.
respectively, from Reference 4:

1•.V, = i gp(R, AI (IA
o

RR)
tR = -

NR

where .V„ is the number of upward crossings per second.
piR, AI is the joint probability density function (PDF) of
R = R(t) and its time denvative R = MO, and PIRI is the
cumulative distribution function (CDF). From eqns. 2.
Au) is given by

A,(t), R 1 (t)	 R2(t)
SC

R 2(t), R 1 (t) < R2(t)

A,(t)+ 112(0
EGC

2

R i (t)g l Itl+ R2(t)E2(t)

„ARNO + R(E))

Using complex notation, 11, is represented as

{.:,(t)*:,(t)}

The analysis in this paper i gnores 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 (given z, and z2)
From eqns. 4 and Sit can be seen that with = :.,(t) and
:2 = z 2 (t) bein g given. R becones a Gaussian variable
having the conditional PDF

101 : 11-72)-= M E I R o R2, 012)

	

r 	 — Ink(21

a*, (270 exP	 .2cri j— 	

where 0 	 arg (ft: 2). Values for ink and o-k are derived
in the Appendix.

2.4 General expressions for LCR
The joint PDF of R I , R2 and 0, 2 is given by eqns. 8-31
and 8-102 of Reference 10:

p(12 1 , R 2. 0 12) — 2ita4(1 — 1P1.212)

R? +	 — 2R 1 R 2	 (Pr: eie")]x exp [—
2(3.2(1 —1,91212)	

(7)

(3)

R(t) — Re

A(t) —

MRC

16)
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n =	 g in g R I , R 2 , 0, 2 1 dA

a, r
[exp (-4)

, (2n)	 2a11

(12)

Sc

EGC

M RC

v.here 0(a. b) is Marcum's Q-function:

20)a, b) = F:c exp	 x2	 ±_	 )1 0(aA) dx	 (16)
2

A good approximation to the CDF of an EGC can be
obtained using the CDF of MRC. and is obtained by
replacing the average signal power a 2 of a sin gle branch
with (, 3 2)a 2 [4]. Hence, the values of AFD can be
obtained from eqns. Sand 15.

A simplified expression for the AFD. particularly for
small values of R. can be obtained using eqn. II:

IP12 1 2	 )) a„, 2

1 — I p1212/

for all diversity combiners.

for	 1
av 2

(17)

13

1
TR

2

Applyin g the appropriate variable transformations using eons. 2, R. AI can be obtained from eqns. 6 and 7. and hence
the LCR can be calculated from eqns. 3. To make the LCR calculations simpler, we can change the order of integration
with respect to R first. The LCR can be evaluated from

C

R IR

R	

ninR, = R. R .I . 0 12) dR, d0, 2 	 1RninR,. R, = R. 0, 2 ) dR at:.

flt.,2

MRC

where n is the conditional LCR and, from eqn. 6. is gi‘en I

by

0

fx 2

J b 0 
nRin	 = R cos 0, R. = R sin	 0, 2 ) dtli d012

n, (2)pIR,, R 2 = (21R — R 1 , O il) a, d0 12 	 EGC	 (8)

Sc

here

w	

2

here erfc ( ) is the complementary error function.

\1(—j")(
cry
—R )	

2

For independent fadin g si gnals. P 12 . 11 12 and Ai, = 0 for
191	 m k and 4, . Hence from eqn. 9, n = a, ( —;;„ 270. which

is not a function of R R 2 and 0, 2 . Inspection of eqns. 3

	 1 PDF of R with diversity reception, and is given by

Tr
—.OH

)--„ 2 exP	 exP	 7a7)} SC

\	 R

NI(-72il) exp (—
R 2 	R exp (_ R 2 ) f R 2 	 it ert.	 R

2cr ikcr,, 2	 2a2)	 2	 cr.„,

3 exp(— —RI ) MRC
a2

+ (n)( 
10R erfc (— 21f— )1

aRN -	 \ art., 21J

EGC	 (13)

It is worth noting that the formulation of eqns. 8 is
particularly significant. Instead of usin g a characteristic
function approach, it is based on the joint and condition-
al PDFs MR,, R 2 , 0, 2 ) and MA R,, R 2 , 0 12 ), these being
well established relationships. The analysis is unified
throu g h eqns. 4. which establish the relationship between
R and A for each combiner. On this basis, the approach
is conceptually more straightforward.

Without diversity, the LCR is given by [4]

NR=
NA—*a„) 0. R 2 exp _( R2,)

(14)

2.5 General expression for AFD
We saw in eqns. 3 that the AFD is given by the
CDF LCR ratio. The closed-form expressions for the
CDF of SC and MRC with correlated fadin g are gixen by

	, [4]

shows that the LCR is equal to n ti mes the va lue of the

	

1 — exp —	
\	

0 	 	 ,) Q	 SC

	

_u-	 -(G,(1 — p i : 2).	

Pt: R	 PI2 R

n 11 —	 avIl —	 2). a„ (1 —
R2

PIRI

1:7211 

R2 	 1

p,, )	 2 l— p,
p

2

	

,,	
[	

I21 
-r- exp

2a11 — P121)

	

P12	
MRC

2
I	 exp —+ P121	 [— (15)

For small %.alues of R. 	 approximate expression can
he obtained. From the Appendix. 'k „(216- k is small and
hence n	 k ,12ri. Usin g this and the approximate joint
PD F:

RR2 
p(R i , R. 0 12 ) — lna 411 — 1,0,212)

we ha‘e the following simplified approximate expression:

I — 2 	 cry 2 

( 

_ 

iin + (  li)

I

,.

P,

1=

21

 )) ( R )3

It	 i 1 — IPI212

R
for — 4 1 (11)

aa,,,2
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When two fading signals are independent, an exact expression for the CDF of an EGC can be obtained. The
AFD is given by

i

1 If 	

123)
\ exp (-„c—r2 — 1

72 Nik —Iti/11)	 ( -R )

fa,./2)	

Sc

1 i	 I — exp (— 14) — a2-3 exp (-- ,2:-I)„/(a) erf ( 072R )

tR = 2\ Ni( — ;i i)
N., 

exp (— _i)r__R__ exp (--R2 ) + T i- — i l ,(29 f( R )1
2a-/La 2	 1(13/	 ia=	' er a, 2 ]

	

exp
(,R22) ( 1	!!)02.2)

— PII)	 R )3

a, 2

Without diversity reception. the AFD is represented as
[4]

7E	

R2

exp	 — 1
2a-

r, =
V(-011)	 R

kav .2/

(

it	 R

— i) crsi

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 mobile station.

Two antennas with omnidirectional radiation patterns
are used as shown in Fig. I. In this figure d and a denote

the antenna spacing and the angle between the antenna
axis and the direction of vehicle motion, respectively.
Assuming that incoming multipath waves having equal
amplitude and independent phases arrive from all direc-
tions with equal probability, we have [11]

{

PI	 = J0(24-E, r)

P12( 1") = JoI27t,/[(fD T) 2 + (d, .03 — 2(fD T)(d1,1) cos a])

(20)

where J0(.) is the zero-order Bessel function, is the
carrier wavelength, fp is the maximum Doppler frequency
(vehicle speed/carrier wavelength), and a = 0 — it/2 rad.

Hence

Pu = — 7/./3)2

PI2 = J 0(2a Td)
A

i)12 = 27rff, cos a../ 1 (27t ,d7.)	 (21)

(2n 7id)

= (2,71-o)2	 A	  cos 2a — cos' 2./0(2a

(2.7r '1)

where ..1 1 (.) 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

id 7-

NORMALISED SIGNAL LEVEL R/170; de

Fig. 2 LCR curves for independent Rayleigh fading

•-• co

MRC

R
lor — I	 (19)

2
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naluated 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

0 -

25	 20	 -15	 -10
	

5

NORMA-I-ED SIGNAL EV. R	 dB

Fig. 3 AFD curtes for independent Ra yleigh fading

NORMALISED SIGNAL LEVEL R //2" cr ,013

Fig. 4 LCR curves of M RC for various antenna spacings

n Orad	 -	 - omx2rad
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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. Riff) , of an MRC at R 12)cr = -20 dB is
2.5 x l0. It can be seen in Fig. 5 that when a0 a 2,
N,d fp becomes smaller than 2.5 x 10 -3 for small
antenna spacings. In particular, when the two antennas
are parallel with the direction of vehicle motion (I = 0), a
minimum LCR can be obtained at Ve. a, 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 0.15;.), eqn. 11 is found
to be a good approximation.

Fig. 5 Effect of angle s between antenna axis and direction of vehicle
motion on LCR curves for MRC

R (21a - -20 dB
exact	 - approximate

NORMALISED ANTENNA SPACING d/A.

Fig. 6 Comparison of LCR curves for SC, EGC and MRC

li'v (2)er - -20 dB
x n Orad	 - a••x2 rad
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The AFD evaluated using the above results and the
CDF calculated from eqns. 15 are shown in Figs. 7 9.

< a 4. 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.

NORMALIS F D SIGNAL LE /EL R .70" cii3

Fig. 7	 4 FD curies of 5/ PC for ',mous antenna ,pacings

.1	 0 rad	 Sx	 7 2 rid

The shape of the AFD curses of the MRC for a = 0 and
a 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 (a = It 2), and almost identical with those of the
independent fading case for antenna spacings >0.1 A.
The effect of the antenna angle a is shown in 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, f0 t, at

R / v(2) = —20 dB 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

NORMALISE() ANTENNA SPACING d/A

Fig. 8	 Elect ol angle 7 between antenna axis and direction of 1chicle
minion on .00 curves for AI RC
R i2kr	 20 dB

exact	 approximate

EGC

NORMALISED ANTENNA SPACING cl/a.

Fig. 9 Comparison of AFD curves for SC. EGC and M RC

R (2)n7 —20 dB
0 rad	 - - -	 2 rad

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 si gnals. Numerical results
were presented for a space-diversity system using hori-
zontally spaced antennas at a mobile station. It has been
shown that the an gle 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 parallel to the direction of
vehicle motion. For a signal level of 20 dB below the
RMS value and an antenna spacing of 0.25 A, 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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=	 0-2j),)0)

(24)

MRC

Sc

R, > R2

R, < R1

EGC

(26)

a2 Re {(,2 + r_r2(i3;122)22)*e''''} 	 EGC (27)
IP,2 2

=	
1 — PI2
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7	 Appendix

Let .t and be the column matrices of L. , = i,it) and =
2,(f), respectively. Here, , :1 1 and are mutually cor-
related zero-mean complex Gaussian vanables. Applying
the matrix theory described on pp. 495-496 of Reference
12. the mean (2 x 1 column) matrix M and the covari-
ance )2 x 2) matrix A of with z given, can be obtained

=	 =	 11*.:

l.t'= a—eb Icr*

where a, b and c are the partitioned matrices of the cor-
relation matrix

1((t2)*(DT) = ( c aT* cb)

	
(23)

and (.)' and 1.1 7. are the inverse matrix and transposed
matrix. respectively. In our case, the components of a, b
and c are given by

,
a,, = –a-	 p,,(r)

dr-	 r

= /2Pu40)

d

	

= –a- —
dr 

a u-Cr)	 = –c654(0)
0

where pr) = :At)** ri, 2a2 , and 0.2 =	 2 2
is 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 iden-
tical, j),,(0) = /5 22 (0) = 0 and .0„(0) = 0 22 (0). From eqns.
22 and 23 we then have

1	 (P12 dbl.,.

1912

4_
Pll

Pr2.(12)2 (25)

—
• —

A =

P12 	 —P1.2P/2)

1;9,212

Pi' +I PI21 2

PI2(42)2
1	 I/11212

101212
'42 + 1	 I pi212\

1 	 1P12 12/

where p i/ = PI 1(0), Pl2 = PI2(0). Pta = P12(OL PI I =
P I L(0) and 012 -= 012( 0 ) . Using eqns. 25 with eqns. 4 and
5, m k and ai can be found as

(22)

f

R, Re (/5f2P12)— 

1	 1	 2

R. Re (iir, el.")

— P12 

—R ., Re IPT 2 ,0, 2 ) a- R, Re 1 /4', eill")
z

1 – Pt2

R, — R  Re (0 2 p 12)+ Re (4 ze)
1- 2

I PI2 v-

R? — Ri Re (yr._,p,,,)

(Ri -+- R .2,) 1 — P 12 2

119 12 2  1

f
—62 {PIL ÷

-i p t2 2J

Pt21 2	 2RiRz	 {(iiia	 4:(012)2 

1 — 1P121 2 	 R? +	 I —IP1212
MRC
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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, L69 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. Considerable
improvements are obtained in general, although
switched diversity is not effective in reducing the
duration of fades. Provided an optimum switching
threshold is 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 [21 an attractive proposition
to mitigate the fading effects. At the mobile end of
the link the necessary antenna separation is less
than At2; 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
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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 I kHz rate, the digitised values being transferred
to a main-frame computer for analysis.

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 original data
was 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 pen,"
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

20A, which correspond to pen, 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
p env• 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 Identical
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

Fig. 1 uross-correlation between signal envelopes
Pen, received on two antennas spaced at
various vertical separations for data from
a nearly circumferential route.

Fig. 2 Measured CDF of a normalised fast fading
signal envelope for varous diversity
schemes.
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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

increase in penv reduces the improvement until, in

the limiting case of p env = 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 P env for SS. The AID tends

towards the no diversity case as p env increases.

Below the switching threshold, the AFD is not
improved for any value of Penv.

THEORETICAL ANALYSIS

Cumulative Distribution Function 

In Rayleigh fading, the received signal
envelope at each branch has a CDF given by

R2
P(R) = 1 - exp[- --7 1	 (1)

2o=

where 02 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
R t	Rt

2o2 (o4(1- 
I P 121

2),IP121 	
ch1( 1 -1 P 1212)

1 -exp(-	 1Q 	

-exp[-	 1-((1P121 	

	

2a-	 a4(1-1P1212) a4(1-1p1212

	

R2
	

Rt

for SE

R2
1-expi- ---1 1-Q(IP121 	

2o2	 '24(1-11'1212) a4(1-1P1212

+Q( 	

	

0.AI-1131212)

	 ,IP121 	  )1,

°4(1-1P1212)

for SC

(2)

where p 12 is the value of the cross-correlation

function P 12 (t) at t = 0 between the complex
envelopes of the two fading signals, Q(a,b) is
Marcum's Q-function and R t 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 [61. Hence,
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The calculated CDFs for independent fading
(P12 = 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

available 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

-20	 -10	 0
NO,oal Sec, Soo. level (OS!

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

NR =	 R p(R,R

▪

 ) dR,	 (4)

where p(R,R

▪

 ) is the joint probability distribution
function (PDF) of the signal envelope and its time

derivative k(t). The AFD is given by

Recently, the authors have analysed the LCR
for predetection diversity combiners. When R is
small a simple approximate expression has been
obtained as

F 11+ P1212/(1-1P1212) 
NR 	 4 [ 	 I p ( R),	 (6)

2n

P(R)

where p(R) = (d/dR)P01) is the PDF of the effective
envelope, '1311 = (d 2 /dtL )1011 (0 at t=0 with p11(t)
being the autocorrelation function of the complex
envelope of each received signal and
P 12=(d/dt)P 12 (t) at t=0.

R2

2024(1-1Prd2)

Since Penv dPI 2 in Rayleigh fading [11, (3) shows
that the envelope cross-correlation reduces the
effective average power by a factor of 4(1-Pe nv ) for

all of the diversity combiners. When penv
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.

Assuming that all the multipath waves received
at the base station result from scatterers
surrounding a mobile uniformly, p 11 (t)=J0 (2rfpt) [11
and thus ;; I1 = -2(nf0 ) 2 . For vertically spaced

P I2 has not been analytically derived butantennas
for horizontally spaced antennas a reasonable
distance apart its effect can be assumed small [41.
If we assume P I2 o 0, then

1511
NR 	[	 p(R)

2n

1 2 , for SC	 (3)

( 7)
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If two fading signals are independent ( P 12 and	 and
P 12= 

0), (7) gives the exact expression. The

caiculated LCR (NR /f D ) and AID (f Dt) for various
diversity combiners are shown in Fig. 9 for

independent fading signals, where a -10 dB threshold
has been used in the SS and SE strategies. The
measured data are shown in Fig. 3 for SC, 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	 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	 R2	 R
attributed to the envelope cross-correlation not	 NR = ./(2z)fp(

4(20)
)exp[- 

.
1 = 4(2n)fD(

75;
)

being zero.

t =

1	 ,	 R
l--- ),

4(211)fp	 42a

1(	 R	 ,
1

'24(2z)fp	 42o

for SS and SE (R

for SC
 ,

. Rt)

(9)

Syeacn and Stay

Smolcm and ExanNre

.	 9 Calculated LCR and AID for various
Fig '	 diversity schemes under conditions of

independent fading.

When the two fading signals are correlated,

R2
exp(---] - 1

202

4(2/0fD ( ---)
42a

Equations (8) and (9) show that the LCR increases as
the envelope cross-correlation P en, (.11312)
increases whilst the AID remains constant and

becomes 1.7 times, 4 times and 14 times as large as
that for the independent fading case for P env =
0.42, 0.75 and 0.93 respectively. The AFDs for SS
and SE strategies are equal to those with no
diversity, while SC can halve the AID. Considering
the effect of the envelope cross-correlations, the
measured data, shown in Fig. 7, agrees well with the
calculated results.

COMPARISON OF ERROR RATES

In the case of I121 = 0 the expressions for
the CDF of SS and SE are identical and can be
obtained from (3) as

R2
i (1 + q)11-exp(- ---)1 - q	 R l' Rt

202

P(R) =	 R2	 (11)
q11-exp(- ---)1	 R 'S Rt

2o2

the CDF of SC is also obtainable from (3) and is
given by

R2
P(R) = 11-exp(- ---)1 2 	 (12)

202

where R2/2o2 can be interpreted Is Y/Ye , the
CNR/CNRm ean and q	 1-exp(-Rt/20-).

The error rate performance is dependent on the
(8)	 modulation scheme used, but the average error rate

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 PD? of R(t). Taking
non-coherent FSK as an example, the probability of
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error can be uritten as Pe(Y) = I/2exp(-Y/2) where
y -CNR and the value of P e 2 , the value appropriate

to 2-branch diversity can ;e written as

Pe,2 m f Pe (i) P2 (1) di

where p2(Y) is the PDF of the CNR at the diversity
system output.

For 2-branch selection diversity and Rayleigh
fading the value of Pe,2 is given by

where yo is the mean CNR. We know that P e 1 , the
single-branch Rayleigh-fading error rate is given by

Pe,1
	

2 +

So we can further write

2
Pe,2 m 4 Pe,1

Similarly for SS, it can be shown that

Pe,2	 Pe,1 (1-exp(-YT/yo )[1 + exp(-1T/2)]) 	 (16)

This expression can be minimised with respect to the
threshold value IT by differentiation. The optimum
threshold is thereby found to be

Substituting this back we obtain

m PeI [1 (--::-(°—)( 2	 a/Y,	 °2 + yo 2 + yo

Fig. 10 shows the relationship between eqns. (14),
(IS) 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 Pem,
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 I2X.
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

AID 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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Level crossing rate and average fade duration for
time diversity reception in Rayleigh fading
conditions

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

Indexing terms Radiocommunication. Receners

Abstract: Time diversity, in which the same data
are transmitted several times, is attractive in
digital land mobile radio and IS simple to imple-
ment because only one antenna is 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 penod.
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

= maximum Doppler shift = A
R = signal envelope

=- time derivative of R
v	 = vehicle velocity

= dummy variable (time delay)
: t it) = complex signal envelope
0,1t) = phase modulation
a	 = parameter of Rayleigh distnbunon la 2 = mean

power)
= carner wavelength

co, = 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

Paper 6335F (En received 11th November 1987
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PO Box 8, Yokosuka Post Office, 238 Japan and M.T. Feeney and
Prof. Parsons are with the Department of Electrical Engineering and
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Liverpool L69 3BX, United Kingdom

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.
Otani and Omori [I] 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 multipath fading. Of the various pos-
sibilities, 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 analysis
is 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.

IEE PROCEEDINGS. Vol. 135. Pr. F, No. 6, DECEMBER 1988 	 501



If the original data stream is discontinuous. it may be
possible to use time diversity, by repeatin g words.
without increasing the data bit rate. However, if the orig-
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.

ao	 a	 32	 33	 04
1

1 	 0

a,	 a

1

q 5 	 a4 a t 	 g2t	 °41 c1/2 

envelope R(t). Since, when digital transmissions are used.
error bursts occur when R(t) falls below some noise-
related threshold, analysis of the LCR and AFD of R(t) is

—R(t)

regenerated data

Fig. 2	 Relationship between RIM 12,11). 12 1 0 - T) and regenerated
data

important for estimating 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(t) at a
signal level R is given by Reference 2, p. 32:

I.

Fig. 1	 Signal envelope and data sequence
a Original data

Delavnt1 data
c Transmitted data

This is transmitted over the radio channel which has the
fading envelope shown. The precise details of the way in
which the final data stream is constructed does not affect
the analysis in this paper, which is applicable to any data
stream of the kind shov.n in Fig. 1, i.e. one in which data
symbols are repeated after a time T and a decision is
taken on the basis of received signal strength. Specifically
%e consider a system in which the data is transmitted
twice and a single antenna is used at the receiver.

The receked signal s(t) can be expressed as

sit) = Re lz,(t)explito, r +1),(0)]:	 ( 1)

where 4),(t) depends on the modulation system used. In
Rayleigh fading, z,(t) is a zero-mean complex Gaussian
process. A typical relationship between the received
si gnal envelope R i lt) = :/(tI I and the data sequence is
depicted in Fi g . I.

In time diversity the transmitted data stream contain-
ing the original and repeated data is demodulated from
SW. It can be seen from Fig. 1 that the original data
stream has the envelope R(t) and the repeated data
stream has the envelope R,(t — T). The nth element a„
(n = • • • —1, 0, 1, 2, ...) is received twice and that
associated with the larger envelope is selected. Hence the
number of diversity branches is 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 2(t)= R 1 (t — T). The resultant envelope R(t), after selec-
tion, is represented as

R(t) = max {R 2 (c), R 2(t)}	 (2)

where R 2(t)= R,(t — T) and is shown in Fig. 2. The
regenerated data symbol an is associated with the

N(R)=	 AAR, A) dA
	

(3)

The AFD at the same level is given by

i(R) =	 (4)
N(R)

P(R)

where P is the cumulative distribution function (CDF) of
RU). 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 various combinin g methods. The appropriate
relationship here is that applicable to selection diversity;
i.e.

N=
N
a nip(Ri= R 2, 0	2.j 

IR	
121dR2d01

f
n 2P(Ro R 2 = R.0 12 ) dR, d0 12 (5)

—K 0

where p(R 1 , R 2 1 612) is the joint PDF of R I , R2 an d 012,
given by eqn. 7 of Reference 6, and it and n 2 are the
conditional LCRs which can be evaluated from

=f° A,p(A, I R, = R, R2, 0 12) dA,	
(6)

0 2 =	 A2P0121Ri, R2 = R, 0 12) "2
0

Evaluation of eqn. 6 requires knowledge of p l2(0) and
p i ,(o) where p 12(x) is the normalised crosscorrelation
function of the two complex envelopes z 1 (t) and z 2(t). In
time diversity z 2(t)-= z i (t — T), hence Pi2(0) p(T)
and P1)(0) = — 01( 11 where p it (X) is the normalised

n,

502	 1EE PROCEEDINGS, Vol. 135, Pt. F, No. 6, DECEMBER 1988



1 exp (Tri) – I

— 2v -/-Tr	 R,crv 2
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autocorrelation function of :,(t) and is a real function.
since a symmetrical power spectrum has been assumed.
The appendix of Reference 6 gis es

n, =
	

If –i)„(0)	 i)11	 )
v 2rr	 1 – pi,

x lexp ( –4) – vqr x, erfc (xi);

n 2 -= 

vi 2n J\' Pii –

X :exp ( – xi) +	 x2 erfc I– x2)i

where we have introduced the sirnplifing notation
P , = Th l (T) and	 =p, i (T). The variables x, and x2
are

)1 1IP II ) i1 COS 0,,
( R.

_
–

- 14 1 1	 –P 1 ,101	 4Pi1 

( ,--7R),")„p" –(--; 1J , COS t?,,
R,

_

– Pi11, 1 (-1j 1 n ) 0 1 – 	

Since p1R,, R 2 . I/ 1 2) remains unchan ged when R I and R.

are interchan ged, we hase

	

N =	 /(-1.)„(0)it	 	  f 	 r
I – Pit/v 2n NI

x lexp (- 14) + virx, erf (x,);

x p(R = R. R 2 , 0 12) dR 2 0 12	 (9)

This is a general expression. but it is of interest to note
that as T	 x. the independent fading case, then p li and

–.0, and it becomes

( a

–1) 1 ,(0))

'

R

	

=	

–n	 ': I

R \
X [1 – exp f – 2 )] 1101

Conversely, if T is very small then p„ I and /i t , –.0
(smmetrical power spectrum case). Expandin g P I , and
ji in a power series of T gises

p 11 =1	 P I I( 0) T 	P I (101T 2 2 +	 a, 1 -1- 1)1, T 2 2

P I , = i) 11 (0) + 1) 1 ,(0)T + • • • =-j „(0) 7 '	 (II)

and usin g the approximate formula for piR,, R. 012/

with strong correlation (see Appendix 9) it can be shown
that

N =	 /it 001\ R exp I	 R2)
(121

it / a2	 I	 2cr-

which is identical to the result for no diversity (Reference
2, p. 36).

correlated fading [2] viz.

= 1 – exp (– 2cr,

x [ i Q( 	R 

	

crv 1 – pi, (TV 	 Pit)

IIR	 R 	

(13)
C7v 1 — p i' GN, I

where Q(a. 6) is Marcum's Q-function

OP. =	 exp [ – X2	 a- 11 9(ux) dx	 4141
.46

Substitution of eqns. 9 and 13 into eqn. 4 allows us to
esaluate the AFD by numerical methods. However, for
lar ge T (independent fading) and for small T (no
di‘ersityi fairly simple results are obtainable. For large T.
Pi, –. 0 and hence

R 2 

PIR)=[1 – exp (–
2a:

(15)

Substituting eqns. 10 and 15 into eqn. 4 gises

(-
2R:2)

–1exp
1 1	 it

(16)
2	 – 01( 0 )	 R av2

For small T, P(R) approaches that without diversity, and

	 exp (--27-12 ) – 1
R2

r—	 	 	 (17)
– p„(0)	 Ra. 2

Comparison of eqns. 16 and 17 shows that this kind of
time diversity can halve the AFD when T is large
(independent fading).

4	 Calculated results

If we have knowled ge of the normalised autocorrelation
function p,,(x), the LCR and AFD can be calculated. We
consider the case when the scatterers surround the
mobile uniformly and the antenna has an omnidirection-
al radiation pattern. Radiowase propagation from base
to mobile is reciprocal. and so the autocorrelation func-
tion p i ,1x1 of the received si gnal complex envelope :,(t)
at both mobile and base station is eisen by [2]

p,,(x) = ../ 012.ntpx)	 (18)

so that

127/-012 
1(0) — —	 (19)

Using eqns. 9. 13 and 4, we can numerically evaluate the
LCR and AFD as a function of the normalised repetition
period f,„T. In particular we can again write fairly simple
expressions in the limiting cases. For T	 c, we have

.?�r- = .2,n7r —R exp (– —R
a	 2	 2(72

– exp
R2
--7)] (20)

(7)

and
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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For small T.

fD — 	 cr, 
N —	

2
"-Tr R ex

P 	 I;
2

a7 2
)

(21)
1 exp,) — 1

— 
f27r	 Ric., 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 fD T =
0.2. which corresponds to T = 5 ms if the carrier fre-
quency is 900 MHz and the vehicle speed is 50 km h.

99 99 r

	

001 	
-25	 -20	 15	 10	 -5	 0

R fici dB

	

Fig. 3	 Calculated COP

'0 F

Rav egn foc

Some advantages remain, at low si g nal levels, even if
fD T = 0.02. As far as LCR is concerned. Fig. 4A shows
that there is always an improvement over the no-
diversity case ( fD T = 0) and for some values of fD T near
0.2. the values are less than those for the case of indepen-
dent fading (fD T x,). This is also apparent from Fig.
4B which shows the oscillatory nature of the curves as a
function offD T. It is clear that time diversity will be effec-
tive in reducing the rate at which error bursts occur in
digital land mobile radio.

IC
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-20
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Fig. 48 Calculated LCR against foT

Calculated results for the AFD are shown in Fig. 5.
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 fDT 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 fD T > 0.5
there is 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 ,i/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 (Sin ger 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 0.5 s averaging window. A computer program was

1EE PROCEEDINGS, Vol. 135, Pr. F, No. 6, DECEMBER 1988
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written to simulate the time-diversity action for various 	 as far as CDF Ind LCR are concerned. can be obtained
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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 o 2 = —15 dB for about 3",, of the time without diver-
sity, but this value is reduced to 07 , when T = 5 ms,
and 0.3". when T = 10 ms. For a vehicle speed of 10 m s
a repetition period of 10 ms corresponds to fD T = 0.3
and at this value the measured results are in good a g ree-
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
R ay ?. = —10 to —5 dB is about 0.7 times the value
with no diversity. Again these values are in quite good
agreement with the calculated values in Fi gs. 4 and 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,

-30	 -25	 -33,	 -15	 -10
	

-5	 3	 5
R/ 2,r; dB

Fig. 7 Measured LCR
Carrier frequency = 11965 MHz
Vehicle speed = 10 m s

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 majority voting
will perform. For example, in the UK TACS system, data
are transmitted at 8 kbitsis and on the FOCC the word
length is 40 bits (28 information plus 12 parity) which
occupies a time of 5 ms. 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

1EE PROCEEDINGS, Vol. 135, Pt. F. No. 6, DECEMBER 1988 	 505



711

'7 1—

RR.
2na411 —

[ 12? + 12? — 2R 1 R, cos OH

2a2 11 — pt.1)

- 2rzn 411 —	 [ 2a 211 — Pit)

12? + 12? R,R2 , 
exp

x exp

where i(•) is the delta function. Since —ii 11 (0)T 2 is very
small, there is a hi gh probability that the value of R2 is
very close to R,, and so RR, = /2; and we obtain the
approximate expression

R, R?1[
p(R i , R 2 , 0, 2)	 exp

2a2

1(R 1 — R,)2
x 

,/(2ria 2 {	 1(0)7.2}) " P [	 2a2 {	 1(0)T21]	 (iz)

this speed a value of T = 10 ms corresponds to fD T =
0.2. Figs. 3 and 4 show how the CDF and LCR are modi-
fied, and it is apparent that there is a very low probabil-
ity that a data symbol received erroneously at a certain

10

.o

5 N111:1. T.. and HATA. NI.. 'Time do,ersits, effects in digital land
mobile radio'. Trans. Inst. Electron. & Commun. Eng. J pn. Part B.
1983. J66-B. pp 543-549
ADACHI. F.. FEENEY. MT.. and PARSONS. J D. 'Effects of Lor-
related fading on loci crossing rates and ,v.erage fade durations v.ith
predetection diversity reception'. I EE Proc. F, Cowman.. Radar rl
Signal Process.. 13. ( II, pp 11-17

7 CLARKE, R.H.: 'A statistical theory of mobile radio reception', Bell
st. Tech. J., 1968.47, pp. 957- 1000

9	 Appendix

An approximate expression for p(12,, R 2 . 0, 2 )for small T
For time diversity with a symmetrical fading power spec-
trum. the oriental expression for p1R 1 . 12,, 0, 2 ), presented
in Reference 2, can be written as

25	 ..0	 -15	 10
	

5	 0	 5
R 4rfa cB

Fig. 8 Measured 4FD
Caner freq eche, 891.5 MHz

Vehicle speed	 IS ms

time will also be in error if repeated after 10 ms. In prac-
tice, the improvement only deteriorates very slowly as
fD T 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 technique 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 majority voting
systems and those treated in this paper.

Nevertheless, analysis of data gathered from field tnals
has shown that time diYersity yields a substantial
improvement in the envelope CDF, and the measured
LCR and AFD a g ree well with calculated results over a
ranee of values of 1 0 T. We conclude that time diversity
can provide a iignificant improvement in system per-
formance and is easily implemented, compared with
spaced-antenna systems.
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When T is small, we have from eqn. 11 that
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and hence the argument of the modified Bessel function
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y -= 20 log r = 2a ln r	 i.e. a = 10/ ln 10	 (B.2)

(B.3)

(B.4)

Then

and

r= e

dr	 1 ey/2,a

dy 2a

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

r2
p(r) = r

62 	 2exp{ 
2a

Let y be the output from the receiver i.e.

(B.1)

Remembering that probability space must be conserved i.e.

IAY) = 1)(r) dr	
y/

2
eY/2a expt ea
	 ley/2a (B .5)

dy 2o-2	 2a

Rearranging we have

ey/a1  ey/a exp

2ao-2	2o-2
(B.6)

Since we normalise by the average signal power = E{r 2/2} = o-2 then let

o-2 = 1 then

- B.1 -



1	 y
p(y) = —2—a- ex	

exp(4:-;-)
pt a

2
}

(B.8)

1)(Y) =

which can be rearranged as

1 eYfa ex{
2a

eyia 1

2 (B.7)



APPENDIX C. VARIANCE OF DB 

EXPRESSED ENVELOPE.

The standard deviation of the dB expressed envelope values, a- r(dB), can

be found using classical definitions in the following manner. 	 let y be

the dB output from the receiver i.e.

y = 20 log r = 10 log r2 = a ln r2	 a = 4.34	 (C.1)

now

2
a(dB)	 < y2 

> — < y >2	(C.2)

Firstly < y >

00
< y > yp(y) dy = a ln r2 p(r) dr	 (C.3)

remembering that probability space must be conserved i.e.

<y>

p(y) dy	 p(r) dr

f

00 2Ina	 re-

(C.4)

r2/2,2
dr 	 (C.5)

o-

let x = r2/20- 2 then dx	 —r dr

<y>=f
oo

9 r	 —x dx =
oo

f	 a ln(2o-2x)e -x dx	 (C.6)

.
oo

< y > = a j 	[ In 2a2	ln x]e -x dx	 (C.7)

now

- C.1 -



now from [1]

hence

a 2Tr
2

6

.1-00
ln xe -x dx = - C

o

i.e. Eulers constant, where C = 0.5772157

< y > = a[ ln(2a2) - C]

Secondly < y2 >

00	 12 222 r -r25<y 2
>= is (a In r ) —l e	 dr

0	 0-

= a 2 .1'°° ( In 2c12x)2e -x dx
o

let z = 2a2x	 dz = 2a-2dx

< y
2 
> = a 2 is c"° ( In z)2e - z 2/262 dz

2a2 o

(C.8)

(C.9)

(C.12)

2
js 

o 
00 ( ln z)2e' dz = -1 - [-n-- + (C + ln /1)2]

ii	 6

< y2 	 2
> = a2[ —7' ±I C — In 2a2}2]

6

a(dB) - -

o- r(d13) = a7'	 = 5.57 dB
\/6

(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

r2 ± d 2 rdp(r) =	 exp{
2a

2 }4{a2 (D.1)

Let y be the output from the receiver i.e.

y = 20 log r = 2a In r	 i.e. a = 10/ In 10	 (D.2)

Rearranging we have

r=e 12a

differentiating r with respect to y

dr	 ey/2a

dy 2a

(D.3)

(D.4)

Remembering that probability space must be conserved then the PDF
of the dB values is given by

dr	 e 	 ey ia ±d2	 ey12ad

P 6') = P(r)	 —	 (D.5)
dy	 2a0-2	 2a2	 -	

a
2

Since we normalise by the average signal power = E{r 2/2} = a2 then let

a2 = 1 then

1	 y	 eY la d2 lioleyi2ad}
(D.6)AY) =	 exp a 	

2a	 2



N
1

a In r2

n=1

P(dB)=-- (E.2)

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, Cie, (ex-

pressed in dB terms) are considered.

The variance of a random variable x can be found from

0-2 =-- Etz2 } — E{X}2 	(E.1)

where E{x} is the expected value of x. The estimate of the dB expressed

envelope ,(dB)21 is given by

since

21 The hat symbol, tZ, is used to represent an estimate of the variable w.

- E.1 -



(1 N— n )(nAT)1 (E.4)

ili(r) = a (E.5)

r(dB) = 20 log r = a In r2	a = 10/ In 10	 (E.3)

Using El and E2, the variance can be expressed as[1]

N-1

216 ---=e N
n=

where	 AT	 is	 the	 sampling	 interval
(i.e. AT -- 1/f, L = sampling frequency) and cii(t) is the autocovariance

of the dB expressed envelope in Rayleigh fading conditions. Now tP(r)

was given in Chapter 2 and [2] as

n=1

The autocovariance at zero lag, i.e. (go), was also derived in Chapter 2

and Appendix C as

ti/(0) = 5.572
	

(E.6)

The sample size N is related to the measurement time T or spatial

length L(= VT) by

N = f,T	 (E.7)

f	 f LN= ÷ fD T = - 9 -,, —, (E.8)
I D	 I D

Thus equation E4 can be written as

- E.2 -
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cr
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(

(

frills
1— n IT—)7,-)tfi(nIfs)
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1 n mil )tli(

17=

(E.9)

Figure El shows o-, as a function of normalised measurement length

VDT or L I A) and normalised sampling rate (i.e. fsl fD). Note that for a
given measurement length, the standard deviation decreases as the
sampling rate fs increases and asymptotically approaches some low value
for high values of sampling rate. To reduce the standard deviation of
the estimate, large measurement lengths (fDT or L I ).) are necessary.
However, in real fading conditions, we then run the risk that the aver-
age signal power (i.e. (7 2) would no longer remain constant. From Figure
El /'DT or LIA> 20, the standard deviation decreases very slowly.
Therefore, it is reasonable to conclude that a practical measurement
length lies in the range of fDT or LI ). = 2040.

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. fD) of

, _-30Hz. Which, with a moving average window of 0.5s (i.e. 501 points at

a sampling frequency fs = 1 Hz) produces a normalised measurement

length of fDT = 15. From Figure El this value of fDT corresponds with

estimating the local mean to within + ldB.
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