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ABSTRACT (UNCLASSIFIED)

In 2 multipath communications environment, which is often found in urban areas, transmission of
information is difficult due to self-interference. This self-interference may result in signal suppression and
intersymbol interference. Knowledge of the parameters that characterize the radio channel, can be used to
feed an adaptive equalizer or frequency management system, in order to minimize these disturbing effects.

In this report a measurement system, to measure the characteristics of radio paths in a multipath channel, is
described and measurement results are given.

The measurement system uses Pscudo-Noise Spread Spectrum modulation and operates in the VHF-band
(30 - 70 MHz). A carrier, BPSK modulated with the Pseudo-Noise signal at a rate of 1 Mchip/s, is used to
sound the radio channel.

The characteristics of the different radio paths: relative amplitude, RF-phase and delay-time, are calculated
from the coberently received signal.

The accuracy of the measurement system has been determined and is: 2 dB for the amplitude, 5° for the RE-
phase and 20 ns for the delay-time. e
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With the system measurements have been performed in a controlled multipath environment in the laboratory
and in the field in different types of terrain. The controlled multipath results are presented in this report, the
analysis of the meagurements performed in different types of terrain will be presented in [Vriens, 1991].
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SAMENVATTING (ONGERUBRICEERD)

In cen omgeving met meerweg radiopropagatie, zoals vaak in stedelijke omgevingen voorkomt, wordt het
verzenden van informatie bemoeilijkt door zelf-interferentie. Deze zelf-interferentie kan resulteren in
signaalonderdrukking en intersymboolinterferentie. Indien de parameters die het radiokanaal! karakteriseren
bekend zijn, kan deze informatic worden gebruikt voor het sturen van een adaptief egalisatiefilter of een
frequentiemanagement systeem om zo de negatieve effecten te minimaliseren.

In dit rapport wordt een meetsysteem beschreven waarmee de karakteristicken van radiopaden in een
meerwegomgeving kunnen worden gemeten. Tevens worden meetresultaten gegeven.

Het meetsysteem maskt gebruik van "Pseudo-Noise Spread Spectrum® modulatie en werkt in de VHF-band
(30 - 70 MHz). Een draaggolf, BPSK gemoduleerd met het "Pseudo-Noise™-signaal (met een chip-rate van
1Mchip/s), wordt als zendsignaal gebruikt.
Rmﬂkmvkvaxmwwmmempﬁm.ﬂ-memvmﬁnpﬁjd,km
uit het coherent ontvangen signaal worden berekend.

Demwkurigbeidvmhameeﬂymisbepuld.enil:ZdBvoordemxplimde,s"vowdeRF-fnem
20 s voor de vertragingstijd.
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Methetsyswemzijnmeﬁngmuitgevoetduneengeconuoleademeuwegomgevingmhethbonminmea
inhetveldinvetschillmdetypenmein.Derunlmenvmdegeoonuoleerdemwegomgevingwmdenm
ditrappongegeven.Demalysevmdemeﬁngennitgevoerdinvmchiﬂmdetypenmein,mlhnin [Vriens,
1991] worden gepresenteerd.
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1 INTRODUCTION

In todays communications the role of mobile communications is increasing rapidly. In a mobile
communications environment however, the transmission channels are not optitmum; operation has
to be performed in a more or less severe multipath environment and among other interfering
signals.

Propagation of radio signals between a transmitter and receiver strongly depends on the geometry
of the radio channe] environment. When multipath propagation occurs (which is caused by
different mechanisms as: reflection, diffraction and scattering), the desired signal in general
reaches the receiver via more than one propagation path. Due to the occurring differences in
amplitude, delay-time and RF-phase of the different paths, the received signal will be strongly
distorted or extinguish totally at certain frequencies, which makes communication difficult or
impossible.

When the multipath characteristics are known, this information can be used to counteract these
negative effects.

For high data rate digital transmission systems (e.g. trunk connections) the multipath information
can be used to feed an adaptive equalizer.

For narrow band operation the multipath information can be used to calculate the frequency
response of a multipath channel in order to choose the optimum frequency. For proper operation
of the adaptive equalizer and in order to choose the optimum frequency, accurate channel
information is necessary on relative amplitude, RF-phase and delay-time of the occurring
multipath signals.

In this report a channel measurement technique is presented which makes it possible to measure
the complex amplitudes and delay-times of the radio signals arriving via different propagation
psths. The measurement system is designed to operate in the VHF (Very High Frequency) bend
from 30 - 70 MHz. The radio channel is sounded by means of a broadband Pseudo-Noise (PN)
signal. At the receiver side, the complex amplitude and delay-time of the different paths can be
determined by means of software implemented correlation techniques.
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The measurements to be performed with the presented technique serve the following goals:

- To determine the statistical characteristics of the multipath radio channels (delay-time,
amplitude) for different terrain types;

- To investigate the possibility of using multipath characteristics to feed an adaptive equalizer
in high rate data links;

- To investigate the possibility of using mmltipath characteristics for evaluating the narrow-
band communication possibilities over a wide frequency band.

In this report the following items will be discussed:

- Inchapter 2 the model of the multipath radio channel, as used in this report, is defined.

- In chapter 3 different principles of channel measurement techniques are discussed and the

. broadband channe] measurement technique, as used here, is described.

- In chapter 4 the Pseudo-Noise measurement technique is described in more detail.

- Inchapter 5 the processing of the received signal, which has been implemented in software,
is given.

- In chapter 6 the accuracy of this technique is investigated.

- In chapter 7 the analysis of the narrow band frequency response of the communication links
under consideration is described.

- Inchapter 8 the results of tests in a simulated multipath environment, are discussed.

- Finally conclusions and recommendations are given.

Results of the measurements which have been performed in different types of terrain, will be
presented in [Vriens, 1991).
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2 DEFINITION OF THE RADIO CHANNEL

Vayoﬁcmespechﬂyhmwbmmvﬁonmmnme]ropagaﬁonofndiosignﬂsbaweeanoinm
mkesplaceviadiffaentpams;admctpadlmdmemmmdheapatm.msiscdhd
multipathpmpagaﬁon.lnﬁgure2.lamnltipathsimaﬁoniubtched.

Fig. 2.1: A schematic view of a multipath channel

Different propagation effects that may play a role are: reflection, diffraction, delay-time, signal
attenustion, etc.

When the radio channel consists of only one path, the radio signal is only attenuated and delayed.
When the transfer function is frequency independent, no distortion will occur. However, in a

to summation of different sttenuated and delayed signal components. This may cause severe
signal distortion or even total extinction of the signal.

s ———w o
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When the multipath channel is known accurately over a broad frequency range, measures can be
taken to improve communication possibilities. In broadband communication systems the
distorting multipath effects can be compensated by using equalization. For narrow band systems
optimum frequency selection, with maximum power transfer (constructive interference) is
possible.

In multipath propagation a number of different mechanism play role. When all these mechanisms

are taken into account, the description of the radio channel will become very complicated.

Therefore a number of assumptions will be made for the model of the multipath radio channel that

will be used throughout this report:

1.  The multipath channel is a time independent radio channel. This is a valid assumption for
communication systems with non-moving transmitter and receiver.

2. For a single path, propagation is assumed to be frequency independent. This means that
antenuation and delay-time are assumed constant as function of frequency (no dispersion).
This assumption results in a mayor simplification of the model. In practice, however,
attenuation varies as 20log(f) with frequency. But for bandwidths within 10% of the carrier
frequency it is a reasonable assumption.

3.  The change of the RF-phase on different propagation paths as function of frequency, is only
caused by the differences in path length (or delay-time).

4. To limit the number of paths in a practical multipath situation, only propagation paths with
less than 30 dB attenuation, when compared to the strongest sigpal, are assumed to have a
significant effect on the total channel response.

Based on these assumptions, the multipath chaunel can be modelled as the impulse response with

complex transfer function h(t), which is the sum of the sub-transfer functions belonging to every

single path:

N N
ht) = 121111(1:) - 121Aicxp(j¢i') 8(t-1y) (2.1)

Where A, is the amplitude, ¢;' is the RF-pbase shift due to reflections (in order to distinguish it
fruntbephuelhiﬂdnemﬁepnd:delay-ﬁmeti).mdtidndeky—ﬁmeof&ei‘hm&(mi)is
theDiracimpnlnfmeﬁmninﬂmq.Nhﬂlembetofmhvmnnﬂﬁpnhchm

11
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When the complex transmitted and reccived signals are indicated as s(t) and 1(t) respectively
(with real parts s,(t) resp. r,(t) and imaginary parts s;(t) resp. r;(t)), the signal arriving at the
receiver for this type of channel is given by r,(t):

xp(t) = Real{s(t) * h(t)} (2.2)

N
- Real(_zlhi exp (jo;') s(t-13)}
im

which is the sum of attenuated, phase shifted and delayed versions of the original transmiited
signal. Every single path propagates the signal undistorted.

If (2.2) is analysed it follows that the received signal is completely determined by the relative
amplitude-, RF-phase- and delay-time values of the different paths in the mmitipath channel.
Knowledge of these parameters allows a perfect prediction of the radio channel.

Theoretically this is true, however, in practice these parameters can only be determined with
It will be shown that (with respect to the delay-time accuracy) for a good frequency response
prediction over a reasonable bandwidth, it is sufficient to know the relative delay-time values with
limited accuracy, when the relative RF-phase values of the multipath components are known
accurately.
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3 CHANNEL MEASUREMENT TECHNIQUES

Several measurement techniques exist to determine the rmltipath characteristics of a radio
channel. These multipath characteristics are the number of relevant paths from transmitter to
receiver and their respective amplitude, RF-phase and delay-time differences, as discussed in
chapter 2. All paths together form the radio channel with impulse response h(t):

N N
h(t) = I hi(t) = I Ajexp(jo;’')d(t-t;) (2.1
iml im]

In order to measure the multipath characteristics of the radio channel, a number of techniques are
available. In all these techniques the radio channel is sounded by a carrier signal, modulated with
a specially chosen waveform, which makes it possible to distinguish the contributions of the
different paths in the total received signal. In the following three broadband modulating
waveforms will be discussed briefly:

- Pulse modulation,

-~ Frequency chirp wave modulation,

- Pseudo-Noise modulation,

31 Pulse modulation
With this technique a pulse of very short duration, modulated on a carrier signal, is transmitted.

The complex transmitted signal can be indicated as:

s(t) = P(t)exp(jo.t) (3.1)

with:

- @, is the carrier frequency

- P@)is the amplitude modulating pulse signal; P(t) = U(t) - U(t-t)
- U(t) is the unit step function

S is the duration of the pulse.

The actual transmitted signal is now:
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s, (t) = P(t)cos(m.t)

(3.2)
With (2.2) it follows for the received signal:
N
re(t) = Real(izlki exp (j¢;') P(t-T;) exp(jw,(t-T;))} (3.3)

In the ideal case, this pulse has an infinitely short width and therefore occupies infinite
bandwidth. If we assume that all paths have infinite bandwidth, for each path a similar response is

received. The received signal may look like figure 3.1. From this figure the parameter values for
the relative amplitude and delay-time can directly be derived.

w_>

amplitude

L N

Fig. 3.1: Possible pulse response in case of 4 paths

In practice, however, several problems arise to implement this technique.
First, we cannot generate a pulse with infinitely short duration. Consequently, two paths may have
a delay-difference less than the pulse duration and received pulses will interfere. In figure 3.2 this

situation is depicted in case two path responses interfere. It takes more effort to separate the path
delay-times of these pulses.
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amplitude

time (us) _>

Fig. 3.2: Pulse response overlap due to multipath interference

In practice, the pulse will have a duration in the order of 1 microsecond. The pulse is rectangular
and modulates a carrier at a certain frequency in the VHF-band. Depending on the exact pulse
shape and duration, the pulse occupies a bandwidth of several megahertz, centred around the
carrier frequency.

The second problem concerns the transmitter. Since the transmitted pulse has a very short
duration, a large amount of energy must be concentrated in a very short time, in order to achieve a
good signal-to-noise ratio at the receiver. Therefore, a very large peak power must be available at
the transmitter. This puts high demands on the power amplifier of the transmitter.

The third problem with this technique concems the receiver. Since most of the time only noise
and no signal is present, the receiver must have a large dynamic range to process the unexpected
pulse. Purthermore, the duration of the pulse makes it impossible to receive the signal coherently.
Hence no phase information is detected and only the energy of each path instead of the complex
smplitude can be determined.
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3.2 Frequency chirp wave modulation

In this technique the transmitted signal is a camrier signal, which is periodically swept in
frequency from @y, t0 @, . The complex transmitted signal can be written as:

s(t) = exp(j(wyi, + At/2)t) (3.4)

with:

- Aigthe sweep rate (W sy - Opin)/T frad/s?}
- Tis the sweep duration.

The signal arriving at the receiver is now:

N
re(t) = Real{iz,lhiexp(”i')exp(j(mmin + A(t-13)/2)
(t-t;)1} (3.5)

When this signal at the receiver is demodulated with a carrier signal with the same sweep rate
(e.g. the transmitted signal), this results in the signal component:

N
Irdem(t) = Real(iz,lhiexp(jtbi')exp(j(-mminti-Atti+Atiz/2))} (3.6)

It is easily shown that the frequency difference between a multipath component and the actual
transmitted frequency dependsmﬂudehy—ﬁmeti.mmeid‘si@nltheﬁeqmydiﬁamis
-Av;, which is always smaller than the actual transmitted frequency.
hcm&aekoﬂympﬁ.mﬁmedd&ydvuﬁmofﬁemmiﬁedwism
Because of the frequency sweep, the delay-time corresponds to a certain frequency-decrease. Due
to multipath effects, signals with different frequencies amive at the receiver with different
amplitude A;, because the different paths have different amplitude transfer functions..
Bwhﬁeqmycomponmtof&emdnﬂmupmdnﬁhapﬁhdehy-ﬁme.m&eqmy
differences can be converted to delay-time differences of the different paths by:

S

e a4 e

Ae
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-1y = —{W~®y)/4 (3.7)

Now from the frequency spectrum of the received gignal the number of paths (signal
components), their delay-time and attenuation can be determined. In figure 3.3 an example in case
2 paths with delay-time difference t5-t; are received, is shown.

> /
Q
c
-]
=
o
o
w
AF putht A F /
! /
FG
0 7, T, Time

Fig. 3.3: Frequency chirp wave modulation

Since no coherent detection can be applied, no phase information is available. As for the
broadband pulse measurements, only the energy of each frequency peak can be determined. But
as distinct from the broadbend pulse mesasurements, no special power requirements for the
transmitter are necessary. Although the measurement occupies a wide frequency band, the
instantaneous received and demodulated signal is a sum of narow-band compooents which
energy can be integrated over a sweep period. Therefore it is not necesssry to transmit at very
high power levels to achieve a reasonable signal-to-noise ratio at the receiver.
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33 Pseudo-Noise sequence modulation

This technique is very close to the broadband pulse modulation technique as described in 3.1.
However, two important problems are solved.

Instead of one pulse, a sequence of pulses is transmitted on a constant frequency. By correlation
techniques, the responses of many pulses can be summed into one single pulse. This is possible
because of the properties of the pseudo-noise sequence.

From the result after correlation the delay-times of the different paths can be determined, similar
to the result obtained with the broadband pulse measurement technique. However, no high power
transmitter is needed and by using a reference carrier signal at the transmitter frequency, coherent
detection is possible so that the amplitude as well as the RF-phase of each path can be measured.
Only the problem of pulse-interference caused by finite pulse-duration is still left.

Another advantage of this technique concems the data processing. The received signal iz a
relatively long time-continuous signal which can easily be A/D-converted and stored on disc.
Instead of real-time processing, the data can be processed at later instants. This makes it feasible
to do more complicated data processing.

As modulating waveform for the measurement system, this PN-sequence modulation has been

chosen, because it has the following advantages over other waveforms:

1. The transmitted signal is a low power signal.

2. The received signal is easy to detect coherently, which makes it possible to measure also the
RF-phase differences between different paths.

3.  This waveform is very useful for digital processing.

This technique will be described in more detail in the next chapter.

It will be shown there that PN-sequence modulation offers the principal possibility to regain the

desired path parameters.

SN
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4 PSEUDO-NOISE SEQUENCE MODULATION AS CHANNEL
MEASUREMENT TECHNIQUE

PN-code sequence modulation is a kind of direct sequence spread spectrum modulation, [Dixon,
1976].

In this chapter the properties of a specific class of PN-sequences, Maximum Length (ML)
sequences, are discussed and the usefulness of PN-sequences as channel sounding waveform is
shown.

Further, the measurement system and the design of the transmitter and receiver systems are
described.

4.1 Theory of Pseudo-Noise sequences

The broadband channel measurement technique is based upon the correlation properties of the
Pseudo-Noise (PN) sequence. The PN sequence consists of code bits, also called chips, whith

assigned discrete values [-1, 1]. The length of a code chip is T, and R = 1/T is called the chip
rate.

The length of the sequence is K chips, after which it repeats itself again. The repetition time of the
PN-sequence is T, = KT,.

There are different kinds of PN-code sequences. We have chosen for 8 Maximum Length code,

which has some interesting properties for the use as channel sounding waveform:

1. Itis easy to generate a Maximum Length (ML) code sequence.

2. The auto comelation has a well defined maximum value, which is reached within 2T,
elsewhere the auto correlation function has a constant low value.

4.1.1. A practical implementation to generate & PN-sequence

One property of a Maximum Length PN-sequence is that consecutive bits of the sequence are
formed out of the last L bits. This relationship hokls even after the last bit of the sequence e.g. the
scquence starts over again. This type of PN sequences can be generated with a shift register
generstor. This generator consists of a number of shift registers for storage and shifting, and a
sumber of modulo 2 adders called taps. Figure 4.1 shows a shift register generator of length L=10
with one tap (Holmes, 1982).
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Fig. 4.1: Shift register generator for generating an ML PN-sequence

The output of the modulo 2 adders is fed back to the first stage of the shift register. Each clock
pulse transfers the contents of stage j to stage j+1. The shift register sequence is defined to be the
output of the last stage. The sequence is completely determined by the shift register length, the tap
configuration and the initial contents of the shift register. The actual contents of the shift register
a1 8y 5 .- & is referred to as the state of the system. We can describe the generated sequence
by the fundamental linear recursion relation, relating the feedback sequence element ay and the
contents of the register:

& = C3 ak_]_O C2 ak_ze ..® Cr, ‘k—L (4.1)

where c; e {0,1} denotes the feedback relations. The symbol @ stands for modulo 2 addition. The
values aj aj _) .. a1 are termed the initial conditions.

For these shift register generators, all possibie states except the all-zero state occur during
sequence generation.

This special group of shift register generators are called a Maximal Length sequence generators
because the length of the sequence equals the maximal number of different states except the all-
zezo state. Note that the all-zero state generates a sequence of length 1, and is transferred after
each clock pulse into itself again. For & shift register of length L, a maximal length soquence has
length K with

K=2L - 1, (4.2)

-

[ . o — L —— i —a e
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412 Definition of the auto-carrelation function

To describe the correlation properties of ML-sequences we define both the continuous auto-
correlation function R(t) and the discrete auto-correlation function R(m).

The continucus R(t) auto-correlation function is given by:

KTC
R(T) = (1/KTg) OI PN(t)PN(t-1)dt (4.3)

The value of this function is [Holmes, Dixon]:

{l-ml) 174 /KT for IT) < T
R(t) = (4.9)

~1/K for || > T¢

So there is only one triangular cosmrelation peak with width 2T; elsewhere the correlation is
constant with value, -1/K. A drawing of this function is given in figure 4.2.

ol
2
3 e —
E L
<
Part of the PN-sequence

H

1
3
<

= ——

T, . T

Fig. 4.2: Continuous auto-correlation function
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The discrete auto-correlation function R(m) is slightly different. Let the symbols b; of the
maximal length sequence be b; = -1 or b; = i. i = 1,2, .. X and define modulo 2 addition

according to:
-1 -1 = 1 (4.5a)
1 1= 1 (4.5b)
-16 1 =-1 (4.5¢c)
10 -1 = -1. (4.5d)

Here we use the elements -1 and 1 instead of 1 and O respectively. Note that because of definition
(4.5), the all-zero state is the state in which all stages of the shift register contains the element 1
rather than -1. By definition (4.5) the operation of modulo 2 addition equals multiplication. The
discrete auto-correlation function of the sequence by by .. by is now given by:

K
R(m) = (1/p) nzlb,, b((n+m) mod K)* (4.6)

Since all, except the all-zero states are passed, the maximal length sequence contains (2L-1)/2 - 1
times the element 1 and (2L-1)/2 times the element -1. For m » 0, the auto-correlation function
equals the sum of these elements divided by the sequence length according to (4.2). For exact
overlap, m=0, the auto-correlation function becomes unity:

form = 0

R(m) = { L (4.7)
-1/ (2%-1) = -1/K form# 0

The output of the discrete auto-correlation function is drawn in figure 4.3.

e RO
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Fig. 4.3: The discrete auto-correlation function

The correlation function R has some important properties:

Theflmctionhasonemnxinmmvalue,whichhasanimguhnhpewithwidchchorR(t)
andnsqmelhlpewithwidtthfch(m).Omsidethemxhnnmvdue,themm-
correlation has a low constant value that depends on the sequence length. For the PN
sequence generator of figure 4.1 the shift register has L = 10 stages 5o the ratio is 2101 =
1023~ 30.1dB.

Taking the corr=lation is a lincar operation. Any version of the PN sequence, shifted in time
or multiplied in amplitude, results in a similar correlation function with the same differences.
The sum of any combination of N sequences will result in & similar sum of correlation
functions.
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413 PN-sequence modulation

A PN-sequence, which consists of code chips with the values [-1,+1], can be BPSK (Binary Phase
Shift Keying) modulated on an RF-carrier signal and be transmitted. This transmitted signal can
be written as:

s,(t) = PN(t)cos (0gt) (4.8)

The received signal in a multipath situation is now found with (2.2) to be:

N
rp(t) = Real(izlhiexp(j%-_')PN (t~7y) exp (j (O (t-T5)) } (4.9)

N
-izlAipN (t-7;) {cos (¢;) cosmd .t + sin(¢;)sinm.t}

where w,, [rad/s] is the carrier frequency and ¢, is the resulting RF-phase shift ¢; = ¢;'+ ;.

As indicated in 4.1.2, calculating the correlation of a signal is a linear operation. Therefore, the
coherently demodulated multipath signal can, after correlation, be written as an In-phase signal
R[(t) and Quadrature-phase signal RQ(t):

N

Ry (1) = E zlui.x(r—ti) .cos (¢;) (4.10)
N

Rg(t) = § ?1.3(1-1:1) sin($;) (4.11)

with R(z) is the continuous correlation function of the PN-sequence with peak valoe at t= 0.

Now it can be seen that the amplitude and RF-phase information is contained in the I- and Q-
output signals A;cos(¢;) and A;sin(¢;), of the coberent demodulator.

The above considerations show that correlation of the received PN-modulated signal with the
same PN-code offers the principal possibility to regain the desired path parameters: relative
amplitude, RF-phase and delay-time of the it propagation path.
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4.2 The measurement system

In this section the measurement set-up and the signal waveforms that occur, are given. The
practical realization of the measurement system is described in detail in [Feeastra, 1990).

4.2.1 Transmitter

Figure 4.4 shows a block diagram of the transmitter which is used to transmit the BPSK
modulated PN-waveform. To realize the transmitted signal, we have used a far more complicated
scheme but with this figure it is casy to explain the signal generation.

Clock Carrier
R=10 Hz

90°

PN sequence

generator PN(t) @ d_/ S

Fig. 4.4: Block diagram of the transmitter

42.1.1 Modulation of the PN-sequence

The PN sequence is genersted by the shift register generator as given in figure 4.1, with a rate of
R, = 105 chips/second . The shift register has L = 10 stages so the PN sequence length is K =
2101 = 1£23. Upon the last bit the sequence starts over again. The cutput of the PN-sequence
generato: is & time continuous signal rather than a time discrete signal:
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PN(t) = Zlb,. p(t-nT.), (4.12)
n=

with T = Rc'1 the symbol duration time, the symbol shape p(t) is rectangular and given by:

1 for 0 St < T,
p(t) = (+.13)

for t < 0, t 2 Tg

In (4.12) the element b, € {-1,1} stands for symbol n of the PN sequence. The exact value can be
determined with the fundamental linear recursive relationship for the PN sequence generator that
is used:

by = bk-3ebk-10' (4.14)
To start the sequence the initial conditions by by .. by must differ from the all-zero state. Note
that the upper index of the sum of (4.12) is « rather than the length K = 1023 of the PN sequence.
But since by = by noq g With (4.12) an infinite sequence of consecutive PN sequences is

denoted.

The time continuous PN sequence PN(t) is BPSK modulated on the transmitted signal, resulting
in the signal (4.8):

sy (t) = PN(t)cos(2rRf t) (4.8)

For each measurement the frequency f; of this camrier is chosen in the VHF-band. The power
spectrum of the PN-sequence is found to be [Ziemer and Peterson, 1985, p. 387]:

Spn(f) = X Py S(f-mf), (4.15)
m—os

with Py = /K2, Py, = [(K+1¥/K?] sin(mK/K)/{(mK/K)2, K is the sequence length and f,, =
1/KT,.. Figure 4.5 shows the power spectrum of a PN sequence.
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Fig. 4.5: The power spectrum of maximum length a PN sequence

ﬁecause of the periodicity of the sequence the spectrum has energy only at frequencies that are
multiples of the reciprocal of the sequence duration time KT.. The number of frequeacy
components within one lobe equals the number of symbols K within one period of the PN
sequence. Most of the energy of the sequence falls within -Tc'1 <f< Tc'l. In our case T, = 105
and thus most energy is contained in a bandwidth of 2 MHz.

4212 Addition of a reference carrier component

To be able to determine the complex amplitude, both in magnitude and RF-phase, the signal has
to be detected coherently at the receiver. Therefore a reference carrier is needed at the receiver
which is phase coherent with the transmitted signal. At the receiver this reference carrier must be
recovered from the received signal.

Despite that the modulated PN sequence does not contain a carrier component, it is still possible
to regain the carrier with a Costas-loop (Ziemer and Peterson, 1985, p. 261ff). But in practice the
received signal to noise ratio turned out to be too low to have successful carrier regeneration with
this Costas-loop. Furthermore the Costas-loop is very sensitive to interference.

For synchronization at the receiver we therefore transmit an unmodulated carrier component. This
carrier is very narrow band and can therefore be filtered out easily with sufficient signal to noise
ratio at the receiver. The filtered sigral is then fed to a phase locked loop (PLL).

To let both symbols b; = -1 or b; = +1 have the same epergy upon reception, the carrier
component is mad~ in quadrature phase by a 90 degree phase shift. With (4.8) the transmitted
signal 5.(t) finally becomes:

27



s, (t) = PN(t)cos (0t) + Agarsin(act), (4.16)

with @, = 2nf_ and f; is the selected frequency in the VHF-band.

422 The Receiver
In figure 4.6 the block diagram of the receiver is shown.

Carrier LPF A
recovery X l-channel [ D
NB 00° Storage &
Processing
wB
X LPF A
Q-channe! D
Receiver
WJ-8615

Fig. 4.6: Block diagram of the receiver

4221 Demodulation
Aloealcmiermspomthemeivedsipﬂrr(t)toaﬁxedIFﬁ'equencybmdnounde.'Ihe
resulting signal r,(t) is filtered twice.

A narrow band filter is used 1o filter out the added reference carrier component as described in
section 4.2.1.2. The filtesed output signal is used by & carrier recovery network (PLL) to regain
the reference carrier signal. This carrier makes it feasible to detect the sequence PN(t) coherently.
Because of the multipath characteristics of the radio channel, the reference carrier that is received
is the sum of all carrier components that have propagated via different paths, and therefore have

SRR

-1



Page
29

different but constant RF-phases and amplitudes. So the recovered carrier has a constant RF-
phase difference relative to the instantaneous phase of each path.

Beside the carrier component, the IF signal r,1g(t) contains the responses of the PN signals of all
paths and a noise term. This poise is assumed to be stationary white Gaussian noise with a two
sided spectral deasity of No/2.

We are primarily interested in the determination of the amplitude A;, RF-phase ¢; and delay-time
t; of the ith path.

Since the system is linear we continue the system description therefore by describing the
demodulation of one single path. The total response is then found by addition of all individual
path responses. The signal component of path i in the IF band is given by:

rrp; (t) = A; PN(t-Ty)cos (®rpt-0.T;-¢; ') (4.17)
= A; PN(t-t;)cos{®rpt—0;)

with o = 2nffp, ¢; = octi+é;. ¢;' is the RF-phase of path i due to reflections and other
mechanisms except path delay-time.

To limit the noise power, the signal ryp(t) is filtered by a 2 MHz wide filter, resulting for path i in
the signal rgyp;(t). Because of the finite bandwidth of this filter, the spectrum of the PN-sequence
is distorted slightly, and also some cross-talk to the quadrature channel occurs. The effect of
cross-talk is that a signal which is in-phase with the reference carrier, will not only result in a
signal in the in-phase channel, but also in the quadrature-channel.

This can be modelled in the following way. When a PN-modulated signal in-phase with the
reference carrier is fed to the receives, in the in-phase channel the almost undistorted (U) replica
of the PN-signal will be found: PNy;(t) = PN(t), whereas in the quadrature-channel a small but
beavily distorted (D) PN-signal results: PNy(t) = 0. The exact description of the filtered signal of
(4.17) with cross talk components can now also be written as:

Tarri(t) = Ay (PNg(t-t3)cos(oppt—4;)
+ PNp (%) sin (oppt—44) ) (4.18)
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The signal rgyp«t) is fed to two mixers, driven by the regained reference carrier and a 90° phase
shifted version of this carrier. Since the two carriers form an orthonormal base in signal space, no
information is lost by this operation. The mixers transpose the PN modulated signal from the IF
band to the respective In-phase and Quadrature-phase baseband signals ry;(t) and Qilt)-

The higher frequency products are filtered out by the lowpass filters with impulse response by(t)
and hqy(t). These filters are almost equal, however, their responses hy(t) and hQ(t) are treated
differently since slight differences in these responses influence the data processing results. Now

let
Agy = A;/2 cos(¢y), (4.19)
Agj = Aj/2 sin(¢y), (4.20)
PNyp(t) = PNyp(t) * hy(t), (4.21)
PNgr(t) = PNp(t) * hy(t), (4.22)
PNpg(t) = ENp(t) * hg(t), (4.23)
PNoq(t) = PNy(t) * hQ(t), (4.24)

where PNIQ and PNQI are the cross-talk components from the I- to the Q-channel and vice versa.
These cross-talk components are very small.

By (4.19) and (4.20) the muitipath parameters A; and f; for the amplitude and RF-phase of path i
are replaced by A.; and Ag;, the amplitudes of the signal in the in-phase and quadrature-phase
channels. The relations between A;, f; and A ; and A are:

Aj = V(a2 + a2 (4.25)

’i - arctan(h,ilaci) (4.26)
Now the baseband output signals are:

rri(t) = AgyPRpp(t-ty) + AgyPNoy(t-ty), (4.27)

tQi (t) = -AOiPNQQ(t-‘i) + Acimxo(t"fi) . {(4.28)

The symbol * denotes the convolution operation.
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While the cross-talk components are very small, the essential terms of (4.27) and (4.28) for
mnhercalcuhdonsmthosetamsoonniningPNnandPNQQ.

4222 Data sampling

The outputs of the filters, ry(t) and roy(t), are fed to two independent A/D convesters. Their output
is stored on disc. In our system we record D = 8 consecutive PN sequences of K = 1023 bits each.
Thechipmeislo‘ss'lsoonel’Nseqnencehsts1.023ms.'l‘hednntionofonemsnmnemis
8.184 ms.

The resolution of the A/D converters is 8 bits/sample. This result in 256 amplitude levels.
ForeachsymbolbnofthePNsequenceM=8mnplesaretakm.SincethelmgthofﬂlePN
sequence is K = 1023, the total number of samples per measurement is DMK = 8.8.1023 =
65,472

We record 8 PN sequences instead of one sequence in order to be able to interleave the 8
corresponding samples of each sequence. By this interleaving operation the sample rate is
increased virtually by a factor 8. The interleaving operation is described in the following chapter.

If the duration between 2 samples of the A/D converters is denoted by T o the recorded samples
are described by:

I, = r7(nTyp) forn = 1,2,..,D.M.K, (4.29)

On = rQ(n'.rAD) forn=1,2,..,D.M.XK, (4.30)

Let us now observe the first 2 samples taken from PN sequence number 1.

If the sample rate would exactly equal a multiple of the transmitter bit rate and in the absence of
noise, sample number 148K, the index of the first sample of the second PN sequence would be
taken at the same instant as sample number 1. The sample rate Ry = Top™! of the converters is
chosen slightly lower from 8 times the chip rate R, = 1 MHz (the exact sample rate is Ry =
7.999878 MHz). This makes that equivalent samples of subsequent PN-sequences are taken 1/64
s shifted in time so that the samples of the 8 sequences can be interlcaved in the processing
stage. This interleaving gives a virtual increase of the sample rate.

By using this technique we increase the sample rate virtually up to 64105571,

As described before, we can now add all path responses. Together with the noise terms, which are
hdmdunl(nTAD)ndnq(nTAD),ﬁuedeumthemnphstdhc:
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N
I, = igl AL;PNrp(nTap-t3) + AggPNor(nTan=T;) + np(nTap), (4.31)

N
Qn - iEI-AsiPNQQ(nTAD-Ti) + AciPuIQ(RTm"ti) + nQ(nTAD) , (4.32)

forn=12,.. .DMXK. All noise samples are supposed to be statistically independent.

© e
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5 PROCESSING OF THE RECEIVED SIGNAL

In this chapter the processing of the received signal is described. The signal has been stored by
means of the recorded samples on disc as discussed in chapter 4. The processing is performed by
software on an AT personal computer, and consists of three parts:

1. Calculation of the correlation function;

2. Interleaving of the correlation functions;

3.  Calculation of the multipath characteristics.

The calculations result in the desired parameters: relative amplitude, RF-phase and delay-time of
all relevant paths. These results may then be transformed to the frequency domain to predict the
narrow band frequency response of the radio channel, or used to feed an adaptive equalizer. When
a large number of channels are measured, also statistical information can be gathered from the
data for characterization of different types of terrain.

This part the data processing is described; for more detail on this subject see appendix B,

5.1 Calculation of the comrelation function

The discrete auto-correlation function of the PN sequence has been calculated in chapter 4 and is
found to be:

Rim = (1/%) §1bnb(n+n) mod X ~
n=s

{ -1/(2k-1) = -1/K for m » 0
- (‘-6)
1 form = 0.

where the symbols b; i=1,2,. K represent the PN sequence.

annunbeofmnmnotwuethhmehﬁmfmcﬁm«j)smigmfuwudhm

calculations.

1. mmmw«mu.wmmmmexm
corresponds with coe chip duration time. In our system this time equals T = 105 ».
Theddny-ﬁmediﬁmﬂmmbeupemdmofmemmduofmpﬁMeuh
m«ummmnmm«ﬁ)umnhmmm
distinguish paths with delay-time differences within the symbol duration time.

i s
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Since we want to be able to distinguish paths with delay-time differences as small as
possible, 8 instead of 1 (and after interleaving 64) correlation function values per symbol are
calculated.

2. The response of an occurring propagation path is contained in the samples from the I-phase
as well as the Q-phase channel. The I- and Q-samples are processed separately. They contain
the RF-phase information.

The duration of the correlation pesk of each path should be as short as possible, in order to have
minimum overlap between the correlation maxima belonging to different paths with almost equal
delays. The length of this response partly depends on the function that is used to correlate the
received samples. One of the input functions for the correlation operation is the sequence of the
received samples. The other input function can be chosen so that the duration of the output
comrelation maximum is as short as possible.

The function that is used here, is chosen slightly different from the PN-code signal (which would
result in a triangular correlation peak that is 2T, wide). The signal has the same value as the PN-
signal (+1 or -1) for the first sample period of a chip (T = 1/8 T,.) and is zero elsewhere.

This function can be described by:

Xx = b r(k) /m] vy (x-1) mod MD} for k=1,2,.., (5.1)
with v, the discrete Dirac-function:
{ 1 for k = 0
- .2
Vk 0 for k # 0. -2

The function [x] denotes the smallest integer greater than or equal to x and by « {-1,1} is the PN
sequence of (4.14).

The width of the correlation peak in this case is 1 ps. This is half the width of the correlation peak
of the analog correlation function, where the width of the peak is 2 ps. i
Both functions and the correlation fanction are depicted in figure 5.1.
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Fig. 5.1: Signals and correlation function

The calculation of the correlation functions of the received I- and Q- signals can now be described

formally as:
Ry(n] = x X 1(n+k) =x(k], (5.3)
Rolnl = I Qin+k) x[k], (5.4)

with the notation z[k]=zy used to denote Ik], Qfk], and x[k) defined in (4.31), (4.32) and (5.1)
respectively.

T
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To clarify the correlation an example for a simplified case is calculated. In the simplified case
only one path is received and the received samples exactly equal the transitted PN sequence. If we
assume that the received signal and the regained carrier are in-phase, we may further disregard the
quadrature channel. The received samples simply become:

1(x] = b{ [k/m0] 1. (5.5)

With (5.1), (5.2) and (5.3) the correlation function is calculated:

Ryln} = 3 x[x] Tn+k]

-—r0

§ T bkl vi(k-1) mod M) bl (x+n) /MDl)~

, T br3+1) b3+ (14m) 0]y -

a0
Y b[j+1] b[j+1) for 0 S n S MD-1

j-—“

) 2 bij+1] bIjH (14n)/m)) for n < 0, n > MD-1 =
-—ce

1 for 0 S n £ MD-1
(5.6)

-1/(2L-1) for n < 0, n > MD~1.

The correlation function is an exact replica of one symbol response of the sequence I[k].

This correspondence is explained as follows: The received samples consist of consecutive symbol
responses of the PN sequence. By taking the correlation, samples are added and subtracted. In
case the received samples and the other input correlation function overiap, these values all
cootribute with the same sign ¢.g. positive signed samples are added and negative signed samples
sre subtracted. The result is an amplified value of one symbol response value.

In reality, the received samples will not equal the PN sequence as in (5.5) but they will be spread
in time because of bendwidth limitations. In the resulting correlstion fanction & similax time
spread is found.
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52 Interleaving of the correlation functions

The I- and Q- signals are sampled over a period of 8 consecutive PN-sequences. However, the
moments of equivalent samples in two successive sequences are deliberately chosen not to
coincide, as described in chapter 4. They are shifted over 1/8 of the sample period (1/64 ps). The
same is true for the correlation functions. So the 8 comsecutive comelation functions are all
slightly shifted over 1/64 ps within one sample period. Now the correlation fonctions of the 8
sequences belonging to the same channel can be interleaved. This operation is shown in figure
5.2,

Sample moments in a chip duration

T

si1 s12 e AN

V2 AN
i N
I A
s N
s/ 7 N
Y N\
g N
b A
I N
i< N\
4 - N
7 N\
L Interleaving N
s N\
S15 825 S85 S16

Fig. 5.2: Sampling- and interleaving operation

suhdicmumeﬁﬁhmkofﬂlemhﬁonfmcﬁm(medmawhichhlbomTc)of
PN sequence 1, Sog is the equivalent sample of PN sequence 2, , etc.
ThismnlninnequinhmemellionfmedonwiﬁmBﬁmuhighamnplem.
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To remove the noise, the resulting correlation function is filtered with a moving average filter
with length 8. The processing gain P (which is the improvement of the signal-to-noise ratio) of
the correlation- and interleaving operations together is 10log(8.1023) = 39 dB.
Of course this can only be performed if the channel parameters don't vary in the observed time
interval.
The advantages of this operation are:
- Ahigher virtual sample rate, resulting in an 8 times better time resolution,
The system error is now 1/128 ps = +/- 7.8 ns.
- The signal independent noise contained in the samples of different sequences is uncorrelated
and can be filtered out.
The new correlation function, after interleaving and filtering, is used to calculate the desired

multipath parameters.
53 Calculation of the multipath characteristics

Calculation of the multipath characteristics from the I- and Q-correlation signals is quite
complicated, and therefore, is given in full detail in appendix B. Here, only a qualitative
description of these calculations is given.

The inputs for these calculations are the I- and Q-correlation functions and the reference I- and Q-
correlation functions (Ref and Refy; Refj contains information from PNyy and PNqp. Refg
contains information from PNy and PNiq). The reference correlation functions are determined
by the transmitter and receiver parts of the system only. They are not dependent on the radio
channel c.q. the multipath characteristics. These reference correlation functions which contain the
influence of the transmitter and receiver characteristics due to filtering, phase shifting etc., are
used to estimate the multipath characteristics. They sre measured nnder laboratory conditions
with transmitter and receiver directly connected together.

Thecdculmdoonehﬁmfuncﬁomoﬁhemeivedl—mdQ-ﬁg:m,R;[n]deQ[n].ue
determined by:

- the multipath characteristics N,A ;A ; and J; fori=1,2,..N,

- the noise terms,

as given in (3.3) and (5.4) with (4.31) and (4.32). |; is the discrete delay-time value.
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By chosing the right amplitudes A and Ag;, and delay-time 1; for path i, and assign these to Refj
and Refq), the newly formed Refj(i) and Ref(y(i) can be matched with the received I- and Q-
correlation signals belonging to path i.

We can now define the error criterium of the data processing to estimate the multipath
characteristics: determine the number of paths N and for each path its amplitudes A, Ay and
delay-time L so that the energy contained in the remaining sample values in the I- and Q-channels
is minimum. In other words: find N, A_;, A; and |; for i=1,2,...N s0 that

N
A2 = I { Rgln] - 2, ArRefrin-1y) 12+
i=

n=—oo
oo N 2
+ I { Rgln] - iEIAQRBfQ[n‘li] ¥, (5.7
n=-—co -
is minimum. Since the energy of Ry[n] and RQ[n] is concentrated in the peaks of the function

only, the sumnmation of (5.7) can be restricted to a limited number of samples. This number must
be determined first and will differ for each radio channel.

An iterating algorithm is used to determine the multipath characteristics. The block structure of
the algorithm is shown by the flowchart given in figure 5.3.
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Fig. 5.3: Flowchart for the determination of the number of path and the path parameters

The algorithm starts with N=1 path and optimizes the amplitudes A and Ay and the delay-time
1;. With these parameters, which are assigned to the reference correlation functions Refj[1] and
Refgy(1], the error 42 of (5.7) is calculated. This error function is used to optimize the assigned
path parameters.

When the parameters are optimum and the maximum value of the ezror function A2, Dy .2, still
exceeds a chosen threshold level, Dyyeq2, the energy of the error function is supposed to
originate from another path. In this case another path is added and the algorithm starts over again
to find the optimum solution for both paths together.

Paths are added until the resulting maximum error Dy, 2 becomes smaller than Degyre,2. The
delay-time of the new extra path is determined by the maximum of the error function A2{n}.

The newly added path causes a decrease of the error function A2 if the energy in D2 originates
from other paths of the radio channel. In case the energy of the error function is caused by
received noise, the change of the exror AZ is undetermined. In practice it turns out that the esror A2
always decreases. Hence we may state that the algorithm converges.
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The last step to obtain ail multipath characteristics is the determination of the amplitude and RF-
phase differences of the found paths from the amplitudes A; and Ag;. These are already given in

(4.25) and (4.26):
/
Ay = ‘J(Aciz + Aa:’.z) (4.25)
¢; = arctan(Ag;/Ac4)- (4.26)

L .
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6 ACCURACY OF THE MEASURED PARAMETERS

From the channel-measurement results the relative amplitode, RF-phase and delay-time of the
different multipath signals are determined by processing of the received signal as is presented in
the previous chapters. How precise the characteristics of the radio channel can be estimated,
depends on the accuracy of the measured path parameters.

In this chapter the accuracy of the measured parameters will be evaluated. The sources of error for
the parameters are:

-  amplitude: noise

- delay-time: noise, sample frequency

- RF-phase: noise, phase-jitter of the reference carrier.

In the following at first the signal-to-noise ratio, and the influence of phase-jitter of the reference
carrier will be discussed. Then the effects of the error-sources on the accuracy of the path
parameters will be evaluated.

6.1 Signal-to-Noise Ratio

The total received signal contains a signal part S, and a noise part, N; (r = received). The SNR
(Signal-to-Noise Ratio) of the received signal is defined as SNR = S/N.

The SNR of the received signal after A/D-conversion is determined by:

- the SNR of the received signal S/N,,

- the quantization noise caused by A/D-conversion Nq (q = quantization).

- Influence of quantization noise
TheinﬂuenceoqumbedemuminedbycompuingmeSNRbefmmdaﬂerAIDeomasion.
A/D-conversion is performed by an 8 bits converter. This means that the voltage range is
subdivided into 256 steps. When the voltage range is used optimum, and N, is assumed to be 0,
the maximum SNR that can be reached is, [Carlson, 1975):

SNRpay = S/Ng = 10*1og(3-256%) = 53 am. (6.1)

BecaneN,anqumindepmnmewnlwiupomaﬁuNDcmvuﬁonist-

N, + Nq.

o et < e o
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NowitcanbeshowneasilythnttheinﬂuenceoquonmemtalSNRbeoomessiglﬁﬁcmonly
when the SNR of the received signal S/N, is about 50 dB or higher. In practical field
measuremeats such high S/N, will not be common practice. More reasonable values are S/N, < 20
dB.Thentheinﬂwnoeoquisneglcctable,mdﬂ:eSNRafmtheAlD-convmis
approximately equal to S/N,.

- SNR after signal correlation.

Up to now only the SNR before signal processing (correlation) has been investigated, however,
the SNR will increase significantly after correlation. The effect of correlation and interleaving of
8 PN series results in a processing gain Pg of P = 10log(8.1023) = 39 dB. So the SNRc (SNR
after correlation) of the signal which is used to determine the pulse position, is related to S/N, by:

SNR~ = S/N, + 39 dB. (6.2)

In this result the influence of the processing gain is clearly demonstrated. Even with a low S/N;
the SNR( can be quite good.

- Determination of the SNR for a single multipath component

For a given pulse shape, the time accuracy is determined by the SNR after correlation as will be
shown in paragraph 6.3. SNR( has to be determined for a single pulse (or path). For a single
pulse S and N can be calculated as follows:

T
P

s =~ (1)1 {) Ip(e)12 ae (6.3)
Tn

N - (rn)‘l{) n?(t) at (6.4)

HaeTpi:theﬁmeinmdofadnepnlse,Tnixam interval with no signal energy present.

‘.—..T..\,.m.wmru.\..‘ -

- e — it ot




TNO report

2§

6.2 Errors caused by phase-jitter of the reference carrier

In the signal processing phase, 8 successively received PN sequences are correlated
independently. After correlation the results are interleaved. In the ideal situation a smooth curve
will result with sample values at 1/64 ps distance. However, in practice it points out that the phase
of the reference carrier is not stable. It contains a significant amount of jitter. This causes that the
amplitade of the signals in the in-phase and quadrature-phase channels of the receiver are not
stable in time.

An example of the resulting correlation peak after interleaving is given in figure 6.1.
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Fig. 6.1: Conehuon as calculated from measurement results, with the effect
(1, Q) and mvmg-avmeﬁmﬂnga.Q) of phasejitter

By using a moving-average filter with length 8, the amplitode variations are filtered out (figare
6.1). By simulstion the effects of these operations (interleaving with phase-jitter and filtering)
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have been evaluated for different peak-peak phase-jitter values. It pointed out that phase-jitter of
the reference carrier causes an amplitude error, but no RF-phase error.

6.3 Delay-time error

6.3.1 Delay-time errors due to noise

In the case of a radar signal, the time elapsed between the moment of transmission of the radar
pulse and reception of the reflected signal determines the range to the origin of the reflection. In
general the received signal is a distorted replica of the transmitted pulse embedded in noise. This
causes that the measurement of the delay-time bas not infinite accuracy.

The error in the delay-time of the correlation peak embedded in poise in our case is equivalent
‘with the exror in the echo-time of a radar signal in noise.

Therefore, calculations originating from the radar scicnce [Woodward, 1953; Barton, 1969] can
be used to determine the accuracy of the measured relative delay-times between the correlation
peaks of the multipath components and the direct signal.

The delay-time accuracy that can be achieved depends on the SNR and the shape of the pulse.
The accuracy will increase with increasing SNR and with increasing rise- and fall-times (which is
equivalent with a larger spectral bandwidth of the signal) of the pulse.

A measure for the accuracy is the RMS (Root Mean Square) error o, (s]. For 2 given pulse shape
the minimum RMS-error is given by o, [Woodward, 1953; Barton, 1969]:

Or = 1/(BYsNRy) . (6.5)

The received pulse energy is maximized when the receiver characteristics are matched to the
pulse (matched filter receiver). For a matched filter receiver SNRy, = 2B/Nj is the peak SNR; E
is the energy in the received pulse and Ny the spectral noise density. The variable B contains
information about the pulse shape, it especially depends on the rise- and fall times of the pulse. p
is given by:
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Il asee peey 12 et
' B - (6.6)

_TI pe) |2 ae

B is the RMS bandwidth of the pulse signal, P(t) is the complex pulse shape.

To be able to calculate the delay-time error due to noise, the SNR of the pulse signal has to be
known. The receiver which has been developed to perform practical measurements, is an
approximation of the matched filter receiver. Therefore the received SNR; is sub-optimum, SNR,
< SNR;,,. In the following it will be assumed that SNR; = SNR;,/2 to compensate for
mismatching.

In figure 6.2 the calculated standard deviation o, of the delay-time error is given as function of
SNR( (SNR after correlation as discussed in paragraph 6.1) for the same pulse-shape as is used
in the measurement system, for which § = 1.86:106.
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’h Fig. 6.2: mmmmamuhmeumﬁmmm .
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6.3.2 Influence of the measurement method on the delay-time error

The effective sample time of the signal after correlation and interleaving is 1/64 us = 15.6 ns. The
inherent emror caused by this discretization is +/- 7.8 ns. Because the distribution of the
discretization error is uniform, the standard deviation due to this error is 4.5 ns.

From fig. 6.1 it can be seen that for SNR( > 45 dB (input-SNR > 6 dB), the standard deviation of
the delay-time error is smaller than the system standard deviation of 4.5 ns. Both these error are
independent, so the total variance is found by adding both variances.

For the delay-time between two correlation peaks (1 and 2), the variance in the relative delay-time
is determined by the variances in the delay-times of both peaks (the errors are independent):

°tot2 - <'1"’ + 022 (6.7)

64 Amplitude error

In the chosen measurement set-up there are two causes of errors in the measured amplitude of a

radio path.

1. Amplitude errors due to noise. The presence of the noise will cause a statistical devistion
that depends on the SNR.

2. In the measurement set-up the reference carrier is recovered by means of a Phase Locked
Loop (PLL). The reference carrier from the PLL still has some phase-jitter. Depending on
the amount of jister, this also causes amplitude errors.

64.1 Amplitade error due to noise
A carrier signal plus noise which is bandpass filtered can be written a3 a sum of sn in-phase and a
quadrature phase compooent.

8(t) = (A + ng(t))-cos(ee) - ng(t)-ein(mt) =
= R(t) cos(et + ¢(t)) (6.8)

In this formula R(t) and ¢(t) are:
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R(E) = [{A + 03(8)}2 + (ng(t))2)0-5 (6.9)
#(t) = arctan({ng(t)}/{A + ng(t) }) (6.10)

This equation relates the envelope and phase of a carrier plus bandpass noise to the signal and

noise components. The probability density function (PDF) for R(t) and ¢(t) is given by (Carlson,
1975):

R
P(R,§) = Frs oxp(-(RZ - 2ARcos ¢ + A%)/2N) (6.11)

This is a joint PDF, and R and ¢ are statistically dependent.
ForlargeSNRnAzﬂN(wmeisthewisepowainmepukbmdoﬂheﬁ]m),thepobabﬂity
density function for the amplitude can be estimated by:

PR(R) = (R/2%AN)1/2 exp{-(R-A)2/2N) (6.12)
Now it follows for the mean deviation and variance of the amplitude (Carlson, 1975):
K=a (6.13)
ox2 = N (6.14)

With (6.14) the standard deviation of the amplitude error can be calculated as function of SNR
In figure 6.3 the value (A + OR¥A = 1 + 1/ ¥2*SNR is given as function of SNR¢.
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SNR of coreleted signal (dB)
Fig. 6.3: The calculated standard deviation of the amplitude error due to noise

6.4.2 Amplitude error due to phase-jitter of the reference carrier

As discussed in paragraph 6.2, the phase-jitter of the reference carrier influences the signal that is
received of the 8 successively transmitted PN-sequences. Computer simulation showed that this
causes an amplitude error that depends on the peak-pesk phase-jitter. The calculated amplitude
error is given in figure 6.4. In practice the peak-peak phase-jitter of the reference carrier will be
within 45 degrees, than the maximum error is within 0.5 dB.

oo e i
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Fig. 64: The effect of phase-jitter on the amplitude error

6.5 RF-phase error

The calculated RF-phase related to the signal content of the I-and Q-channels, will deviate when
noise is present. From the given joint PDF of the amplitude and phase as given in paragraph 6.2.1
, the PDF (Probability Density Function) of the phase ezror can be estimated for SNR >> 1 by:

Pe(#) = (A2/2:)1/2 cosp exp(-(A? sin)/2N} (6.15)
Prom this relation it follows for the mean etror and the variance that:

F=0 (6.16)
042 = W/a2 (6.17)
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standard devialion of the ervor (degr.}

In the same way as given in paragraph 6.4.1 the standard deviation of the RF-phase is calculated

as function of SNR¢. The results are given in figure 6.5.
50

o AN

AN

0 20 0 &0

SNR of coreisted signal (0B)
Fig. 6.5: The calculated standard deviation of the RF-phase error due to noise

For SNR¢= > 20 dB, the standard deviation of the phase error < 5 degr.
6.6 Conclusion

The errors due to noise are very small. For a SNR¢ = 25 dB (S/N; = -14 dB), the standard
deviations are:

- time :22 ns

-  amplitude : 0.5dB

- RF-phase : 3 degr.

In general the input-SNR will be much higher so that the errors due to noise become very small.
With respect to the calculation of the delay-time, the systematic error is within +/- 7.8 ns.
Phase-jitter in the reference carrier causes only an amplitude error and no phase error. This error
is not dependent on the RF-phase, it only depends on the peak-peak phase-jitter. For peak-pesk
phase-jitter = 30 degr. the amplitude error is 0.2 dB.
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7 FREQUENCY RESPONSE OF THE RADIO CHANNEL

In this chapter the method that has been used to calculate the frequeacy response of a multipath
radio channel, will be discussed. The parameters of the single paths in the radio channel, which
can be measured and calculated as described in the previous chapters, are ioput for the
calculations.
One of the problems that will be addressed is the influence of the uncertainty in the measured
delay-times.

71 The frequency response

In chapter 2 the model of the multipath radio channel is discussed in detail. There the impulse
response h(t) of the radio channel (2.1) is given:

N N
h(e) = 2 hy(e) = 3 Ajexp(i6;')3(c-ty) (2.1)

where A, is the amplitude, ¢, ' the RF-phase and t; the delay-time of path i. N is the number of
paths. The frequency response H(f) can be calculated by taking the Fourier transform from the
impulse response h(t). H(f) is given by:

B(£) = | h(t)exp(-2nift)at
-o0

N
-ili,lx\iexp(—j (2RET;-95') ) (7.1)

H(f) is a complex function and is therefore described by its amplitude and phase. In stead of the
smplitude, we will use here the power spectrum S(f) = [H(fI2. With (7.2) the power spectrum S(f)
can be calculated from the path parameters.
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N
S(f) = { izlhicos(ZKf‘ri-¢i')}2

N
+ (izluain(foti-¢i') )2 (7.2)

The phase response as function of frequency is given by:

N
o (£) = n:ctan((izlhicos (2xft;-9;') )/

N
(1zlhiain(2tf‘ti-¢i')}) (7.3)

From (7.2) we can sec that the power spectrum is frequency dependent because of the multipath
effect. The variation in the received signal power cansed by interference is determined by the
amplitude A; and delay-time 7; of each path. The phase response ¢(f), as given in (7.3), also
deviates from the ideal linear case due to multipath.

For frequency management purposes the power spectrum S(f) contains all necessary information
for narrow band signals. For this type of signals phase variation over the frequency band occupied
by the signal, will be small. Therefore in the following only the power spectrum S(f) will be taken
into account.

72 Influence of the delay-time accuracy

When calculating the frequency response from the path parameters, the phase at at certain
frequency is determined by the measured RF-phase ¢; at the measurement frequency and the
delay-time 1;. The accuracy of ¢; is of great importance for the accuracy of S(f).

If we consider path j with delay-time ¢; the RF-phase of this path is periodical with 1/1;. The
emﬁbnﬁmofﬁ:paﬂnwiﬁamplﬂndeAthJ)wmchmged&omiumhimm(-Aj)hmin
maximum value (+A;) by & change of the phase by x rad.

The uncertainty of the delay-times has two main causes:

1.  The finite sampling rate of Ry = 64*105 5°! causes a discretization exror of At = 7.8125 ns,
2. Noise.
Attheﬁeqnencyfssom-hlphuedliﬁof:ndilmndbyadehy-ﬁnnlﬁﬂofmjnlOm.
This means that the uncertainty in the measared delay-times, which is in the order of 20 ns, is
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about one period of the RF-signal in the frequency band 30 - 70 MHz, where the measurements
are carried out.

In the following paragraph the effects of the delay-time inaccuracies will be shown and a method
will be presented to partly compensate for these inaccuracies by changing the delay-times t; of the
propagation paths slightly so that the total RF-phase shift at the measurement frequency is exactly
the measured RF-phase ¢;.

13 Calculation of the frequency response from the measured multipath parameters

It is assumed that the measured delay-time of path i has a Normal distribution around the actual
valuewithmnnvaluetiandvarimceciz;ﬁomtheradaranaiogy,asdescribedinchaptu6
[Barton, 1969), this is reasonable. Another assumption that is made, is that the variance of the
delay-time is constant for all paths, 6,2 = o2.

The delay-time distribution mmust be taken into account for the calculation of the power spectrum.
The distribution function for the delay-time of a single path is given by:

Pry(t) = 1/V(2r0?) exp(-(t-1;)2/(20?)} (7.4)

Each delay-time v; is a stochastic variable now. With (7.4) we can calculate the probability
density function p(t) of each delay-time set (1y,75,..,t\) chosen in the N-dimensional time space:

N

Pr(t) = Prigz - -me (L1,t2, ... ) «-iﬂ1 Py () (7.5)

Becmxof&emounbtyhthedehy-ﬁmesof&epuﬂu,dwthepowuspecmnlm
frequency will be distributed.
meuchdehy-ﬁmemthecanspondingmdvedpowumbeeﬂaﬂnedwiﬂnnz)famy
&qmy.mmhhlmvduguﬁeqmyfmm-biﬁxydmmyp@.ToM
hpwmmp'@ummﬁw,mmmmmmd
the time sets  for which the power g = S(f) has the same valne:
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Pg(9) = z Py (t) (7.6)

sl =9

With this method we can calculate the distribution of the power spectrum. For more detail on this
point seen Appendix C.

With the help of a computer three typical values of the power spectrum are calculated:

1. the 90% value; this is the value of S(f) below which 90% of all calculated powers fall,

2. the mean value; this is the 50% value,

3. the 10% value.

In the figures 7.1a..c the three typical values of the power spectrum are given for the following
situation:

1.  Number of paths is 2

2. A1=1Ap=0842

3. 1 =0psip=0972ps

4. Delay-time standard deviation 6 = 6.38 ns

The carrier frequency is 66 MHz.
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'Fig. 7.1c: Frequency response 65 - 67.8 MHz

From the figures 7.1a..c it can be seen that at the higher frequencies there is a substantial gap
betweea the 0.10 and 0.90 fraction curves. At lower frequencies, this difference becomes smaller.
The gap depends on the frequency, since at higher frequencies the delay-time distribution causes
greater differences in the argument of the sine and cosine functions of (7.2), whereas at lower
frequencies the delay-time uncertainty causes a relatively small phase variation.

At a frequency of 70 MHz, a full period of 2x is reached already by a delay-time change of At =
14.3 ns. Since this time is about twice the delay-time standard deviation, all possible power values
between(Al-A;)z--IGdBmd(Al+A7)2-5.3dBwinoecm.Comeqnentlyduewil1bea
great spread in the reslting power distribution at high frequencies. At the relatively low
frequency of 30 MHz this is not the case, therefore the resulting power values will be more
concentrated.

This method shows us that the measured delay-time differences are not accurate enough for
calculating the relative RF-phase relations between the different paths over a wide frequency
range.

= e n e g
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However, the measured RF.phase values between the different paths are known at the
measurement frequency. This infonmation can be used to restrict the delay-time t; of pathi to a
relatively small nomber of discrete values. The RF-phase at frequency f for path i is:

O(F) = ¢; - 2mfr; (1.7

Here ¢; is the measured RF-phase, which is the RF-phase at the measurement frequeacy, so 1; is
restricted by:

2RET; = 0 (1.8)

Now the probability deasity function of each delay-time becomes a discrete function. By a non-
linear transformation the time variable 7; is changed towards the nearest delay-times t;' that
fulfills (7.8).

The time discretization is mathematically described by:

Tt o= [£.731/8 (7.9)

With {x] is the integer so that Ix-[x]| is minimum and f, is the camier frequency of the
measurement.

The probability of the resulting delay-times ¢;’ is found by addition of all probability densities of
the times that result in ¢;". Figure 7.2 shows both the analogue and discrete delay-time distribution
in case the radio channel consists of two paths.
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Fig. 7.2: Delay-time distribution function

Now the corrected delay-time v, will result in the same RF-phase ¢; as measured for all times <;.
Hence for this frequency the power density function consists of only one power component with
value 1. For all other frequencies this is not the case. For different delay-times <; the corrected
delay-times ;' result in a different power and again a power distribution will result, however, now
it will be much less spread especially around the carrier frequency.

The same calculations as performed in figure 7.1 are now repeated for the case time discretization
is applied. The results are shown in figures 7.3a..c.
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Fig. 7.3c: Frequency response 65 - 67.8 MHz, with time discretization

These figures show that the results are almost the same at relatively low frequencies. At high
frequencies, however, the power distribution is completely different becanse of the time
discretization. At the measurement frequency of f., = 66 MHz there is no spread in the distribution
as described in the foregoing. Starting from the measurement frequency, the power distribution
becomes more spread.

74 Conclusion

Using the measured path parameters, the power spectrum of the frequency response can be
calculated. The results are very accurste when the measured delay-times are slighdy changed a0
that they are consistent with the measured relative RF-phases. These operstions results in a
number of discrete delay-time valoes for every path.

The calculsted power spectrum is quite accurste over a much wider bandwidth then the
bandwidth used for the measurements, however this is dependent on the delay-time accuracy.
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8 RESULTS IN A SIMULATED MULTIPATH ENVIRONMENT

In this chapter the results of the measurement system operating in a controllable simulated

To determine the performance of the measurement system we have simulated a multipath
environment. For a maximum number of three paths different amplitudes and delsy-times can be
manually adjusted. Also it is possible to add noise and other interference signals. For different
configurations and at different frequencies measurements are performed. Upon data processing

the results are compared with the chosen parameters.

8.1 Set-up of the simulated multipath eavironment

The block diagram of the simmlated multipath environment is given in figure 8.1.

@ Delay T,
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sf @ Delay Tz
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A
3

Fig. 8.1: Block-diagram of the simulatod mrultipath radio channel
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To simulate a path of the multipath radio channel we use an attenuator and a coaxial cable of
certain length. The length of the cable determines the RF-phase and the delay-time. The cable
length can vary up to about 300 m (~ 1.5 us). The exact delay-time of a cable is determined within
an accuracy of +/- 6 ns. Delay-times varying from O to 1.5 s can be realised in this way. The
amplitude of each path is determined within +/- 1 dB ranging from 0 to -12 dB.

The different path responses are combined and additionally noise or an interference signal can be
added. The noise power as well as the power and frequency of the jammer can be varied. All
impedances are matched to avoid reflections in one and the same cable.

8.2 Measurements and results

The measurements are divided into four categories.

1. Accuracy

2. Addition of an interfering signal

3. Addition of noise

4. Measurement and calculation of the frequency response

8.2.1 Accuracy

For the first group of measurements the system is tested to determine the accuracy with which
amplitude and delay-times are estimated. The noise power as well as the jammer power are zero.
For equal configurations the measurements are executed at different frequencies spread over the
VHF band. For one frequency the same measurement is executed a number of times (13) to
examine the influence of time dependent parameters of the system. Results of the measurements
can be found in the tables A.1 - A.11 of sappendix A.

From these results it follows that the amplitudes relative to that of the strongest peth, can be
determined within 4/- 2 dB for most cases. This comresponds with a maximal amplitude error ratio
of |A; extimated!/|Aj correct! = 126. The delay-times of the paths are determined with an
accuracy of 2 sample instants to either side: |At] < 2T = 3125 ns.

822 Addition of sn interfering signal
For the second group of measurements, the infiuence of interference is examined. A jemmer at a

frequency separated 200 kHz from the carrier frequency is used to distard the desired signal. The

. it
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signal power of the jammer signal is of the same order of magnitude as the desired signal. Results
of the measurements are depicted in table A.12 of appendix A.

From these results we can conclude that the influence of the jammer can be neglected since it
does not cause strong deviations from the configuration with no jammer present,

823 Addition of noisc

If we add noise the same result is found as for addition of an interfering signal. Low input-SNR
(down to 0 dB) do not influence the measurement results significantly. Results are depicted in
table A.13 of appendix A.

8.24 Conversion of the results to the frequency response

The third multipath simulation includes the translation of the multipath characteristics to the
frequency response, as described in chapter 7. For this measurement a configuration of three paths
is simulated. Beside the direct path, two extra paths were used:

Pathl:tj= Ons,A;= 0dB,
Path 2: 1y = 523ns, A9 = 0dB,
Path 3: 1y = 993 ns, A3 =-5.6dB.

Three measuremeats were performed, each with a different path configuration: Paths 1 and 2,
paths 1 and 3 and the configuration with all three paths. From the simulation algorithm the
following result is determined:

Pathl:ty= Ons,A;= 0dB,g; =00,
Path2: 1y = 51608, Ay = -1dB,gy=-770,
Path 3: t3 = 100003, Ay = -6 dB, g3 = -1550.

thof&edehy—ﬁmmdubﬁmqmﬁﬂimAwm&cl-oz-q-ls
ns is used. This corresponds with the situation in which each of the delay-times is distributed
mifomlymnh:vﬁoﬂﬁnmﬂnmkﬁme?.(ﬂ.-ﬂu).wum
were executed on the same froquencies as used in earlier experiments, the transformation results

mWoﬂyhhmt,-SSJMﬂzhmmm&mm-e
found.
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The results found are compared to the results found with an spectrum analyzer. Figures 8.2
through 8.7 show these results. From these it follows that for both the measurement results as well
as the results obtained with the spectrum analyzer the same extremes in frequency and in
magnitude of the energy spectra are found. If we take into account the measurement errors, we
may conclude that the calculated energy spectrum of our system approximates the real situation

very well.
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CONCLUSIONS

To determine the multipath characteristics of a radio channel, a measurement system has been
developed and implemented. This includes a transmitter-receiver configuration using Direct
Sequence Spread Spectrum modulation. The frequency band of operation is the VHF-band, 30 -
70 MHz. Upon a measurement session, results are stored on disc. Software data processing leads
to an estimate of the multipath characteristics.

From the theoretical evaluation and the measurement results obtained from a simulated multipath
environment it follows that the multipath characteristics of a radio channel are completely
described by the number of paths and their respective time-, phase- and delay-time differences.

Further it turns out that the technique presented, using a PN modulated carrier signal which is
coherently detected at the receiver, serves best the goal to obtain the delay-times as well as the
complex amplitudes of all paths in a multipath environment.

By using PN sequences the demands on power requirements of the transmitter are limited.
Further, by processing a number of consecutive PN sequences it is feasible to increase the saraple
rate virtually by a factor equal to this number of sequences.

By applying a double correlation procedure, accurate results are obtained. At the first correlation
stage, the received data is correlated with the PN sequence itself. In the second processing stage
the obtained correlation function is correlated with the reference function.

The errors for each path due to noise for an input signal-to-noise ratio of SNR = -14 dB, are
theoretically found to be:

- delay-time : 22 ns

- amplitude : 0.5dB

- RF-phase :3degree;

Estimation of the multipath characteristics of a simulated multipath radio channel with known
path delays and amplitude losses results for input-SNR = 0 dB in the following errors:

- delay-time : 4 7.8125 ns

- amplitude : +2dB,
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The multipath characteristics of the radio channel can be converted to the frequency domain. The
narrowband frequency response of the radio channel is found within several dB's around the
measurement frequency. Theoretical and measurement results of the narrowband frequeacy
response of a simulated three path radio channel agree within +1 dB for a frequency band of 10
MHz centred around the measurement frequency.

[ S RETE P R
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ABBREVIATIONS

AD  :Analogue-Digital

A : Carrier amplitude

a : Contents of stage k of shift register
A; : Amplitude path i

by : Symbol k of PN sequence

By : Noise Bandwidth

D : Number of sequences

EP : Pulse Energy

f. : Transmitter carrier frequency
h(t) : Impulse response

I : In-phase

K : Sequence length

L : Shift register length

M : Number of samples per symbol
N : Number of paths

Np : Noise spectral density

P : Number of samples under consideration
PLL : Phase Locked Loop

PN : Pseudo-Noise

Q : Quadrature phase

R : Correlation function

R(z) : Continuous correlation function
R(m) : Discrete correlation function

r : Received signal

R, : Chip rate 1/T,

RF : Radio Frequency

R,  :Samplersse T,

S : Signal power

s : Transmitted signal

SNR : Signal to Noise Ratio

T : Symbol duration

t : Time
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T : Chip duration

Ty : Sampling time

VHF  : Very High Frequency
A : Error value

& : Phase shift of path i
o2 : Variance

Y : Delay-time of path i
@ : Radian frequency

.

Ir. F.G.J. van Aken
(group leader)

Ir. GJ M. Janssen
(author)
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TABLES OF RESULTS FROM MEASUREMENTS IN THE SIMULATED MULTIPATH
ENVIRONMENT

Configuration:
2 paths
Path 1: ¢t} =0s A;=0dB i
Path2:tp =523 ns A;=0dB ,
SNR =404dB

Table A.1: Measurement results

Frequency  Delay-times (as) Amplitade (dB)
(MHz) Correct Measured Correct Measured
30.425 523 531 (4] -4
39.975 523 516 0 -3
44 475 523 500 0 +1
49,825 523 531 0 4
53.200 523 516 0 -1
70.925 523 516 0 -2




Configuration:
2 paths
Path 1:t) =03
Path 2: ty =993 ns
SNR =40dB

A;=0dB
A;=0dB

Table A.2: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MHz)  Comect  Measured  Comect  Measured
30425 993 1016 0 3
39.975 993 1016 0 +0
44.475 993 969 Y +0
49.825 993 1016 0 -1
$3.200 993 1016 0 +2
70.925 993 938 0 2

R ot

e e bty
-
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Coanfiguration:
2 paths
Path 1:t; =0s

SNR =40dB

A1=0dB
Path2:t2=1516ns A,=0dB

Table A.3: Measurement results

Frequency

(MHz)

Amplitude (dB)
Correct Measured

30425
39.975
44475
49.825
53.200
70.925

Delay-times (ns)
Correct Measured
1516 1484
1516 1531
1516 1516
1516 1516
1516 1516
1516 1516

©C O 0O C o C

-3
-2
+0
-6
+1
-4
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Configuration:
2 paths
' Path1:ty=0s A;=0dB
Path2:tp=5230s Ap=-4dB
SNR=40dB

Table A.4: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MHz) Correct Measured Correct Measured

30425 523 500 4 -2
39.975 523 547 -4 -4
44.475 523 531 -4 +1
49.825 523 516 -4 -2
53.200 523 516 -4 2
70.925 523 516 -4 6
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Configuration:
2 paths
Path 1:t; =0s
Path 2: t; =993 ns
SNR =40dB

Al=0d3
Ar=-4dB

Table A.5: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MHz) Comrect  Measured  Comect  Measured
30.425 993 1000 4 -5
39.975 993 1016 4 -3
44.475 993 984 4 -3
49.825 993 1000 4 -1
53.200 993 1000 4 -6
20.925 993 1000 4 -6

28

R 4
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Configuration:
2 paths
Path1:t)=0s A1 =0dB
Path2:1)=1516ns Ap=-4dB
SNR =40dB

Table A.6: Measurement results

Frequency Delay-times (ns) Amplitode (dB)
(MHz) Correct Measured Correct Measured

—————— e -

30.425
39.975
44.475
49.825
53.200
70.925

1516
1516
1516
1516
1516
1516

1531
1516
1500
1516
1531
1531

I N O N G X

-3
-3

WK NG  a L  a
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Configuration:
2 paths
Path 1:t;=0s A1 =0dB
Path 2: ty = 523 ns Ag =-10dB
SNR =40 dB

Table A.7: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MH2) Cormrect Measured Correct Measured

30.425 523 547 -10 -12
39.975 523 516 -10 6
44.475 523 516 -10 -16
49.825 523 547 -10 -12
53.200 523 500 -10 -11
70.925 523 531 -10 -10
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Appendix A
Configuration:
2 paths
Path1:t; =0s A;=0dB
Path2: 1 =993 ns Ar=-10dB
SNR =40dB

Table A.8: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MHz) Correct Measured Comect  Measured

30.425 993 969 -10 -10
39.975 993 1000 -10 -12
44.475 993 953 -10 -8
49.825 993 938 -10 -12
53.200 993 953 -10 -9

70.925 993 1031 -10 -8
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Configuration:
2 paths
Palhl:t1=0s AILOdB
Path2:t5=1516ns Ap;=-10dB
SNR =40dB

Table A.9: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MHz) Chorrect Measured Correct Measured
30.425 1516 1500 -10 -13
39.975 1516 1516 -10 -12
44.475 1516 1484 -10 -10
49.825 1516 1531 -10 -11
53.200 1516 1500 -10 -12
70.925 1516 1547 -10 -12

Page
A9
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Configuration:
2 paths
Pathi:t; =0s

Path2:ty=1516ns Ay =-10dB

SNR=40dB

Ay=0dB

Table A.10: Measurement results

Frequency Delay-times (ns) Amplitude (dB)
(MHz) Correct Measured Correct Measured
53.200 1516 1516 -10 -13
53.200 1516 1516 -10 -13
53.200 1516 1531 -10 -13
53.200 1516 1531 -10 -1
53.200 1516 1531 -10 -11
53.200 1516 1531 -10 -11
53.200 1516 1531 -10 -11
53.200 1516 1531 -10 -11
53.200 1516 1500 -10 -11
53.200 1516 1500 -10 -11
53.200 1516 1516 -10 -11
53.200 1516 1500 -10 -1
53.200 1516 1516 -10 -11

Page
A.10
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Configuration:
3 paths
Path1:t; =0s
Path 2: tp =523 ns
Path 3: 13 =993 ns
SNR =40dB

A =0dB
Ay=0dB
A3=-56dB

Table A.11: Measurement results

Frequency
(MHz)

Amplitude (dB)
Measured Correct Measured

30425

39.975

44475

49.825

53.200

70.925

Delay-times (ns)
Correct

523 516
993 938
523 516
993 1016
523 516
993 1016
523 531
993 969
523 516
993 969
523 547
993 984

-5.6

56

5.6

-5.6

-5.6

-5.6

-2
-8
-3
-6
+3
6
-2
-8
-1
-6
-2
-7

Page
A.ll
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Configuration:
2 paths
Path1:t; =0s

J

A;=0dB
Path2:t)=1516ns Ay =0dB
fiammer = 49.625 MHz

SNRjammer = SPN/sjammct =..dB
SNR = 40 dB (no jammer)

Table A.12: Measurement results

Frequency SNR jammer

Delay-times (ns)

Amplitude (dB)

(MHz) (dB) Correct Measured Correct Measured
49.825 15 1516 1531 0 2
49.825 10 1516 1531 0 -3
49.825 5 1516 1500 0 +15
49.825 0 1516 1500 0 -50

Page
A2
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Configuration:
2 paths
Path 1:t; =0s A;=0dB
Path2:tp=1516ns A,=0dB
SNR=..dB

Table A.13: Measurement results

Frequency SNR jammer
(MHz) (dB)

Delay-times (ns)

Amplitude (dB)
Correct Measured Comrect Measured

49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825
49.825

© O © © O O © © O WV v v v i v i W W

1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516
1516

1500
1500
1500
1500
1500
1531
1500
1484
1531
1484
1500
1500
1484
1484
1500
1500
1484
1500
1484

© O 0 O O O 0O O 0 O o0 oo o O C O o

-5
4
-3
-2
-2

Page
A.13
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B.1
CALCULATION OF THE MULTIPATH CHARACTERISTICS
1 Delay-time determination BS
2 Parameter optimization BS
B9

3 Complexity and convergence of the algorithm
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In (5.3; and (5.5) the expressions (4.31) and (4.32) for I[k] and Q[k] respectively can be
substituted. By interchanging path addition and comrelation we obtain the following expressions:

oo N
Ryln]l = I X (Ao PNpy([n+k]Tpp-t3) +

k=-oo =l

AaiP“QI([n”‘]TAD"i) + ny ([n+k]Tap) }x[k] =

N o0
= X X {(AgPNpp([n+k]Tapn-T;) +

im]l k=m-co

AgiPNor ([n+k]Tap-T;) + ny(ln+k]Typ) }x[k] =

- § I (A yPNyp(Int+k-1;1Tpp) +

iml k=m=oo

RgiPNop ([n+k=151Tap) + np(ln+k]Tzp)Ixik] =

N
- 1}‘_1 AgiRryin-15] + Ag3Ror(n-1;1 + nglnl], (B.1)
N
Rgln] = igl-hgiﬂggln'li] + BgiRpgln-14]1 + nglinj. (B.2)

In (B.1) and (B.2) the following definitions are used:

o0
Ryrin] -): I PNpp([n+k]Tpp)x[k],
Rgrln] " I PNgp ([n+k]Tpp) x[k],
bl
Rygln] -x_}: PNyq([n+k]Tpp) x[k],

hd
Rogln] 'k_§_”oq(ln+kl'fm’xlkl'

(B.3)

(B.4)

(B.S5)

(B.6)
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ny(n] -k_inx([n'*k]‘l'w)x[k] ’

ng(n] e ng ([n+k]Tpp) x[k],

li = int (Ti/Tm)

(B.7)

(B.8)

(B.9)

In (B.9) int(x) denotes the integer s0 that gx-int(x)¢ is minimum. With this formula the analogue
time 1; is converted into the discrete time variable L. Note that the correlation functions Rpyin],
Rqiinl, Rqjln] and Rogln] (which are called the reference correlation functions in chapter 5)
are determined only by the system and are not dependent on the radio channel c.q. multipath
characteristics itself. The correlation functions Reyln] and Ryqfn] are due to cross-talk between
the I- and Q-channeis. These functions are used as reference functions to estimate the multipath
characteristics. These reference functions are measured under laboratory conditions with the

transmitter and receiver connected directly together.

From (B.1) and (B.2) '~ can see that the calculated correlation function is determined by

- the multipath characteristics N,A;,A;; and J; fori=12,.N;
- the noise terms ny[n] and ngyln};
- the system via Ryjfn], RQI[n]. RQl[n] and RQq[n].

We can now define the criterion for the data processing to estimate the multipath characteristics:
Determine the number of paths (N) and for each path the amplitudes in the I- and Q-channel A,
Ag; and delay-time 1; so that the energy contained in all estimates of the noise samples nyfn) and

nq[n]isminimum.lnothuwadl:ﬁndN,Aei,A,imdlifmi-l.Z,..,NloM

A2 = TAMmIZ=82+42= 3 (Aral}? + T (Agin])? =
nu—ee

n==e nw=ge0

- n'_f'_}_ Ryla} - iglici"n[n'lﬂ + AgiRorin-14) 12 +

+ nE-(- Rgln] - 121"-1’00["'111 + AgyRygln-141 12, (B.10)

hmmnmsmhmuxkﬂn]ndRQ[n]hWinMpahonhfm
ody,ﬁemmﬁmof@.lﬂ)mbemwaﬁm'mdnmbuomemﬁngip.
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The parameters p and P must be determined first and differ for each radio channel. Any choice in
which the P selected samples cover most energy of the correlation function satisfies but since the
processing complexity linearly depends on P, the parameter should be chosen as small as
possible,

An iterating algorithm is used to determine the multipath characteristics. The block structuore of
the algorithm is shown by the flowchart in figure B.1. The algorithm starts with N=1 paths and
optimizes the amplitudes A,y and Agy and the delay-time 1. From thesc parameters and the
correlation functions Ryyfn], quln]. RQIIn] and Rqun], the exror A2 of (B.10) is calculated. If
thismotA2exoeedsaomainmesholdd:eenetgyofd:emmfmcﬁonismpposedtoorigimme
from another path instead of the noise terms. In this case a following path is added and the
algorithm starts over again to find the optimum solution for one extra path. Paths are added until
the resulting error becomes less than the error threshold value Agppo,- The most important charts
of the flowchart of figure B.1 will be described now.

set time step
Ostep = 12
L

calcuiote best
time shift Al

Bstep = Bgstep/2

TR

Moyl 4
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1 Delay-time determination

To determine the optimum amplitude and delay-time of an added path the algorithm starts by
uﬁlmdngmedehy-ﬁlmlN.ThilﬁmeisdeuminedﬁomdwmfmcﬁmAz[n]:

N-1
A2[n) = { Ryln) - 151 AgiRygpln-14] + AgyRorln-1;1 )2 + ,

¥-1
+ { Rgln] - iEI-A,iam[nqi] + AgiRygln-1;1 12, (B.11)

The error function Az[n] thus follows directly from the received samples (Ryin] and RQ{nD and
iheeaﬂietesﬁmntedpmAci,A,imdlifai= lz..N-l.HmmcmﬁmcﬁmAz[n]
the maximum A2{m] is determined:

A2{m] 2 A2{n) for all n, (B.12)

with n € [p,p+P-1] and m € [p,p+P-1]. The delay-time by is now chosen so that the reference
conehn‘mf\mctionanin-lN]mdAzln]hlveMmﬁmnmﬁeminmNliNis-
first estimate of the delxy-time and may te changed by the following step of the algorithm.

2 Parameter optimization

The parameter optimization inclndes finding the best values for Ay, A j and | for i = 12, N-
1,N. Note that the cartier found values for Ay, Ag; and I; for i = 12, N-1 may be changed. The
optimization consists of an iterating algorithm shown in figure B.2. The algorithm in principle
cousists of one step: the determination of the best time shift A] = (Al},Al3,...Aly) relative to the
current delay-time set | = (3.Jy....J)). The magnitode of the time shift of the delay-time of one
MmmummeW0u+AwmmﬁAwdlmw
mmum“umﬁmnm%-n%-m
Bggep=8 .. for N 1,Nu2, N=3 . pathe. For this time shift all possible delay-time scts are
formed by increasing and decreasing each deley element with the current doley S0P Ayyeyy This
mnn3mma,%m..w,aro,m..w.
(Mg -psop. - IN-Btep) - {01 +gsegn 12+ Agpep - I+ Aptep)- For cach delay-time set the
optimmm smplitades Ay, Aco.-AcN 888 Agg,Ap,..Ag are calculated. This is accomplished by
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setting the partial derivative of the error functions A/ and AGZ of (B.10) be equal to zero. By
doing 30, 2N equations must be solved to obtain the valuc of the 2N variables A 1,Acz..Agy
and Ag1.Agy..Agy. For these values of the amplitude the error function (B.10) is minimum
given the current delay-time set] = Qpdo,IN)

I N:=0
I
x |

[ N:=N+1 ]
[ ]

Fig. B.2: Flowchart on parameter optimization

MR ) i
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The mathematical derivation of the foregoing is described now. The partial derivative of (B.10)
relative to ch is given by:

p+p-1
/sy "I (Ala])2 =0
n=p

p+P-1 p+E-1
3/ 5 (A 24+ T T3/0R.4{8gIn]}2 = O
n}_:p Acy{drlnl} z_9/3ncyiag

ptE-1 N
X { X Agi(Rrpin-1j]Ryr(n-141 + Rpgln-1;1Rygln-141) +
n=p i=1
N
.21 Ag; (Ror(n-141Ryyin-14] ~ Rooln=13JRygin-14]) +
A=
- Ry(nlRyp(n~14] - Rgln]Rrgln-141} = 0. (B.13)

For Asjasimilarresuhisfound:

p+P-1 2
9/0Ry 4 n}ip {Aln]}% = 0

p+P~1 p+E-1
3/ A 2, 3/3A 2.9
ngp 9,4 (Ar(n]) n§p sj {Agin]}
pHe~1 N
nEp (12:1 Ay (Rpyln-14]Rorin-14]1 - Rrgln~1;]Rgqln-141) +

igl Rgas (Roy(n-131Rgrin-14] - Rogin-1i)Rgqolin-14]) +

= Ry[n]Rqy{n~15] + Roinl [n=~14]) = 0. (B.14)
31 + RglnlRggin-14
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‘We now define the inproduct elements:

p+p-1

A,y - n§p {Ryz[n~13]Rry[n-14] + Rygln-13]Rrgln-151} (B.15)
pE-l Rygln-1 B.16)

Bi,y = ngp (RQI[n-li]RII[n-lj] = Rogln-13]Rygin-141} (B.
piE-l 1 B.17 !

i,y = nz,p {Rrz(n~141Rgrin-14) - Rygln-14lRgoln-141} (B.17)
prg 1 B.18

Dj, 4 = ngp {Ror [n-1;1Rgy[n-14] + Rogln-14lRggln-141} (B. )
p+E-1

Ej = nEp (RI[n-li]RII[n-lj] + RQ[n'li]RIQ[l'l‘lj]} (5.19)
p+P~-1

Fj - n§p {RI[n-li]RQI[n—lj] - RQ[n-l,.]RQQ[n—lj]) (B.20)

For (B.13) and (B.14) we can write:

N

'21 [Aci Aij + Agy Bij] - sj for § = 1,2,..,N, (B.21)

1-

N

L [Agy Cyy + Aggy Dyyl = Fy for 3 = 1,2,..,N. (B.22)

i=]

The equations (B.21) and (B.22) can be writtes in matrix form for all j = 1,2,..N:

(M1 A1 oo Mgl ByiB2y .ot Bgy) (Aa )
A2 A2 .- Mgz | B12 822 ... By2 A2
MuAxw .... M| Bim®2n .... B Aow
€11 €23 ---- ©Cy1| D11 P23 ---- Dy Az
€12 C22 .... Cw2 | DP12P22 .--- Dg2 Ay2

\ C1w C2w ---- Cum ! DiwP2w --.. D) \ Agy /

(‘1\

RN E S

Lf"u)

(8.23)

[P S |
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The matrix equation (B.23) is solved by LU decomposition. With the results of the amplitudes
A A2--AcN and Ayl Ap,. AN, the error function of (B.10) is calculated. For one of the
delay-time sets the error function is minimum. This result in the best delay-time shift and the new
best delay-time set.

In case a different best time set results, A] = (Al},Aly,...AlN) # (0,0,..,0), the algorithm continuves
by looking for the new best delay-time shift. In case the best delay-time shift set is zero for all
shifts (Al},Aly,..,AlN) = (0,0,..,0) the algorithm continues depending on the shift step nzeA,,ep If
thcshiﬁstepsiuisminimum,Amp= 1, the algorithm ends and the current delay-time set ] is the
opthnumdehy-ﬁmesetfoeraﬂ:s.lncaseAmtl,theshiﬁstepsizeisdecxusedtobeableto
examine the intermediate delay-time sets.

The last step to obtain all mmitipath characteristics is the determination of the phase differences of
the found paths. These follow directly from (4.19) and (4.20):

¢; = arctan(hgy/Agy). (B.24)

3 Complexity and convergence of the algorithm

- Complexity
Because the number of paths is of order of 5 for most cases, the complexity of the amplitude
calculation is not determined by solving the matrix (B.23) but by the inproduct calculation (B.15)
~ (B.20). For each inproduct, 2P multiplications and P summations have to be calculated. For this
reason the constant P, the number of sample instants under corsideration, should be kept a3 amall
as possible.

- Convergence
md;«hhmguﬂmmAzmwmumﬁm.Khmdzh
smalier than the threshold valtie Agzroe2, the algorithm ends. During program execution the egror
A2mambmhmummmmmmnmmmahdmy-
time set | = (3 1,..1N) is changed. Since changes in the delay-time set are determined by the
exvor A2 itself, the error will not increase upon optimization of the delay-time set.
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¢ B.10 ? .
é :
’ Thedelay-timeofanewexmpmhisdemminedbythemnmmofthemfmcﬁonAZ[n]u
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CALCULATION OF THE CUMULATIVE DISTRIBUTION FUNCTION OF THE
FREQUENCY RESPONSE

From each delay-time set we can calculate the corresponding received power for any frequency
with (7.2). The result is a power value g at frequency f with probability density p.(t). To obtain
the power probability density f\mcﬁonpg(g)atconstantﬁeqnmcy.we:honldadddlpobability
density values p.(t) of the time sets { for which the power g = S(f) is equal:

pg(&) - z Ps(t) . {C.1)
(S(f>I?t- ]

Since we cannot determine the inverse function of (7.2) to calculate the time set t for a given
powerg,thepowm‘pmbabilityfuncﬁonpg(g)emnotbesimpliﬁedfwﬂla&augivm
according to formula (C.1). However, we can follow a statistical spproach for which we do not
need this inverse function. For instance, at frequency f, the mean power E[g|f] can be calculated
by:

Etgler = [ s(a) lpme Pr(t) deqdty:-dey. (c.2)

With the aid of computer calculations, we can approximate (C.1). To do 80, we quantify the
variables g and t. The time intervals are chosen small enough so that the epergy spectram S(f) for
all delay-times within the intervals differs only slightly. The time scales are regarded further oaly
for the area with substantial probability deasity of the delay-time. If we restrict the time scale of
cach delay-time to the interval [t;-20, £;+20], a fraction of 0.95 is covered. This scale is divided
thhmﬂsdqmmmpobﬁEypjdmedehy-&mqwﬁnhhML
t; € [t-2044{j-1}0/M, 1;-2044{jloM] for j=1,2,.. M, is calculated with the Q-fanction:

B T Ty B M&‘”—’-m.‘.,,‘i
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T3-20+4{jlo/M
Py - f prlt) dt =
Tj-20+4{j-1)0/M
- Q(-2+(3-1)/M) - Q(-2+3/M), (c.3)
with
g(x) = [ 1/¥(2x) exp(-y2/2) dy. (C.4)
x

The Q-function is well tabulated or can be calculated by function approximation (Abramowitz, M.
and Stegun, I.A., 1968). For N paths this method leads to mN delay-time sets. For each delay-
time set the comresponding power value (or power g) is calculated from (7.2). The resulting
powers are tabulated and an approximation of (C.1) is obtained.
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