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ABSTRACT

'Search and rescue satellite aided tr'aclliing (SARSAT)' is a method of employing
satellites in low polar orbits to relay the ‘emergency signals of distfgssed aircraﬁ. and marine
vessels to ﬁn earth station. A't the earth st.aéion, thé signals are prc;cesséd using spectral
estimation techniques which pgrmit the galculatidn of the location of the distresslsed vehicle.
Of considerable importance are the characteristics of the spectrum c;f the emergency locator . '

transmitter (ELT) signal since E%e probability of locating the downed aircraft is closely

related to the quality of the ELT signal itself. -

This thesis a;falyses and investigates the ELT sjgnal spectra for ranges of different
parameter va—lues. A mathematical representation for the variation of tHe pulse duration
across the sweep period for actual real ELT signals has been developed and verified. New
models are proposed with nearlj.; ideal s:pectral\properties.

The matched filter performance for detection of the ELT signals has rbeen
calculate‘d.‘ Also, the periodogram a;ld averag;:d periodogram performances for detec'tion of -
the ELT signals are calculated and verified by computer simulation.

| A new processor, called the complex baseband processor, which employs both the
periodogram and the mnx.imum entropy method (MEM) is developed. Baseband procéssing
has many advantages over bandpa;.ﬁs processing.-

This thesis examines the processing of simuiated EL’i‘ signals, real testbed E.ILT
signals and actual data received from satellite passes using this new baseband processor. It is
shown theoretically and by computer simulation that the minimum detectabie car’rier-t't;-
noise density ratio (CNDRY) is approximately 21 dB-Hz whe@ the 512 complex-point FFT is

applied to 50 blocks comprisifig 1 second of data.
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A new technique called rate reduction filtering is developed. By applying this
technique to the data sequence, improved frequency resolution is obtained along with an
increase in signal-to-noise ratio. Further, a new algorithm called "ELT Tracking Algofithm"

based on using rate reduction filtering is developed and analysed.
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CHAPTER 1
/ INTRODUCTION
1.1 Search and Rescue (SAR)

Search and rescue satellite aided tracking (SARSAT) employs satellites i.n 850 km
polar orbits to relay the emergency locator transmitter (ELT) signals of distressed aircraft
and the emergency position indicating radio beacon (EPIRB) signals from marine vessels in
difficulty to an earth station [1-8]. At the eérth station, the signals are processed using
spectral estimation techniques and the location of the distressed platform is deduced. The
system invalving the United States, Canada and France, became operational in 1982 and has
had a significant number of rescues to date which would otherwise have been difficult using
only search aireraft. Currently, there are five satellites in orbit; three launched by the. Soviet
Union which has a parallel system called COSPAS and two by the United States. The
developing world interest in the COSPAS-SARSAT system has been demonstrateci by
countries such as Norway, Sweden, and the United Kingdom, while Finland and Bulgaria
will be involved soon. More countries are expe;cted to join as the project progresses.

Search and Rescue (SAR) operations in remote areas can be costly and time

_~
-~

consuming since location of a distressed platform r‘my take a month or more. In a country
such as Canada with large areas in the north which are sparsely populated, the SAR problem
becomes even more ;igniﬁcant. Also, the harsh environment in these areas makes SAR
operation particularly difficult in winter. A blanket of snow carieasily hide a cras'ﬁ.éite. This
leads to a reduction in the probability of survival.

The main difficulty facing a distressed aircraft is survival. The United States -

Department of Transportation studies [1] have shown that survival pro@bility is less than a

"\\'



10% chance when the rescue extends beyond two days after aircraft crash. In contrast, if the
rescue can be accomplished within eight hours, the survival rate is over 50%. Thus rapid
\ . ‘ detection and loéation of an aircraft crash is of paramount importance in terms of survival. It

is evident that in order to improve Mf the SAR program, the delay in régeue must

be kept to a minimum. This delay stems from two sources:
1) Excessive delay in notification or no notification at all.

2) Long search times caused by inaccurate position information.
’ s

The use of ELT units becagne mandatory for all general aviation aircraft in t_he

1 ' U.S.A. in July 1974 and for aireraft in Canada in January 1975 [1-5}. In addition, in the
mgritime area, there is also a growing tread for vessels to carry emergency beacons. These

devices, commonly called EPIRBs are extensively carried by many vessels on a voluntary

basis. -

i

The first rescue involving a small aireraft occurred in northern British Columbia in

September. 1982. All three persons on board survived. The first marine rescue using

COSPAS-SARSAT data occurred in October 1982. Again, three persons were rescued. From
§épt'vmber 1982 to May 1383, a total of 14 incidents occy{rred involving 40 people, of which 36

survived, making an auspicious beginning for the COSPAS-SARSAT System [6].

1.2 System Considerations J
1.2.1 SARSAT Requirements
. The SARSAT requirements can be surnt;iarized as follows [4]: . oo~
‘ (a) Th;a sys:tem must provide coverage of the whole seg{ch and rescue region.
(5) : The system must provide the alert and.location functions for existing ELT or

EPIRB units operating at.121.5 and 243 MHz. '

[ . - . . d

-
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{c) The system location accuracy must be, with a high probability, within home-in
range to an ELT by a search aireraft,

d) The system must detect and locate the transmitting ELT signal within six Rours of

an emergency incident.

122 " Orbit Choices _ / |

Two orbit types have been c:t).nsidered foruseina SARSAT system; these orbits are
the -geostationary and_t_he polar orbit. It is a well-known fact that.northern coverage from a
geostationary orbit i:s limited and this ;)rbit does not provide coverage for the full search and
rescue region. In additior;, the dista‘nce from the earth's's;rface to geosynch'ronous orbit
requires the deveiopment of anew, 'highei--powered ELT.

The polar orbitirllg satellite, whilgu providing intermittent coverage, does in fact
.cover the whole search and rescue regipn aiter 'about five passes. Mu'ltiple /sa’ria'lilites are
required to reduce maximum waiting time to an acceptf‘able value, Eor exar;lplé; two satellites

.

will provide full earth coverage every six hours, three satellites every four hour, and so on.

-

. - ~ -
The shorter ELT-to-satellite range for a polar,orbit is also compatible with the current low-

powered ELT units.
13 SARSAT System Concept

In conce@e system operates as shown in Fig. 1.1 (1-8]. While we describe
operation with the ELT unit, the operation \_i.rith the EPIRB is similar. When an aircrafl i3 in

distress, the emergency locator transmitter unit'is activated either manually or by the

deceleration switch in the unit which is tripped during the aircraft crash. The signal radiated

v

by the ELT unit is received by the myving satellite, and then transponded by this satellite to

. the earth station called a local user tefminal (LUT). An HP1000 computer with an FPS array
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processor in the LUT measu:res the Doppler shi frequencies of the ELT signals and,

knowing the orbit of the satellite, is able to calctilate the location of the crash site, i.e. the

sources of the ELT unit.

L

A repeater on board the satellite relays the ELT signal to an earth station where

the signal is analysed to extract an ELT position. The main problem is to determine with as

much accuracy as possible the zero Doppler point or point of closest approach of the satellite to -

the ELT unit, The time of closest approach and the slope of the Doppler curve at this point are
used to estimate the location of the ELT source. This estimate is passed to a Rescue
Coordination Centre (RCC) which speedily dispatches search aircraft to the emergency site.’

The search aircraft then uses conventional "homing" techniques to pinpoint the exact ELT

location.
. r-

1.4 - The Doppler-Curve

The estimate of ELT Position is based on information extraced from the doppler-
time curve, When a satellite in low ;.)olar orbit (850 km above earth) receives a distf_é'ss sig_nél
from an ELT source, a Doppler frequency shift occurs due to the relative motion of the
satellite with respect to the transmitter, i.e. movement of the satellite over the face- of the
earth affects a change in the radial velocity along the line joining the satellite and the ELT.

A plot of Doppler versus time produces an S-shaped curve, as shown in Fig. 1.2 [9].
As the satellite approaches the emergency s{te, ‘the Doppler shift becomes less un_ti] the
minimum distance is reached where the Doppler shift is zero. Beyond this point, a negative
Doppler shift occurs. This Doppler curve leads to a measure of ELT position with respect to

“

the known position.of the satellite. The measure of the range to the crash site is based on the
calculation of the slope of the curve at the point of inflection, which represents the zero

Doppler shift. Assuming an accurate satellite orbit model, the accuracy of the estimated
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position is mainly dependent on the accuracy of the estimated Doppler and hence on the

hl

choice of signal processing method. \

1.5 Location Estimation by Satellite
The estimate of aircraft location can be derived by assuming the flat earth model of
Fig. 1.3, Asthe satellite approaches the crash site, the ELT signal is received, and the carrier

frequency of the signal.at the sa_téllite isgiven by [10]: -

L f:fc+fd(x_2+——hz_+_z§)—u2 (L.1)
where:
f : received frequency at the sateilite.
f. : transmitted carrier frequency-t"rom the ELT.
B} . fq : Constant Doppler shift of the signal.

x : distance along the flight path. -

“h : altitude of the satellite.
z, : displacement of unknown rﬁag‘nitude of direction.
The signal is relayed from the satellite to a local user terminal (LUT) where the

frequency is plotted as a function of time resulting in the graph of Fig. 1.2. Now, calculating

the first derivative of Eq. (1.1) {with respect to time) yields:

df h°+ hoot’a (1.2)
ot sd x? + h?+ hlot?a)¥?
where
Vs = velocity of the satellite
’ - Y

= -dw/dt.
and from Fig. 1.3, z, = hcota. . s

The satellite is closest to the erash site when x =0, this gixv@s—



Vi
Rmin = _ 59 (1.3)
df
,"\J dt | Rmin

From Fig. 1.2 df/dt|grmin occurs at the point of inflection (A) on the curve; hence, this is
measured. Where Rmin is .the shortest distance between the spacecraft and the ELT source.
Also the parameters Vg and fy are known for any satellite orbit. In order to have an accurate
estimation of the crash site, it is important to measure the Doppler shift infermation on the
ELT carrier frequency. There are always two possible loca£ions fo;- the crash site. This

requires two passes of the satellite in order to eliminate the erroneous position.

1.6 Scope of Thesis

In Chapter 2, we examine the characteristics of the ELT spectrum and‘ investigate
the spectral properties of the ELT signal. This chapter gives an exhau:;.tive study of the effect
of éach parameter in the ELT signal spectral analysis.

Chapter 3 is devoted to describing and reviewing the theories of different methods
of signal processing employed. These methods are:.First, linear spectral estimation methods,
including, the matched filtering, the periodogram and the averaée periodogram. Second, the
non-linear spectral estimation methods which include, the maxin_n}lm entropy method (MEM)
and the averaged MEM. In this chapter, the description of the complex baseband system is
given. The description of the computer simulation results of*a single ELT signal in the
abgence of noise is given here. The comparison between the periodogram and mahcfled
filtering methed is present‘ed and the theoretical bound of minimum carrierl-to-noisg density
ratio (CNDR) is evaluated in this chapter. A complete discussion of the results of a single
ELfsignal in the presence of noise with different levels of CNDR is also given.

Chapter 4 develops a new approach called Rate Reduction Filtering technique

which is one of the main advantages of the baseband processing syst?,nkpy using this method



the frequency error is reduced, the signal-to-noise ratio is increased and the frequency
resolution isla improved which consequently improves the detection of ELT signal at low CNDR
level using both linear and non-linear spectral estimation methods. Furthermore, a new
method called "_ELT Tracking Method" is described and.analysed theoretically and verified
using simulation.results.

Chapter 5 deals with processing the multiple ELT signals using the complex base-
band system. It describes the computer simulation results. for multiple ELT si‘gnals with
eﬁual power levels using- linear and non-linear spectral estimation methods. A complete
discﬁssion of the results for multiple ELT signals with different strengths is covered here. At
the end of this chapter, we describe the detection of; the weak ELT signal using the
periodogram and MEM as applied with Rate Reduction Filtering technique.

Chapter 6 examines the processing of real ELT signals using the complex baseband
system. The spectral estimation results for Single real ELT signal (Pointer ELT signals,
Garrett ELT signals and Narco ELT signals) using the linear and non-linear spectral estima-
tion methods are described here: A complete discussion of the results for multiple real ELT
signals (two -ELT signals; three ELT signals and five ELT signals) is covered in this chapter.
In, additibn, this chapter shows that rate reduction filtering technique gives excellent.
detection for the Narco ELT signal and this method can be used as an identification technique
for all ELT signals.

Chapter 7 examines satellite pass data using the ‘co_m_plex baseband system. A
detailed analysis of the results of spectral estimations of the real ELT signals received from
two different satellite passes is covered in this chapter.

‘The final chapter gives the conclusions and suggestions for further research.



CHAPTER 2
SPECTRAL ANALYSISOF ELT .

SIGNAL MODELS

2.1 Introduction

The estimate of the location of a downed aireraft or stranded marine vessel using
the search and rescue satellite aided tracking (SARSAT) system relies heavily on the spet_:tral
properties of the emergency locator traﬁsmitter (ELT) on-board the aircraft or the emergency
position indicating radio beacon (EPIRB) on the vessel. Since the processing of ELT sigr‘mls is
identical to that of procéssing EPIRB signals, reference is madeonly to the former. Normally,
the signal is processed using the pericdogram and averaging, which is near-optimal when the
ELT signal is coherent and has constant carrier frequency.

In this chapter, we provide a general analysis of the spectrum produced by ELT
signals. By separating the amplitude modulat&on portion of the signal from the phase ﬁnd
frequency portiohs of the signal, it is possible to analyze the effectsf the two characteristics
independently. Finally, a new mpdulat.ion scheme for ELT signals is proposed which provides

signals with greatly improved spectral characteristics, .

2.2 ELT Signal Sweep -

The typical ELT signal may be represented as an amplitude modulated sinuscidal

carrier, as shown in Fig. 2.1,

The signal power is about 100 mW with a carrier frequency of 121.5/MHz or

optionally 243 MHz. The carrier is modulated by a pulse train having increasing pulse period

10



il

[ T, |
}‘_ t »
7 —
} i
- e ’ :
( [ L \
Fig. 2.1 ELT signal comprisisng Np pulse-null pairs of carrier.
Mulzivibrator
Vag
| \V%
* Bo
N
Sweep
'Ceneracer N

Qacillacor

Switch

V4

Tuned
. Power Amplifter
Fig. 2.2 Block diagram for generating a conventional ELT signal,



12

with time and a total sweep between 0.25 s and 0.5 s repeating continuously. Table 2.1 lists

the pertlinent specifications.

.- Of considerable interest is the variation of the pulse:null duration across the sweep
period Tg for the actual real ELT signal. For many ELT units, the modulation is produced. by
employing a sweep generator that creates an exponentially decayiné waveform, as illustrated
in Fig. 2.2, with a period equa-l to the sweep period Tgs This signal is then used to control the

voltage feeding the base resistors of a multivibrator cireuit. Y

For any standard muitivibrator, the period of oscillation is given by

L ec .
. VBB (2.1)
T=RCén| ——— ]
. 0.7
' Vi

where Ve is the power supply voltage, Vg is the sweep voltage feeding ﬁhe base resistors R,

_and C is the capacitance.

Now, the base voltage generated by the sweep generator is given by

—uT g (2.2)
—_— 3
Vas = Vot

where Vpg is a constant voitage. S~—
Substituting Eq. (2.2) into Eq. (2.1) yields

1+ Xfj—(-:'\at,rs
VBO ] ' - {2.3)

0.7 Tg

T = RC ¢n

i Vo

e

Consider -
T = RC

2.4
and v ,( )

A= vcc
‘ " YBO

Normally, 0.7 V¢oe < Vo < Vec and Vi is approximately 10V.



Table 2.1

carrier frequency

frequency tolerance

power output ‘

meoedulation type

pulse duration

percentage modulation
modulation frequency

sweep rate |
modulation frequency change

modulation frequency limits

-

121.5 MHz (optional 2\43 MH2z)
1 50 ppm —

approximaﬁely 100 mW

pulse -

33% to 55%

> B5%

downward swept

2 to 4 sweeps/second

700 Hz minimum

300-1600 Hz

r

13
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Then, substituting from Eq. (2.4) into Eq. (2.3) yields

e ,

l+Xxe ° - (2.8
T=Tof’n[—“—w—
1-0.071e °

The change in T along the sweep can be evaluated by simply differentiating Eq.

(2.3 to give [11] -

; 0.7
dr To wr [ =1 Vee (2.6)
ot Tt T @

5 l1+ke ® 12— )¢ °¢
cC.

Spectral plots for three different ELT signals are presented in Fig. 2.3, 2.4, and 2.5
for a Pointer ELT, a Garrett ELT and a Narco ELT [12]. It is shown later in this chapter that
the frequency of the. first upper-and lower sidebands relative to the carrier frequency is

exactly the inverse of the duration of the puise-null pair or for the lower sideband,

. ) . . 2.7
fC—fA= E .

Using this relation, the pulse-null durations for these three signals has been
measu:red at three different locations along the sweep; namely, t = 0, t = Ty/2 anfi t = Ts.
The resul'ts are p_rl!sented in Table 2.2, Values are also given in the Table for the change in
pulse-null duration at the same three locations.

Substituting the measured valuesatt = Oand £ = Ts into eq. (2.5}, the value for T
can be calculated at t = Tg/2 and compared with the measured values. In additioh, the values
qf (dT/dt) are calculated and presented. It is clear from this comparison that the variation in

pulse-null pair duration is well represented by eq. (2.5)[11 I

2.3 Generalized ELT Signal Spectrum ’
For a window length Tp of the signal, we have

s(t) = a(t)-w(t)-cos(w(t)-t + 6(t)] (2.8)



] ia 12 14 1a 18 <0 a2 x4

FREDUENCY (XHID ;

. v Fig. 2.3 Sequence of 25 consecutive Pointer ELT periodograms.

ol .y
AN “IL :—_'..
oS R TUUPERS RS RS SR A S
[+ ] 12 12 14 18 18 ) ) 22 24
FREQUENCY (KHZ) . Y
Fig. 2.4 Sequence of 25 consecutive Garrett ELT periodograms.

] 13 12 1a ig ie 24 22 a4
' FRECUENCY (MHI)

Fig. 2.5 Sequence of 25 consecutive Narco ELT periodograms.

15



16

TABLE 2.2
Y
Measured Calculated
ELT pulse number pulse width pulse width
Type in the sweep Tin n:s dT/dt T in ms dT/dt
¥ .
Pointer First 0.65 2.5%x10-3 y 0.65 2.46%10-3
Median 0.95 3.3X 10-3 0.935 3.23x10-3
Last 1.3 4.1%10-3 1.3 4.13x10-3
Garrett First 0.68 2.1x10-3 0.66 2.27Tx10-3
Median 0.0k 3.2x10~3  0.948 3x10-3
Last 1.32  3.6x10-3 1.32 3.8X10-3
- i
- V'.\
Narco " First 0.75 2.8 10-3 0.75
Median 1.06 3.5X10>3 1.05
\ R
~bast 1.42 4.3>x10-3 . 1.42 436X 19—3
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where -

a(t) = amplitude modulation of the signal

‘w(t) = window lengthof data N
w(t) = angular frequency of the carrier _
8(t) = phase angle of the carrier

Equation (2.8) can be rewritten in terms of the complex envelope by

s(t) = Re{a(t) w(t) exp{j(w(t)-t + O(t))]} . 2.9
I"d -

Since a(t) and w(t) are always real, we have

s(t} = a(t)-w(t)-Re{expljalt)-t + B(L)]} ' (2.10)
Let us assume \
x(t) = alt)-w(t) A2.11)
and ]
y(t) = Refexplj{wit)-t + B(t)]} ’ (2.12)
Then, we have
s(t) = x(thy(t) | (2.13)
where
x(t) = amplitude term of the signal
y(t) = phase and frequency term of the signal

Taking the Fourier transform yields

F(D) = X() ® Y(D (2.14)

where X(f) is the Fourier transform of the amplitude term, Y(f) is the Fourier transform of the

. - 3

frequency term and @ denotes convolution.

1

Consider the structure of X(f). From a practical standpoint, this calculation can
best be performed by combining the'window function with the modulation since the window -

simply shapes the amplitude response. Thus,



X(0 = Fla®-wt)} . (2J5)
where F = Fourier transform operator |
For Y(f), the problém is slightly more complex.
Y@ = Fly®)
= FRe[e'Vt. ¥V}
= FRe(&*Y]. Rel ] — Im(e"V - Im( V)
. .

Y(0 = B ® C() ~ D(D ® EN : (2.16)
where | '
B() = F{Re[eiwstit]}
CH) = F{Re[el®®])
- - - D@ = F{lm[eiottr]} | (2.17)

| E(® = Flm{ei®]}

We now investigate the spectra produced by certain practical selections of x(t) and y(t). -

2.4 " Ideal and Non-Ideal Coherent ELT Signais . .
There are many different modulation characteristics which can be chosen. Several

different cases are now considered in detail, assuming the carrier frequency is constant

2.4.1 Ideal Coherent ELT Signal
I[n this case, consider
a(t) = A mi(t) . (2.18)
“ .
‘where
‘. A . =thearmplitude of the signal

m(t) = the modulating signal ’
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- wit) =1, 0=st=sTp
=0, otherwise
w(t) = 2nf;
f. = constant car.rier frequency
Blt) =8
8p = constant phase shift.
. The Amplitude Term

First, the amplitude term is simply

x(t) = A m(t) w(t) < {219

Cémsider the r‘nodulating signal m(t) to be a rect_ang'ular pulse train, as shown in Fig. 2.1. For
one pulse, we have |
X( = AdT sinc(fdT) : (2.20)
where .
d = duty cycle
T = pulse period
sinc {(fdT) = sin (o fdT)/n fdT)

Assume the modulating signal m(t) consists of a set of N, pulse-null pairs (Fig. 2.1)
in the window length Tp. For a real ELT signal, the pulses are shifted in time. Thus, to find
the Fourier transform of this -siénal, the time shifting property of the Fburie; transform is
used. This property sté.tes that fora t.ime.shiﬂ; to [13],

| glt— ty) = e-i2af G() . (2.21)
Thus, the Fourier transform of the amplitude‘ term for the ith pulse is given by
Xi(D = Ad T;sinc(fd T;) e-i2nfu (2.22)

where
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1
T; = the duration of the ith pulse-null pair
t; = time shift from the first pulse to the ith pulse.
Then, the Fourier transform of the amplitude term for N, pulses is given by

N \ o
B ~jmft. {2.23)
X = > [AdT sinc(dT)e ']

i=1 &

The Frequency Term

Now, we examine the Fourier transform of the frequency term y(t). In this case, the

parameters B(f), C(f), D(D) and E(f) are given by (from Eq. (2.17))

1
By = E (B0—f ) + &(f+1 )]
CH = cosd -8
1
DO = - [B(—f) ~ &+ )]
2 (2.24).
E(d = sin8 -8
Substituting from Eqs. (2.24) into Eq. (2.16) gives
1 ' :
Y. b= 2 s[5 (f—fc) + 8(f+fc]l (2.25)
+jsin60[8(f-fc) —-8(+f )]
Neglecting the negative frequency term {i.e. (f + f.)), we have
1 i8, .
. YCP(f) = Y -S(f—fc)e : (2.26)

Substituting from Eqgs. (2.23) and (2.26) into Eq. (2.14) yields the Fourier transform for N,

pulses given by
< >
p AdT, S O ST (2.2
- ' ' ! i :
Foh = _}:l —5— sine[f=f)d T Je ¢
1=

Now, we examine two cases which represent constant T; and linearly increasing T;.

-
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Case 1 Constant DurationtT

Let us assume the duration of all pulse-null pairs isT. Then,

o

T;=T foralli=1,2,..,Np (2.28)

There are N pulse-null pairs in the window length, Tp, therefore

—

T 2 _ (2.29)
N
X P
Substituting from Eq. (2.28) into Eq. (2.27) yields

N
AdAT i, LI 1] 8 1 (2.30)
Fo,0= o Osinc[(f—T)dTI'Y e o
2 ¢ ot
1=
In general, t; for the first Np pulses is given by (Fig. 2.6). 2
t=G-DT, i=12..Np . (2.31)
Substituting from Eq. (2.31) into Eq. (2.30) yields
AdT 8, P _in(f—f )ti— DT (2.32)
Fe 0= = ¢ sinc{(f—f)d T Zl e ¢
1=

Now, we simplify Eq. (2.32) since the summation term can be reduced to

N —j2mf—f N T
e —j2n(f—i'c)(i-l)'I' i—e c e

’ _ (2.33)
Z ¢ - —nif=f ) T , . _
i=1 1-—¢ ¢

Thus, Eq. (2.32) isgiven by

~2nf-f I N T
- AdT 18 - <P
NH=—e¢e smc[(f—fc)d T]

F
c1 -jtnf-f ) T

. I
Computing the spectrum as the squared magnitude of Fc1(D), we get

(2.34)

Al

l sin[n(f— ['c) NPTI 2

AdT |2,
SC1(0= lT sinc l(f—fc)dT

sin[n{(f—{ ) T] _

Equation (2.34) gives the spectrum for Np pulses with equal duration T. From this
expression, it is seen that the spectrum Sci(D consists of three terms described as 1) the
amplitude {AdT/2]2 which is chosen to be equal to unity in this analysis; ii) the

(sinc2((f— f)dT] term which has a peak at f = f,, this peak being the main carrier peak; and
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' Fig. 2.6 ‘ Decompositi_on of the ELT signal into components.
&
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iii) the ratio of two sine functions, {{sin[n(f— )N T)/(sin[n(f-£)T)}2, which gives a multi-
peak pattern with the peaks being located at f =11, -i (KT, K=123,..

Figures 2.7 to 2.9 illustrate the spectra for different lnumbers of puises Np, in the
window length Tp = 10 ms. The ELT signal is examined here with carrier freqﬁency
f. = 15kHz and in the case of Np equal 5, 10 and 15. From these results, we conclude that
i) the main peak at f = [, ils due to the carrier frequency; ii) the peaks at other frequencies are
(due to the sidebands; and iii) as the number of pulses Ny, increases, the main carrier peak at
f = f, remains stationary while the sideband peaks move away from f.. Also, the number of
sideband peaks decreases as the number of pulses N increases. (Note for all the spectrum

plots the x-axis is in Hz and y-axis is in dB). b

e 2 Lineariy Varying Duration T
As we considered before, the modulating signal m(t) is a rectangular pulse train
consisting of N, pulses in the window length Tp. Consider the case where the pulse c_iuration
T;is inc;easing line-arly j.vith the pulse number Np. Thus, we have
T,=T+({-DAT, i= 1,5, . Np {2.35)
where AT is constant

The expression for t; is given by

tl =0
i-1
. (2.36)
b= 2 T, i=23, N
k=1
Substituting from Eq. (2.35) into Eq. (2.36) yields 1
i-1
t,= 2 T+(k=DAT
k=l
. (i-1)(i-2) . (2.37)
= (i— I)TEQ + 2 AT , 1= 1,2,...,NP
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where Tgq = T + (d/2) AT. Substituting from Eqs. (2.35) arid (2.37) into Eq. (2.27), yields

3

Ad P .
Fo® = — _Zl [T + (i—1) AT} sinc[d(f~£ ) (T + (i~ 1) AT)]
{=
| (2.38)
. : ) 9 x
-exp {—_1 2n (f—fc)((l—-l)TEQ +-———2—— AT )I e

Equation (2.38) gives the Fourier transform for N, pulses in the case of the
duration for each le;e increasing linearly with respect to the pulse number (Np). From this
expression, we can calculate the spectrum Sca{f) from the squared magnitude of Fca(f).

This expression consists of three terms described as: i) the amplitude; ii) the sinc
function term which gives a peak at f = f, this peak being the carrier peak component; and
iii) the exponential term which gives a multi-peak pattern. This exponential term is reduced
as AT increases, which consequently reduces the level of the sideband peaks.

Figures 2.10 to 2.13 give the spectra for the ELT signal with 10 pulses in the

window length with carrier frequency 15 kHz and AT=5ps, =10ps, =25 ps and = 50 ps.

krespectively. From these figures, it is clear that as AT increases, the main carrier peak at

%= f, remains stationary while the levels of the first upper and lower sidebands around the
carrier peak are reduced. This can be used as a possible identifier for the ELT signal. We
further note that the nremaining sidebands no longer produce sharp interfering peaks,
especialfy with larger values of AT. ‘ -

-

2.4.2 Non-Ideal Coherent ELT Signal
"For this case, consider each pulse has an additional shift A8;,i = 2,3, ..., N,. The
additional phase shift A8; belongs to the first pulse equal to zero. In this case, the amplitude

term remains the same as the previous two cases, while the frequency term changes. We
il

~
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consider here the modulating signal, as before, as a rectangular pixlsé with N, pulses in the

window length Tp. Thus,

w(t) = 2nf,
() =8 + A8, i=2,3,4,.., N, - . L (2.39)
o
where
AB[ =0
Now, Eq. (2.9) can be represented as
‘ N
P
st)= > s(t) .
‘ i=1
where ' ™ .
dT. dT

s, (t)

- l I
) —— LSt — -
A- Re expL](anct+90+A9i)]} Vb= | tet + 3 (2.40)

=0 , otherwise .
The Fourier transiorm of the amplitude term (X(f)) is given by Eq. (2.23). However,

the frequency term is represented by
y(t) = Re{exp{j2nf.t + 8 + 48]}, i=1,2,..,N, (2.41)
The phase shift at the beginning of the second pulse when no frequency pulling is

present is given by
dT .
— 1! - (2.42)
8,=2n{ [ 5 +(0 -dT,]
When frequency pulling occurs, the phase shift at the beginning of the second pulse is
dT '
= 1 (2.43)
sz— 2nf > +2n(f_+ fp)(l - d)T,
where {; is the change in frequency due to frequency pulling.
Thus, the additional phase shift due to frequency pulling is

AB=92P—92

=2nf (1 -=d)T
p 1

(2.44)

Letf, = £, (1 -d). Then, //’F‘
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AB 22nf, T,

Thus, at the beginning of the ith pulise, the total- additional phase shift is
i—1 ’ : .
86, = 3 2nf T,  i=2,3,N, (2.45)
k=1
where {y = the frequency shift._

In order to calculate the Fourier transform of the frequency term, first we will

define the parameters B(f), C(f), D(f) and E(f), using Eq. (2.17). Thus

1 :
B(D 2 {BE—f) + 6 (+£)}

ci = cos (B, + A8 ) - 8(f)

. .
| DO = '2: {G(f-f"c) - 6(f+fc)}
b . - L (2.46)
B Ef) = «n(8, + A8, - 8(D) o
- Substituting from Eq. (2.46) into Eq. (2.16) yields a

1
Y 0 = _ E [6(f—f ) + 8(f‘+fc)l cos(B + 48

»
t

+j86~£) = §E-+£)]sin B + 48)) (2.47)
Simplifying Eq. (2.47) by neglecting the negative frequency term (i.e. (f + £.)), we have
. 1 .
= - ; 2.4
Yyp® = 5 BE=£)-exp @ + 20,)] 248
Convolving X(f) given by Eq. (2.23) with Ynp(f) given by Eq. (2.48) yields

N
: P AQT, KBy+88) —jamif—f i, (2.49)
Fyd= > —— sine[(f—f)dT Je e o -

» . i:-]_ 2 c 1

Case 1 Constant Duration T

In this case, we consider that all N, pulses in the window of length TDﬁhave equal

duration T: Thﬁs, we have

) ' /



J1

A8, = l}:l' anf T, , i=2,3,N
k=1
=2nf (i-1T, i=1,2,3, N (2.50)
Substituting from Eqgs. (2.28), (2.31) and (2.50) into Eq. (2.49), we get
AdT 9 I —i2n [‘r-r -T2 =-NT - (2.51)
Fy = e Usinc{(f—f)dT) D> e S

i=1
Simplifying Eq. (2.51) as illustrated previously in Eq. (2.32) yields

—jmif—f -F N T
c s p

Fo@= 24T Pog [It' £ ydT) —
NIYYT o e "sinc((f—f )dT] —j2if—f —f T
1—-e [ 4 3
Computing the spectrum gives
2 sin[n(f-fc—fS)NpTI A (2.52)

‘ AdT|?
L S0 = || sinc-£)dT)

sin{n(f— fc "f,,)T]

From Eq. (2.52), we note that the spectrum is the product of three terms as in Case 1 for ideual
coherent ELT signals. The first term is the amplitude, the éécond term is the sine¢ function
which produces a peak a f = f;, and the third term is the ratio of two sine fﬁnctions. This third
term has a frequency shift f; which shifts the m‘ulti-i)-eal'c pattern.

Figures 2.14 to 2.16 illustrate the spectrum for the ELT signal with carrier
frequency equal to 15 kHz. The total nymber of pulses contained in the window (Tp = 10 ms)
is 10 with all pulses ha'ving equal duration. These figures depict the results for three different
values of frequency shift f,, i.e. for fy equal to 600 Hz, 1200 Hz and 1800 Hz respectively. The~
main consideration is the fact that the first nulls of the sinc function and peaks of the sine

relation can overlap together. From these figures we note that the carrier component peak -

moves to the right as indicated by the arrow.
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Case 2 Linearly Varying Duration T

In this case, we consider the duration for each pulse in the window increases

linearly with respect to the pulse number (Np). Making use pf Eq. (2.35) and substituting in

Eq. (2.45), we get A8, = 0 and:
48, = > 2of T, i=2,3,-
) . ; {2.53)
X (i-1(i-2) . .
=2nf_ {(1—1)TEQ+ 5 ATl i=1,2,3-N_

Substituting from Eqs. (2.35), (2.37) and (2.53) into Eq. (2.49) yields

N t
Ad j60 g . . . .
Fygd = == " > [T+ (—1)AT]-sincld((~{)(T + G~ 1) AT))

i=1

exp | =2 (=1 ~F) |6~ 1)Tgq + G-D4-2) ATH 2.54)

Equation (2.54) gi‘\:es the Fourier transform representation for ELT signal when
the pulse duration period increases linearly-with respect to the pulse number N, in th;z
window length Tp,

Comparing Eqgs. (2.54) and (2.38), we note that these two equations are the same
except the exponential term in Eq. (2.54) has a frequency shift f;. This frequency shift f, shifts
the multi-peak pattern,

The spectrum Sya(D can be calculated by performing the squared magnitude of
Fuolf). Figures 2..17 to 2.20 illustrate the spectn;m for the ELT s;ignal with carrier frequency
f. = 15 kHz and 10 pulses in the window length Tp. Thé frequency shift f; is equal E:OO Hz.
These figures depict the spectrum for different values of AT, i.e. for AT = 5 ps., 10 us., 25 us.,

and 50 ps., respectively. From these results, it is seen that as AT increases, thc_: level of the

sideband peaks are reduced which consequently improves the detection of the ELT signai‘
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2.5 Non-Coherent ELT Signals
2.6.1 Random Phase ELT Signal
In this case, we consider that there is no bhase coherence between the pulses. Thus,
we have
‘w(t) = 2nf;
ety =86, i=12,..,Np
where 0; is considered to be uniformly distributed random variable between 0 and 2n.

Making use of these specifications and substituting in Eq. (2.9), we have

N
s(t) = E 5.(t) , *
=1
where
dT, dT,
sty = A-Rejexp(2nft +8)l} , ¢t - 5 StstT T (2.55)
=0 . , otherwige

Since the amplitude term x{t) is exdctly the same as for the coherent ELT signal,
then the Fourier transform X(f) is given by Eq. (2.23).
Now, the frequency term is represented by

y(t) = Refexpli(2nfct + 801}, i=1,2,..,N, : (2.56)

Iiorder to determine Y{f), we will calculate tl;e parameters B(f), C(f), D{f) and E(f) using Eq.

(2.17). These parameters are given by

B(f)

1
5 (=1 + 8E+1,)]
ClO = cos®)-8(f) .

1
DO = 5 [6(f~1) - 8+ 1)

' 2.57
EM = sin(®)-§0 %o
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Substituting from Eq. (2.57) into Eq. (2.16) and simplifying the obtained equation, as in Eq.

(2.25), we get

“9

1 . .
YRPm = E -S(f—_ft e 1= 1,2,...,Np
LConvolving X(f) giveti by Eq. (2.23) with YgrplD) given by Eq. (2.58) yields
N
p AdTi ‘ —f{2mtf-f it -0
Foh= > 5 sinel(f~f)d T le
i=1

If all pulses ﬁaving equal duration T, then Eq. (2.59) becomes

N
- AdT Poo_j2mtf—f 3 -8
Fold) = —— sinclf—fdT] > e S

i=1

Sgr(h) = |Fr(D2

(2.58)

(2.59)

(2.60)

(2.61)

Fig. 2.21 illustrates the spectrum for a random phase ELT signal with carrier

frequency 15 kHz. From this figure it is seen that there is no peak in the spectrum at the

carrier frequency. Thus the detection of the random phase ELT signal is difficult if not

impossible.

Since §; is a random variable, we can evaluate the averaged spectrum as.

i

N s, = .E[FRm-FR(n}

2

AdT % ., s
—E—* sinc [(f—-fc)dT]

N N
P —j2nf £ )t ~6,) L +i2mE~f gt —8, )
-E. z e - Z e
i k=1

=1

(2.62)

Since the expectation of the sum of all products for i = k is equal to zero, then Eq.

" (2.62) becomes

AdT |2

S“(ﬂ = l <

N - sinc®[(f—f )dT)
P [+

(2.63)



P.S.D.

P.S.D.

—40. : * :

38

0.

-10. '
=20. i

] i i 5
_30. ]
—40, - L . - - L

0. 5000. 10000. 15000, _ 20000. 25000.

F
. Fig.2.21 Plot of Sg(D.

0. 5000. 10000. 15000. 20000 25000.
F

Fig. 2.22 Plot of Syy(D).



39

Equation (2.63) provides the averaged spectrum for a non-coherent signal. It is
seen that it has afhape which is sinc2[(f—f)dT]. This averaged spectrum is far broader than
the previous spectra. Thus, the carrier frequency estimation for non-coherent ELT signals
cannot easily be performed by using Fourier transform.

Figure 2.22 depicts the averaged spectrum for a non-coherent signal using Eq.
{2.63). From this figure, it is clear that the spegtrum produces a broader peak as compared to
the previous spectrum. The carrier frequency is not easily measured. F‘urther,'therebis little

point in considering the spectrum for linearly varying duration T.

2.5.2 Varying Carrier Frequency ELT Signal

In this case, the modulating signal m(t) is described as in the previous cases. [tisa
rectangular pulse and consists of N pulses in the window with length Tp. In this case, each
pulse in the sweep is modulated by a di.ﬁ'e;ent carrier frequency. Furthermore, the amplitude
term is the same as all previous cases. Thus, in this case, w:e have -

. wlt) =2nfy, i=12,.,N;
8(t) = 8¢

Then Eq. (2.9) becomes.

Np
_ - s(t) = Z 5,(t) i
. i=1
where ' /
- T, dT,
Si(t) = A-Reexp(j(2n fcit + 90)]} B A S stst + Y
(2.64)
= 0 ' . othe_rWise

The structure of the amplitude term is the same as Ideal Coherent; therefore the

]

Fourier transform X(f) is represented by Eq. (2.23).

The frequency term representation is given by . !
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¥(t) = Re{expli(Znf;it + 8}, i=1,2,..,Np (2.85)
In order to caleulate the Fourier transform Y(f), first we cﬁlculate the parameters

B(f), C(N), D(f) and E(f) using Eq. (2.17). Then we have

1
‘ By = E [8(f~ fci') + 8(f+fci)]
Ci) = ms(Bo)-G(ﬂ
l ]
D) = —[8(f—f ) —8{f+f )]
23 cl cl

: (2.66)
E®) = sin(8y)-5(
. Substituting from Eq. (2.66) into Eq. (2.16}, we get

- 1 [ - '

Y (0= Y [8f—f ) + &(f+f )cosB, +jsinB [BF-£ ) + 8(F+£ )1 (2.67)
Neglecting the negative frequency term, i.e. (f + ), we have

. Poo s 2.68)

Y= ELQ(_fffci) -e . 1—1.2....,NP (2.

Convolving the amplitude X(f) given by Eq. (2.23) with the frequency Ygp(f) given

by Eci. (2.68) yields

N
P AdT, -ime=f ot 39, (2.69)
Feld = Z{ — sinelf—{ )d T Je e
i=

Case 1 Constant Duration T

\-‘_‘h—-‘_

In this case, we consider all N, puls‘és in the window length as having equal /
duration T. Thus, using Eqs. (2.28) and (2.31) and substituting in Eq. (2.69) yields the Fourier

transform of N, pulses given by

AdT

: o Yo
Fp= ~>=e ) sinc{f~f )dTle

—jentf—f i~ 1T T (2.70)
Fi 2 -

i=1

Consider the carrier frequency for each pulse increases linearly with the pdlse

number N ‘; and represented by .
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iy fu=f+i-DAF, i=1,2 . N, . {2710
where A
fo= constant carrier frequency
AF = increase in the frequency per pulse.

Substituting from Eq. (2.71) into Eq. (2.70) yields

N
AdT 8 <
Fe® = ——e ° 2 sincl(f—f — (i~1)AFMT]

i=1

exp | —jZn(f—f —@(-1)AF) G~1)T (2.72)

The spectrum Sg((D can be calculated by performing the squared magnitude of
Fp(f) given by Eq. (2.72).

A pulse-wave modulated ELT signal with carrier frequency {.=15 kHz and 10
pulses in the window length Tp=10 ms. is examined here. Figures 2.23 to 2.26 illustrate the
spectra for the case where the carrier frequency varies by 15, 3‘0, 75 and 150 Hz per pulse
respectiv:aly. From these figures we note thz;.t as AF increases the detectionlof the carrier
peak component bécomes extremely\difﬁcult. if not impossible.

)

Case 2 Linearly Varying Duration T

Now we study the signal spectra produced by an ELT signal when each pulse-null
duration increases linearly with the pulse number (NP)./ In this case, making use of Eqs.
(2.35), (2.37) and substituting in &&1 (2.69) yields the Ii'.oﬁrier transform representation of N,

- ) 4 7 i

o

pulses given by
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NP
Ad , :
Feglhh = —e °zl [T + () AT} sine (d(f~ £, ) (T + (1) AT)]
1=
" (2.73)

. . . (i—-1)G-2)
exp —_]2n(f—fci) (l—l)TEQ+ TAT

n

The carrier frequency f;, (i = 192, ..., Np) is given by Eq. (2.71). Then, substituting

from Eq. {2.71) into Eq. (2.73), we get

N
Ad 8, < .
—e 2 [T +G—DAT]-sinc[df—f_ ~ (i=T)AFNT + (i—1)AT)]
i=1 {

Ff) =

F‘Z( 2

| i—1)G—2 /
exp [—j2nff—fc—- (i—1)4F) [(i_.1)TEQ+.(_‘__)‘_‘_l AT“ (2.74)

The spectrum Sga(f) is given by
2

Spy = ' Foyl®

Figures 2.27 to 2.29 illustrate the spectrum obtained by performing the squared K
rﬁagnitude of Eq. (2.74). In these figures, we choose AT = 100 ps and AF equal to 15 Hz, 30
Hz and 75 Hz. From these figures if is seen that for AF = 15 Hz the spectrum is goed due to
the reduction of the level of the sidebands. Increasin‘g AF to 30 Hz and 75 Hz makes the

detection of the carrier component difficult.

253  Varying Amplitude ELT Sigpal : N “
In thig case, the amplitude a(t) for each pulse in the sweep is not constant, i.e. each
pulse in the window length Tp is modulated by different amplitude. Then, in this case, we

have

a(t) = Ay mii),

() = 2nf, (2.75) 4
From Eqs. (2.75) and (2.9), it is seen! that s(i)_c_q_n be represented as
. T
) i
‘/‘
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Fig. 2.28 Plot of Spg(f) with N, = 10 pulses, AT = 100 psand AF = 30 Hz
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N
P

s(t?,= Z 5,(t)

i=1 -

where
dT, dT,
Si(t) = Ai Re {exp (j(2n fct. + 90)]} » t- - stst+ ry
-(2.76)
<\ 2 =0 , Otherwise
L__,_ In this case, the Fourier transform of the amplitude term x(t) is given by
// R N ’ .
P —jon i, ) (2.77)
XO= D AdT sincdTre
i=1 '

The frequency term for this case is similarto Y¢pil). Then convolving X(b) given by

Eq. (2.77) with Ycpif) given by Eq. (2.26) yields
N

' P AdT, Limi=f 0y (2.78)
F0= Y ——sinc[(f-f)d T le el |

i=1

Case 1 Constant Duration T

Here, we consider that all N, pulses in window Tp have equal duration T. Thus,

the Fourier transform representation for N, pulses is given by
N
dT 0, 3
Foy= 5 e sinel(=£)dT) 2 Ae

i=1

~j2ntf~f i 1T (2.79)

Let us consider the amplitude for each pulse increasing linearly with respect to the
pulse number Ny, i.e.
Ai=A+(i-DAA, i=12..,N, ' (2.80)
. where
A= ’ amplitude of the first pulse in the sweep
AA = incre.ases in the amplitude per puise.

Substituting from Eq. (2.80) into Eq. (2.79} yields

g

N



N

AdT @ Po_emf-F ) ti- 1T
Fpy0 = ——e ’sinel—£)dT] > e ¢ g
i=1 ' y (2.81)
Np
AAdT i8 —j2atf=F Xi-DT
e Osinc[(fjfc)d’r] Zl (i—1)e ch
Jd=

The summation in the second term can be simplified by noting [14]

N
P : s
—jzmif—f Hi-1T
I= > G-1e e

i=1 L
N =1
p
= » Kz¥
K=0
N N +1 (282)
Z-NZP+(N-1DZP
= P P
, (1-Z)
where ‘
—ji2ntf . f T
Z=e € and K=i-1 E

Equation (2.81) can be written in this form O
N N N +1 ‘
"dT 1-2 P Z-NZP+N_-DZPF (2.83)
F,®="—e sind(f—F )dT] |A + AA : 5
2 1- -2
Equation (2.83) gives the Fourier transform of N, pulses with equal duration T. The

“spectrum SM(D can be calculated by performing the squared magnitude of Fay(f). Fa (D
" consists of two main terms described as: i) the first term is the sinc function term, which has a
peak at f = f,. This is called the carrier camponent pesak; ii) the second term ‘consiét.s of two
parts ; the first part is due to the amplitude A, while the second part is due to the increases in

the amplitude b‘y the amount AA. Both of these term gives a- multi-peak pattern.
The s;ectra in the case of AA = 0 is exactly the same as Fig. 2.8. (We choose the

© " same number of pulses N;, in the window lengthTp, i.e. Ny = 10). Choosing AA equal 10% of

e

— .

VR
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the actual amplitude ‘A gives the spectra depicted in Fig. 2.30. From this figure, it is clear
that the carrier peak is stationary while the background side peaks are reduced and become

smoother as compared to the spectrum given in Fig, 2.8. '

Case 2 Linearly Varying Duration T

In this case, we consider that each pulse duration in the window increases linearly

+ with respect to the pulse number (N). Thus,’substituting from Egs. {2.35) and (2.37) into Eq.-

(2.78), we have

-

N
- PAd
F 0 = ‘le—' T + G—1) AT) - sine[d(f~£ ) (T + (i— AT
1=
i-1)(-2 o
exp I—j2n (t—£) l(i—l)TEQ s, ]e’ 0 (284

Con‘sider Ajto he.represented by Eq. (2.80). By substituting from this equation into

Eq. {2.84), we have

N
B . .
d
F0 = ZIE [A + (i-1)A8A]- [T +(i—DAT]-sine{d(f~f )(T + (i 1)AT)]
1=
{2.85)
o . T (i—-1)(i-2) AT 9,
exp | —j n(f—-fc) {i—1) E-:Q+ . e
Equation (2.85) represents the Fougjer transform of N pulses for the case where the pulse
duration and amplitude increases lih‘early with respect to the pulse number Ny, As discussed
in Case 2 for Ideal Coherent ELT signal, we noté that by increasing AT, the level of the
sideband peaks around the carrier are reduced while the carrier peak component remains
stationary. Furt‘hermore, the effect of varying amplitude smooths the multi peak s‘pectrum as
iltustrated before.

Figure 2.31 illustrates the obtained spectrum: Sp2(f) using Eq. (2.85) for

AT = 100 ps and AA = 10% of the actual value of the amplitude A. From this figure, we note
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that the sidebands are reduced and the two mejor sidebands around the carrier become

smoother, while the carrier peak component remains stationary and very sharp.

L]

v 2.5.4

For this case,

Varying Amplitude With Added Phase Shift

we consider each pulse to have an‘additional phase shift A0,

i=2,3,4,..,Np, as represented by Eq. (2.45). This section studies the signal spectra

produced by the EL‘i‘ -signal when each pulse has an additional phase shift A8; and modulated

. with different amplitude A;,i = 1, 2, ..., Np. Thus, in this case, we have

C dT, dT,
si(t) = A Re [exp u(znrct + 90 + Aei)] . t - Ty stst+ —2— (2.86)
i =0 , otherwise
The Fourier transform of N pulses is given by
N
P AdT, ) -izmf~f e, 8, + 80,
F 0= Z sinc{(f—f )d T,Je - e (2.87)
A i=1 '
A
Case 1 Constant Duration T
In this case, we have T; = T for all values of i. Thus,
i-1 A
A8 = > 2nf T, i=2,3,..,N
i i~ "5 k" - P
k=1 .
=2af (-DT,  i=12,.N, 2.88)
Thus, Eq. (2.87) becomes
Vo (2.89)
By -2l =F_~F )ti=1T] 8
Fo 0= 2 e  sinclf-f)dT) Z Ae

-~

i=1

Let us consider A;, as given by Eq. (2.80). Then, substituting from Eq. (2.80) into Eq, (2.89)

yields



L.

dT 8, | _ B -j2n(f-F_—f)ti-DT
Fhm(ﬂ = —2—e smc[(f—fc]dT]-[_A Zi e
el l=
/
N 2,
P —j2mf—f —f )i -1T ) (2.90)
+  AAD (i-De < s
i=1
The second summation simplifies to [14]
A N N N +1
3 it ~fyi-pr  Z-NZ P+ @N -1Z T, (2.91)
> (i-1e c s = -
i=1 1-2)
where '
—imti—f ~f T
Z=e € s
Thus using Eq. (2.91), Eq. (2.90) becomes
N N ' N +1 '
dT 8, 1-Z P Z-NPZ P4 p_1)Z P (2.92)
Fon®= ? e smc[(f—fc)d'l‘]- A - + AA T }

The power spectral density Sani(D) can be calculated by performing the squared |
magnitude of Fan(f) represented by Eq. (2.92).

Figure 2.32 illustrates the spectrum for th‘e ELT signal with carrier frequency
equal to 15 kHz and sh.ifting frequency f, = 600 Hz. We choose AA equal 10% of the actual
value of amplitude A. From this figure, we note that the sidebands are reduced and become

*

smoother as compared to the spectrum depicted in Fig. 2.14. - e,

Case 2 Linearly Varying Duration T

In this case, we have T as given by Eq. (2.35) and A8; as represented by Eq. (2.53).
Ty=T+ (-1DAT, i=12,..,Np
Substituting from Eqs. (2.35), (2.37) and {2.53) into Eq. (2.87) yields
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N
PAd
Fog® = Zl—é— [T + (i= 1) AT} sine((f=f_)d (T + (i— DAT)]
1=
_ : ~G=D(=2) i% (2.93)
exp {-—jZn(f—fc-fs) [(1-—1)TEQ + ———— AT l e
Substituting from Eg. (2.80) into Eq. (2.93), we have =
%
N
Py .
Fag® = 215 [A + (i— 1) AA] [T+~ DAT] sine[d(f~f )(T + (- DATI -
1= .
(2.94)

- i~1)(i—2 o
exp [-J'Zn(f—fc—fs) (=DTg, + (l——’-—)ATHe 0

Equation (2.94) repreéents the Fourier transform of .Np' ﬁulses. ‘The pulse duration and
amplitu&le increase linearly with respect to the pulse number N,,.

Figure 2.33 depicts the power spectrz;l density Sane(f) obtained by square
magnitude of Fans(f) given by Eq. (2.94). From this figure, it is clear that the sidebands are

reduced. Furthermore, the carrier peak component remains stationary and very sharp.

2.5.5 YVarying Amplitude and Carrier Frequency
In this case, each pulse in the sweep is modulated by a different carrier frequency

and also by a different amplitude. Thus, we have

N 1
P

()= D s

i=1

where
Kf .t+9 dT dT.
s(t) = A, Re[g “ U’} , t——Stst 4 —
1 1 .l 2 1 2
_ (2.95)
= 0 , otherwise

We see that the Fourier transform representation of N, pulses is given by
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L NP Aid Ti —2ntf=f ot 8 (2.96)
F, 0= g‘ o sind(f—1 )dTle g0

Case 1 Constant Duration T

For this case, we have

Ti=T, i.= 1,2,..,Np (2.9
and
t=G-DT, i=1,2,.,N;

Now, the carrier f'req:aency increases linearly with respect to the pulse number Np.

Thus,

f,; = f, + (i— DAF

(2.98)

If we consider that the amplitude A; increases linearly with respect to the pulse

number N, as given by Eq. (2.80).

Thus, substituiing from Eqs. (2.80), (2.97) and (2.98) into Eq. (2.96) yields

N

p
dT
Fom® = 21—2— [A + (=1)AA] - sinc((f—f_ - (i—1)AF)T] -
1= : )
. 17 ;8 2.99
Exp[-erl (f~F,~ (=1 8P G- 1P| e ° (2.99)
The spectrum Sap(f) is given by
2
/ S.m= ‘ Fon
Case 2 Linearly Varying Duration T
In this case, we consider
. T, = T+G(-DAT, ' i=1,2,..N
’ i—1)(i—2)
g o= GoUT, + 2 ar  i=12.0N . 2.100)
i EQ 2 p
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Subst.ituting.fru_m Eqsé_(il’.ﬁ(_‘)), {2.98) and (2.100) into Eq. {2.96), we have

N
p
: d ) .
Fm(f) = Zl ElA-f-(l—l)AA]- {T+(1—1)ATI
1= )

sine ((f—f_ — i— DAF)A (T + (i— 1),&1‘;11\

"(i-—-l)(i—2)AT”ej90 | (2.101)

exp{ —j2n(f—l‘c— {i—1) AF) (i—l)TEQ +
By performing the squared magnitude of Fapo(f} given by Eq. (2.101), we get the power

spectral density Sppo(f).

2.5.8 General Model for ELT Signals
In thig case, we consider each pulse in the sweep is modulated by a different

amplitude, different carrier frequency and has additional phase shift A8, Thus we have

N

P , (2.102)
)= D) 5(t) '
i=1
“where
' K2of .L+BO+AGJ dTl dTl
s(tt=A R je © "1, t - — sttt +—
i ite i 2 ! 2
=0 , ow
-As discusged before we see that the Fourier transform representation of N pulses is
given by
N . ] .
PAAT, —i2mf-F ot ~8) -8 (2.103)
Fo = gl 5 Sl dT e 20
-

Case 1 Constant Duration T

For this case substi\i\xting from Eqgs. (2.28), (2.31), (2.50), (2.71) and (2.80) inte Eq.

(2.103) yields
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LY

A N
'& dT By & , _
, J =S¢ > A + (i-1)AA}-sind(f — [ — (—1) AF)dT] (2.104)

exp{-j2nlf-f - (i—1)YAF ~ ['s}(i-—l)T]}
The spectrum Sgi(f is given by

2

Se, M = l F gy (0

Case 2 Linear Varving Duration T . °

In this case substituting from Eqns. (2.355{. (2.37), (2.53), (2.71), and (2.80) into Eq.

(2.103) yields

N | 2
p d .
Foih= 2 S A+ G-1AA] [T+ G-1AT]

1=1

sind(f - f_—(i-1) AR d(T + (i-1) AT))

-

i—1)(i-2
. exp{—j2nldf — f, — (= DAF = (G~ UTgo + G-1G-2} )
2 (2.105)
i .
0 e 0 »

The spectrum Sgo(f) is obtgined by performing the square magnitude of Fga(f) -
given by Eq. (2.105).

-

2.6 Proposed Models

’

We have demonstrated that many unusual spectra are produced by the different
- - - 3 /——_.——- -
imperfections in the ELT signal parameters with the simple pulse modulation. Now, we
propose two signal decigns which still provide the desired modulation for manual detection of

signals, but in addition offer spectral properties more suited-to automatic detection in a

crowded freﬁuency band.
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N

A}

produces a host f s';idebax;ds in addition to the carrier component.

v 'ln this section we study the averaged spectrum for an ideal coherent pulse-
modulated ELT signal. Figure 2.34 illustrates the general block diagram for generating this
modei of signal and Fig. 2.35 depicts the averaged sp;:ctrum of a pulse-wave modulated ELT -
signat with carrier frequency equal to 15 kHz. This spectrum is the opt;mum that can exist
fgz;‘this type of ELT signal. From this figure we nctte that; 1) a sharp distinet peék occurs at’
the carrier frequency,'this peak being the c_:arrier component; 2) the lst upper and lower
sidebands are symmetric in amplitude around the carrier componeilt, and 3) ther.e is an
undesirable bdékground due to the higher order sidebands. These sidebands create f:;lse
peaks in the presence of noise gnd can mask the carrier component of the ELT signal.

Now, we describe two proposedﬁi;node!s with nearly ideal spectral properties. These
models produce spectra which reqiycé the background consig!erably{legving essentially only
the carrfer peak and the first upper and iower side.bands.

2.6.2 15t Proposed Model . - 1

For this proposed. model rather than using ?_ulse amplitude modulation we use~,

A -
sinusoidal modulation. Figure 2.38 illustrates the bfloc!s_@‘,néa\rﬁ‘ used for generating this

~
model. For the case of sinusoidal modulation, the ELT signal can be represented

1
mathematically in the form -
L (2.108)

~

; s(t) = All + m(t)] cos{2nf.t +9el /Z

where m(t) = the modulatirig signal can be written as *

'm(t) = peos{mt)
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where

= modulation factor

W = 2nfg
where

fn = consmntlmodulating signal frequency
Thus

s{t) = A{l +poos(2nfmt)}‘ Re [e (2.108)

jomf b+ eo)]

Figure 2.37 depicts the averaged spectrum of sinusoidal modulated ELT.signal
with carrier frequency equal to 15 kI:Iz. FEom this figure it is seen that: 1) A sharp peak
" occurs at the carrier frequency, this peak being the carrier com;;onent peak; 2) the 1st upper
and lower sidebands around the carrier peak, are symmetric in amplitude; and 3) the higher
. order upper and lower sidebands are reduced due to the absence of nulls between pulses of the
signal. o
2.6.3 2nd Proposed Model

Fdr this model, a pulse-amplitude modulated ELT signal is used. This type of

signal is more popular because of the simplicity with which it can be generated, namely,

modulating a carrier with a string of pulses and passing the ELT signal through a bar;dpass '

filter with bandwidth equal to 6 kHz. Since the carrier frequency of the ELT signal is
121.5 MHz, the desién of this bandpass filter with center frequency of 121.5 MHz and a
bandwidth of 6 kHz which is difficult due to the high quality factor {(121.5x108)/(6x103) =

20250}.

Thus, the idea is to design & new ELT signal with carrier frequency in th ranée of

3 MHz to 5 MHz and feed tlus signal through the bandpass filter with bafﬂw:dth equal to

6 kHz wh:ch can be unplemented easnly in practice. After the ELT signal.is mixed to a carrier

-

»
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frequency equal to 121.5 MHz, Figure 2.38 gives the general block diagram for this second
proposed modei.

Figure 2.39 illustrates the averaged spectrum for pulse-wave modulated ELT
sig‘nal'using the second‘propbsed model. This signal Has a carrier frequency of 15 kHz.
Comp‘aring this spectrum with that depicted in Fig. 2.35 obtained using Model No. 1, we note
that the background sidebands are rejé;:ted. Figure 2.40 depicts the comparison between all
spectra obtained using Model No. 1, 1st proposed meodel, and 2nd pro.posed model. From these
results it is seen that thg 1st and 2nd proposed models produce spectra with nearly ideal

" spectral properties,
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2.7 . Sumxﬁary :

The probability of locéting the downed aircraft is closely related to the quality of
the ELT signal itself. Thus the main consideration is the characteristics of the Spéctrum of
the ELT signal. In this chapter different medels for ELT signals have been developed.
Furthermore, the spectral properties for these models have been discussed. The first model is
the ideal coherent model ELT signal. This model prqduc‘és a highly ide_nlized spectrum which
is not found to exist in practice. Consequently, non-ideal ELT signal models have been

developed and analysed. These models include:

1) phase imperfection
2) carrier frequency imperfection ~
3) amplitude imperfection

4) combinations of 1), 2), and 3).
Frorr; the above analysis we; note that: poor design strategy in the modulation or even small
impérfections in ’t.he' signal can lead to disastrous results. For instance, if the oscillator has
constant carrier frequency but is switched on and off in order to generate the signal, then a
random phase shift on each pulse of the signal is produé;d‘and no peak in the spectrum at the
carrier frequency is obtained. If the carrier frequency is constant but each pulse in the siénal
‘has a small phase shift, then.an interaction b'etween'the phase shift and the modulation can
occur. which produces a null in the spectrum at the carrier frequency. This null ce:n exist for
an appreciable part of the sweep and greatly 'E.tzéix;:es the probabiliiy of detection,

Finally, new models for ELT signals are prbpose.d which prow;ride signals with

greatly improved spectral characteristics.
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CHAPTERS3
A BASEBAND PROCESSOR

FOR SARSAT SIGNALS

a.1 Introduction

In this chapter we review briefly the thoery of the signal processing methods used
for spectral estimation. These methods can be classified as linear and non-linear. Linear
spectral estimation metheds include the matched filtering, the period;)gram and the averaged
periodogram. The non-linear spectral estimation rﬁethods include the maximum entropy =~
method (MEM) and the averaged MEM. The advantages and disadvantages of these methods
as applied for SARSAT signals are presented.. A new baseband processor for processing tht;
distress ELT signals is developed. We also study in this chapter the probiem of minimum

}
-
detectable signal. A comparison i5 made between the periedogram and matched ﬁlteriﬂN

techniques. A minimum detectable level of the carrier-to-noise density ratio (CNDR) has
been theoretically developed. These theoretical results are verified by using computer

sirmulation, : '

3.2. Signal Processing Methods . ‘ .
The main element in the earth station jis a digital signal processor whose function

is'to detect and measure the carrier frequency of t T signals rélayed by satellite. Digjtal

=1

signal processing techniques are used for this application because of the very unusual

performance requirements imposed by the system.

-
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In order to have an accurate estimation of the crash site, it is important to measure
the Dappler shift information contained in the ELT carrier [requency. This measurement is

. strongly dependent on the effectiveness of the signal processing methods,
3.2.1 Spectral Density Estimt-ition Techniques r

| In this-section, two different types of spectral density estimation procedures have
been used for estimating the power spectyal densities for the ELT signals: first, the linear
spectral estimation methods. These methods including, the matched filter (15], the
periodogram {FFT) [16,17,18] and the averaged periodogram. The second type is the non-

linear spectral estimation. These methods are the maximum entropy method (MEM) [19-25],

and the averaged MEM (26].

3.2.2 Linear Spectral Estimation
This section gives a brief review of the linear spectral estimation methods. The

advantages and disadvantages of each method as applied for SARSAT signals are also

presented.

3.2.2.1 Matched Filtering

It i3 well known that the matched filter receiver provides the highest signal-to:
noise ratio at its output of all receivers. It is also possible to use the matched filters for
spectral estimation {15}

In order to explain this for’rﬂn of detection, w‘e provide an example requiring the

formulation of a matched filter. -
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Consider the situation where we have a transmitted signal si(t) {i = 0,1...,,Nfp—1}
corresponding to a message M; (i = 0,1,...Ng—1) which occurs with probability p[m;]. Let the

signal s;{t) be defined by:

Acos(2mft), 0 =t=T

st) = (3.1)

, otherwise
It can be shown [15] that the optirﬁum receiver is realized in the form of Fig. 3.1, where s{(T-t)
is a filter v:rhose impulse response is a delayed, time reversed version of the signal si(t). The
filters si(T t) are said to be matched to the original signal sj(t), i.e. the impulse response of
the optimum system is the mirroc image of the deﬁ;irecr message ﬁEﬂ‘t‘l‘sﬂt), delayed By an
interval T.

If the received sig;ml is giver.l by:

y(®) = sit) + n(t) ‘ (3.2

Then the input to the decision box is:

J ypO)s Eydt + C, (3.3)

where the term C; is independent of time but dependent on the variance of noise process

(No/2), the a-priori probabilities p[m;] and the energy of the ith signal E;, Thus,

c=:
o2

N ¢pplm]-E (3.4)
The 'Select Largest Of chooses the fargest output from the Ny matched filters and
ideﬁtiﬁes this ashg;s;)ge M,;, which is the estimate of the receiv;:d message.
The advantage of using this method is that, matched filterig is the optimum form of
receiver realization.

The disadvantage of this method is that each type of ELT signal would require a

receiver with the set of filters si{T-t) matched to that signal at frequencies f;. Considering the

)
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variety of ELT’s in use at present, with each type transmitting a different kind of signal, the
required receiver structure would be very complex and éxpensive.

l.n order to calculate the number lof matched filters required in this case, consider
that each matched ﬁlter covers & bandwidth Bp. Thus, the Lot.al number of filters required is

" simply

B
Np= — (3.5)
BF
where
B = total bandwidth of the signal spectrurm
Nf = number of matched filters.

v . “\
3222 Pericdogram (FFT)

The fast Fourier transform (FFT) is a computational tool which facilitates signal
analysis such as power spectrum analysis by means of digital computer. It is a method for
efficiently comp'u;t.ing the discrete Fourier transform of a series of datSaMMPles [16,17.18).

The discrete Fourier transform (DFT) of a given finite length sequence {u(n)},

where 0 s n = N-1lisgivenby ~
2nnk
Nzt -i : (3.6)
Ulki= > ume N , k=0,1,..,N-1 - '
. n=Q

To solve this equation, N2 complex multiplicat‘ioﬁé and -N(N—l) complex 2dditions are
necessary to perform the required matrix com;‘)utation{{ For reasonably large v.alues. of N,
direct evaluation of an N-point DFT requires a large amount of computation. /’% FFT owes
its success to the fact that the algorithm reduces the number of multiplicatiqfls and additions

required in the computation of Eq. (3.6). For N = 2m: wﬂsre m is a%terger, the FFT

N



i
algori't.hm is simply a procedure for factoring an N XN matrix into m matrices (each N X N)

such that each of the factared matrices has the special property of minimizing the number of

[

' complex multiplications and additions. The FFT requires {N/2)loga N complex multiplica-

e

. . a e . e .
tions and Nm complex additiofs, whereas in comparison with the number of operations
. . - . . . K
required for the calculation of the DFT coefficients with)straightforward procedurés, it is seen

L] -

that the FFT algorithm reduces the total number of mputations. If we assume .that the

-

computing time is proportional to the number of multip]i%tions. then the approximate ratio

of direct method to FFT computing time is given by

N2 aN? 2N 1 v )

. Nl N Nm m
—1lo
2 B2

(3.1

For N = 1024 = 210 samples, the computational reduction is more than 200 to 1. L
The advantage of the FFT is that the spectral density can be calculated by
performing the squared magnitude of the FFT of a given time sequence. - This technique i3

usually yeferred to as the periodogram.

»

Since the Fourier transform of the real finite-length sequence u(n), 0 = n = N-1,is

- N-1 ,
o= Z u(n) e ~i%Mm 38
. n={Q

The spectrum estimate [y(f), which is defined by

L0 = % | vo '2 o (3.9)
. iscalled the periodogram.
IThe advantages of the pericdogram technique are that(261:
1) -1t is computatonally efficient when the FFT algorithm is employed;
2) the power spectral density (PSD) estimate is directly proportional to the power for
sinusoid procesdes; and )
7
. ~ .
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1)

2)

3)

4)
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the method gives good performance for ideal coherent ELT signals (within 2.6 to 4.8
dB of that provided by matched filtering as will b.e shown later).
The disadvantages include:
degraded performance when the ELT signal is non-ideal. For poor quality signals, St
such as the non-coherent ELT signal, no estimate ofcarri;ar f;eql;;ncgf is obtained;
_the performance is affected by the Doppler fre;_qtiency ;h'ift due to satel_lite motionf;
Whereas a phase lock loop can actually adjust for a chénge of frequency,“the’l'(F""JI‘
smears the energy over adjacent frequt_ancy bins which reduces signal-to-noije

ratio;

windowing the data is required in order to avoid the sidelobe problem. Of course,

this broadens the carrier peak redulting in reduced resolution; -

the resolution is limited to about the reciprocal of the window length; and

‘the variance of the estimate does not decrease with increasing window length.

" .

Averaged Periodogram

The first estimator to be used is the periodogram. The variance of the spectral

estimation using the periodogram method does not decrease as the length of the data

increases. High variance of spectra] estimate leads te an unsmoothed spectrum.

One method used for reducing the variance of the power spectrum estimate is

known as segmental averaging, which is called the Bartlett method. In this methog, the data -

record is divided into a number of blocks covering different time intervals, and then calculates

the periodogram of individual segments of the data record. These periodograms are then

averaged [17).
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Bartlett's Procedure
The approach used for reducing the variance of the power spectrum estimates

‘
involves sectioning the record, taking the periedograms of these sections, and averaging these

periodograms. In this approach, a data sequence u(n), n = 0,1,2,...,N-1, is divided into K
segments each with P points covering consecutive time intervals. Thus
N=KP .

To form the segments, we letuy(n),n =0,1,...,P—1be the first segment. Then

uy{n) = u(n), n=01,..,P-1 b
similarly -
ug(n) = u(n + P, n=401,.,P-1
and the Kth segment is given by
ug(n) = u(n + (K-1DP), n=0,1,..,P-1 (3.1
In general,
ui(n) = u(n + (-1)P), n=201,.P-1 (3.11)
i=12,..K

4

We suppose we have K such segments, uj(n), uz(n), us(n}, , ug(n), and then calculate the K

periodograms, . ‘ L

P-1 2
2 e

n=0

. i=1.2,..K - @i

1
IH(D = P

' The.spectral estimate is the average of these periodograms, i.e.

1< ' (513)
R : s

Y =1

- : B_(0

Therefore,
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Var[Bn(f)] = % Vm:FIPi(D] ' ‘ (3.14)
From Eq. (3.14), it is clear that, if we average over K segments, we can obtain a reduction of
the variance by the factor K, and'as' K increases, the variance approaches zero. For a fixed
record length, as the number of periodograms,’lK, increas?és, the variance decreases but the

number of sample peints, P, decreases; therefore, the spectrum resolution decréases. Thus,

there is a tradeoff between spectrum resolution and the variance of the estimate in the

Bartlett procedure. . T
The advantages of ai'eraging the periodograms are [26]: .

1) the variance due to' sidebands and-:(noise are reduced which give a smooth spectrum
estimate;

2) the main carrier peak is sharp and stationary while the sidebands become bt:imd

which can be used to identify ELT signals; and

3 good performance is obtained for ideal coherent ELT signals.
Tﬁe disadvantages include: " r__'-_______

1) poor per‘formance for non-coherent ELT signals;

2) side;)ands are integrated to produce wide bands of interference for other signals;

3) averaging tends to further broaden the carrier peaks which in turn reduces
resolution and . . o

4) averaging blocks of spectr; provides only small improverments in signal-to-noise

ratio. Nevertheless the averaged periodogram is an important spectral estimator
for SARBAT signals.
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3.2.3 Non:linear Spectral Estimation

3.2.3.1  Maximum Entrepy Method

Some of the problems encountered with t!'le per%odogra[n can be resclved by
employing the maximum entropy method (MEM) of spectral estimation. For example, the
resolution of MEM is ‘not restricted by window length (as is the case for the ﬁeriodogram), and
carrier frequency estimates can be obtairied for non-coherent signals .The MEM has the
useful property that when employed to estimate the power at one frequency, it adjusts itseif to

be least disturbed by power at other frequenmes
a

p . . .
/We provide a short discussion of a simple procedure for MEM spectral estimation of

a set of complex-valued weakly stationary time series {un} of zero mean, wheren=1,2, ..., N

with equal sample spacing At. -

The MEM power spectrum S(f) of the given time series is estimated by using the
formula [19,25]. - 1

. P .
S = a0 (3.15)

M 2
2B |1+ D> a(M,m)exp(-j2mmfAt)
m=1 :

where /r-
B = the bandwidth of the signal.

At = the sampling time.

1/2B for Nyquist rate sampling.

M

the order of prediction error filter.
P(M) = ouput power of a prediction error filter of order M.

a(M,m) = prediction error filter coefficients(m = 1,2,..., M)
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The prediction error filter coefficients, as proposed by Burg, are estimated
recursively using Levinson recursion {20). In this case the prf)ﬁ.ém is equivalent to one of
deterfnining the prediction error filter coefficients, which are related to the prediction filter

- coefficients, and minimizing the total prediction-error power, P(M). The output ﬁowu P(M)
and the correspond.i.ng values of filter coefficients a (M,m) are determined by solving this’

equation [20-25].

M P(M), m=0 ' _
2 aM KR (m-k = N (3.16)
k=0 0,m=1,2,.. M

where Ry(-) is thel autocorrelation function for the stationary process {u{n)}. Since the
autocorrelation matrix is Toeplitz, the Levinson algorithm applies. The parameter a(M, k) is
the kth coefficient for the predici;ion error ﬁlter of ordér M. The values of thege cﬁefﬁecients
can be determined by employing the Levinson's recursion formula
a(M, 1) = a (M1, k) + a (M, M). 2 *(M=1, M_k)
 k=0,1,2,:.. M. (3.17)

" The parameter a (M, k) has the following properties: \

(3.18)

1 ,k=0
a (M, k) =[

0 ,k>M
From eq. (3.17) and eq. (3.18) it is clear that, we have obtained the coefficients of

prediction ert“or filter of order M from an (M-8t order filter in Sl;ch way as to minimize the
total prediction-error power. Assume we have obtained the coefficients of a prediction error
filter of order M—1 and the correspoﬁdi_n’g prediction error power P(IM —1). In order to
calculate the parameters for the next higﬁer ﬁlt.gr order (that is order M); the out:put power
P(M)}is e;cﬁressed ag the average power resulting from forward and backward prediction error

power, givert by {23].
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PM) —l[P(M)-i-P(M)]
2| f b (3.19)
1 i 2 2
= £.n)| + ' b, (n) -
2N-M) Ml M

@

where N is the total number of data points and fi(n) and by(n) are the forward and backward

prediction-errors respectively, given hy
M
fy ) = u(m) + > a(M, k) uln-k)
k=1 '
and
_ M y
by = uln-M) + kzl a*(M, k) un-M + k) 320

1,

and . / n=M+1,M+2,..... N
P

Introducing the recursions, derived using Eq. (3.17) and Eq. (3.20), we have
fmln) = fy_1(n) + aM,M) - by_1 (n—1)
bu(n) = by_1(n=~1) + a*M,M) - fiy_1(n) . (3.21)

substituting from' Eq. (3.21) into Eq. (3:19) yields
' N
1
P = —
Mo 2N-M Z [

naM+1

2

fy_ @ +aMM- b __l(n—vl)l"

M

2] - (3.22)

“M.M)-

+ le_l(n—1)+ a*MM)- f, ()
From equatiop (3.22) the unknown coefficient a(M,M), can be determined using the .
minimization criterion,

° .
| . aP (M) -0 (3.23)

x da (M, M) .
This yields the optimum value of a (M, M) for which P(M) is minimum given by.
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N- .
—2 X My @ b, -1 (3.24)

n=M+1

a(M, M) = N [ : 7 )
n=M+1 I

Solving Eqns. (3.17), (3.22) and (3.24) give the ouput power P(M) which is given by

2
+ ‘ by n-1

fM _ 1(n)

a simple expression as

2
} (3.25)

POM) = P(M-1) [1_

aM, M)
Thus, making use of Eqns. (3.17), (3.24) and (3.25), werhave now calculated all the
. quan'tities necessary for evaluafing the maximum entropy powerl spectral estimate given by
Eq. (3.15). To see specifically how these results are used in actual computation we start with
the predictiomer_rorlﬁlter of zero-order (M =0). For this value of M, we know that a(0) is equal

to fmity. Also we first estimate

' 1< : (3.26)
. PO=RO)= > | xm -
. n=l
We increment the filter order by one, i.e. put M=1, and reapply the above equations,

. —_— )
Continue in repeating these procedures until the computation is terminated when we reach

the prescribed order, M, for the prediction error filter. Having computed the complete set of

prediction - error filter coefficients {a(M, k)}, k=0, 1, ... M, we next compute the maximum-

entropy estimate of the power spectrum by using the formula of Eq. (3.15).

The main advantages of using the MEM for processing the ELT signal are that (26]: -

1) it does not require the use of a window function; .

2) the resolution of MEM is usually superior to that obtained by using conventional

linear methed;

3) the MEM spectrum is smooth withoqt averaging; ' - -
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. -
4) good performance is obtained with low order MEM estimates when detecting the
. /
non-coherent ELT signal; : [
-
5) near zero frequency the MEM spectral estimates are very accurate for all ELT /
——s—signals; and ) (
6) MEM spectral estimates can be averaged to improve performance when noise ifé
N | ;
present. ' | " ‘ {

The disadvantages include: )

1) high order MEM calculations are very time consuming for general purpose
computers;
2) low order MEM estimates may have a bias near minimum frequency and

maximum frequency.

3.23.2 Averaged MEM

Averaging MEM spectral estimates improves the detection of a carrier peak in
noise and reduces the undesired sideband peaks as in the case of the averaged periodogram.

Although a theoretical justification for averaging the MEM estimates is not available,

simulation results support the usefulness of the method.

3.3 Baseband System

Spectral analysis of the ELT signal is the central problem. An ELT is a low-
powered emergency radio transmitter radiating about 100 mW with a pulse-amplitude-
modulated signal having a carrier frequency of either 121.5 MHz or optionally 243 MHz. This

ELT signal has total sweep between 0.25s and 0.5 s, as illustrated in Fig. 3.2, and the signal

LY
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" repeats continuously. Th; pulse-shaped modulation can be clagsified either as coherent ELT
signal, i.e. the phase from pulse to pulse is continuous as depicted in Fig. 3. 3,\0Y$‘non-coherent
BELT signal, where the phase from pulse-to-pulse is no longer related as shown in Fig. 3.4. (In
both cases, the pulse modulated signals p@uce a carrier peak and ‘host of sidebands
( generating potential interference).

To date, the ELT signals have been proceséed using thfe averaged periodogramina
bandpass processor implementation in which the signal is mixed to the frequency range from
0to 2500&1‘[2 (9,10,12,27,28}. In this chapter, we examine the processing of the ELT signals
using the complex baseband equivalent of the signal. Baseband processing has certain
advantages over bandpass processing including [26,29,30]:

n - a portidn of the spectrum can be anal.yzed at reduced sampling rate using only
) mixers and low-pass filters;
2) detailed signal analysis can be performed for identiﬁcs;tion;
3) - rate reduction filtering can be implemented which leads to increaéed signal-to-
noise ratio (SNR); and
4) tracking of a signal is possible by adjusting the mixing frequency. Both, the linear
periodogram method (FFT) and, the non-linear maximum entropy method (MEM)

are evaluated.

3.3.1 ’\Baseband ELT Signals

Figure 3.5 illustrates the overall block diagram of a complex baseband processor

(26,29]. The ELT signal (Fig. 3.2) can be represented by a sinusoidal carrier wave that is

-
s
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amplitude-modulated by a pulse train which has an increasing pulse period. Tha

mathematical representation of this sfg-rral is given by

s(t) = A m(t) cos [2nf t + B(t)] (3.27)
where
A = carrier signal amplitude.
m(t) = mo'dule;..ting signal.
fe = carrier signal frequency.

aqt)

phas? angle.

We assume the nominal carrie:: frequency to be 121.5 MHz. Processing at the
optional frequency is identical. Due to éhe tolerance in the value for the carrier frequency of
the ELT units and the Doppler frequency shift, it is expected that the range of processing
must cover approximately 25 KHz centered at 121.5 MHz. For the baseband processor, this
" tfanslates to the range from -12.5 KHz to +12.5 KHz.

The complex baseband equivalent of the signal is generated by first multiplying
the signal by cos(2n Fit) and sin(2n Fy t) (where F; =121.5 MHz is the mixing frequency) (26].

Then the signals are filtered using low-pass filters having cut-off frequency equal to B.. Thus,

we have

A
Sl(t) = E- m(t) cos 2n(fc —F[)t +8 (t)] _ (3.28)

2n (fc -F)t+8 (t)I (3.29)

A -
SQ(t) =3 m(t) sin
where the frequency f.~F| is called the ‘mixed carrier frequency’ Fyix.
These inphase-channel and quadrature-channel components are applied to the

spectral estimation processor. Normally, the entire band from -12.5 KHz to + 12.5 KHz is

a
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analyzed. However, any particular part of the band can be isolated for detailed analysis by
adjusting the oscillator frequency to any desired frequency and selecting the bandwidth of the
low-pass ﬁlter§ (S\;vitched-cnpacitor type filters would be suitable for this application). This is
particularly useful since long record lengths at reduced sampling rates can be processed
without changing the length of the FFT or MEM.

' ‘ In agdition, more sophigticated processing strategies caﬁ be easily implemen&d
such as usling one processor c‘)perating on the full bandwidth to provide initial identification of
possible ELT or EPIRB signals. A second prm‘:essor could then bg used at reduced sampling to

provide isolation and more detailed analysis of these possible signals.

3.4 Processing ELT Signals With No Noise

We now consider the processing of ELT signals using the baseband periodogram,
the baseband averaged periodogram, the baseband MEM and the baseband averaged MEM
techniques with 512 comjplex points at a sampling rate of 25,600 inphase and quadrature-
samples per second in each case. Both ?:oherent and'non-coherent ELT signals have been

processed for many combinations of carrier frequency and duty cycle [30]. We now present the

]
‘n

results for one typical combination with mixed carrier frequency Fyrx = -5 kHz, duty eycle

d=0.36 and baseband low pass filter cutoff frequency.B, = 12.5 kHz [26].

s
8.4.1 Processing Results Using the Periodogram
Coherent ELT Signal
Figure‘g.ﬁ illustrates the spectral density result. for the coherent ELT signal. From

B L - .
the results given in this figure, several prominent peaks are observable, including the main
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Fig. 3.6 Periodogram spectrum for coherent ELT signal.
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Fig. 3.7 Periodogram spectrum for non-coherent ELT signal.
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carrier peak and two major sidebands (about 5dB down) around the main carrier peak
(labelled A and B). It is seen that the main carrier peak occurs at Fyx = -5 kHz as expected,
Although the sidehands are likely to increase the possibility of false alarms in detecting
multiple signals, they can be useful in identifying a particular ELT signal.

Non—coherént ELT Signal

The spectral estimation performance for the non-coherent pulse modulated ELT
signal using the baseband processor is shown in Fig. 3.7. The random phase charactenstm
~ causes "smearing” of the sharp spectral peaks of Fig. 3.6 which leads to a bruad ill-defined

carrier spectral peak. Thus, measurement of the carrier frequency is difficult if not

e
Ve
-

impossible. / .

3.4.2 Processing Results Using the Averaged Periodqgl;am

Coherent ELT Signal |

Figure 3.8 shows the averaged periodogram spectra for the coherent puise
modulated ELT signal. These results show that a sharp peak oceurs at Fyyx = -5 k‘Hz. The
averaged sideband structure appears at about 13 dB below the level of the carrier peak
component Furthermore, the width of the sidebands are broad, in this case, about 1000 Hz.
Thus, we conclude that. 1) the carrier peak is well deﬁned and 2) the sidebands are prominent
but produce interference with respect to other signals.

Comparing the spectrum obtained using the baseband periodoéram technique (Fig.
3.6) with that using the averaged periodoéram (Fig. 3.8) we note that: .
1) the main carrier peak is very sharp and occurs in the same location for both

spectra,
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Fig. 3.8 Averaged periodograrh spectrum for coherent ELT signal,
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Fig, 3.9 Averaged periodogram spectrum for non-coherent ELT signal.
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2) bSr using the averaged pericdogram 'techniq.ue, the levels of the two major
sicieba.nds are reduced by 8 dB as compared to Fig. 3.6. and;
3 the width of these sidebdnds becomes broad as illustrated in Fig. 3.8.

Non-coherent ELT Signal

The averaged periodogram spectra for the non-coherent pulse modulated ELT
signal is given in Fig. 3.9. From this figure it is seen that the baseband averaged periodogram
produces a spectrum which is far broader than the previous spectra for the coherent ELT
signal. The carrier peak is not well defined. This makes the deFection of the carrier frequency
of the ELT signal difficult.

Comparing the spectra given in Fig. 3.7 and 3.9 it is seen that the spectra produced
have broad ill-defined carrier peaks of width between about 3 and 5 kHz. Averaging does
smooth the spectrum but no information of carrier frequency is obtained.

343  Processing Results Using the Maximum Entropy Method
Using the same coherent pulse modulated ELT signal as before, we now s;:udy the

-

MEM spectral es‘tiuial:ion performance and compared with the result obtained from the
periodogram technique. The ELT sig::al is processed using the baseband(processing
élgorithm with Fyx = -5 kHz. :I‘he MEM filter order used.for this analysis is': 15 which is
arbitrarily chosen arfd the MEM spectral result is given in Fig. 3.10. The choice of MEM
order is investigated more fully when noise is added. With noise, it is seen that the filter
order must be increased to give good performance, | .

From this figure, it is clear that, the promi.nent peaks pre;riously detected are still

presens, these peaks including the main peak of carrier and two major sidebands around the
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Fig. 3.11 MEM =15 spectra for coherent and non-coherent ELT signals.
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a
. carrier component. [.\\iao it is observed that, the main carrier peak occurs at Fyx = -5 KHz,
as expected. _
| -Comparing the periodogram ari& MEM results for the same pulse modulated ELT
signal, we find that the number of peaks for both FFT and MEM techniques are-the same at-
the -10 dB threshold level, namely, 3 peaks. At lower threshold levels, the width of the peaks
for the MEM spectrum tends to be less than for the FFT spectrum,

Non-coherent ELT Signal

Using the non-coherent ELT signal, we see the effect of introducing a rar;dom
phase to the signal; Both continuous phase and random phase signals are processed using the
baseband MEM technique with‘MEM = 15. The MEM spectra result is given in Fig. 3.11.
From I;his figure it is clea:: that the resolution is reduced as a resuit of introducing a random

phase. Figure 3.12 illustrates the comparison between the MEM = 3 and MEM = 40 for the

[

+

same random phase pulse modulated ELT signal. It is seen that the lower MEM filter order is
preferred to combat the pulse-modulated random phase ELT signal,
One possible strategy for processing non-coherent ELT signals is to first isolate the

signal by mixing to low frequency and low pass filtering. Then process the signal, using a low

order MEM estimator. }_

3.44  Processing Result.;z Using the Averaged MEM

Figure 3.13 shO\_‘vs the result using the averaged MEM‘ = 15 estimator for the
coherent pulse-modulated ELT signal. We see that the detection of the carrier peak
component is excellent and the sideband structure is at least 10 dB below the levet-of the

carrier component peak.

Comparing this plot with that of Fig. 3.10, we conclude:
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Fig.3.13 Averaged MEM =15 spectra for coherent ELT signal.
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1) the carrier component is very sharp and stationary for both spectra,
2) the levels of the two major sidebands around the carrier peak are reduced by about
7 dB by using averaging; and ‘

3) - the remaining sidebands are reduced to approximately -20 dB or less.

3.5 Process'glg ELT Signals With Noise
In this se}:tion, our discussion centres on the spectral performances of the
periodogram and MEM signal processors when applied to single ELT signals in the presence

of noise.

3.5.1 Comparison of Periodogram With Matched Filter
Assume the received signal at the earth station consists of the sum of an ELT

signal and receiver noise, given by
. ¥ ®) = &) + n(t) - 330
where l
. 3(t) = input ELT signal
n(t) = additive white Gaussian noise (AWGN)
To represent. the noise n(t), we use the Gaussian random variable with zero mean
and noise density Ng as a good approximatien in this analysis.

A comparison of the performance of the periodogram to a matched filter can be

deduced by comparing the spectra of a coherent ELT signal with that of unmodulated carrier
%

with each signal having the same energy and duration.
- 4
First, we assume a duration Tp of carrier sy(t), which consists of a sinusoidal wave

of amplitude A;.and frequency f, withenergy E; = 4+A12Tp represented by:
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— ‘ {3.31)
su(t) = Alcos(anct) . O0sts TD
The Fourier transform of this signal is given by

ATy (3.32)
F ()= 2 smc[(f-fc)TD] : "

9)

Thus, the spectrum is given by

AiToy? (3.33)
SU(D=( 5 )smc’*t(f—fcrrnl '

Next, we compute the specti'ilm of a coherent ELT signal of duration Tp and
" amplitude Ag, as shown in Fig. 3.2. This can be represented by a set of N, pulse-null pairs in '

time domain given by

< ‘
P {3.34)

s 1= D st

i=1
where
~ dT. dT,

t 1
5(8)=Ajoos@mf b +8) , t - —m Stst+ o0 (3.35)

=0 , otherwise

where d is the duty cycle, 8; is the phase shjft of the ith pulse, t; is the time from the center of

the first pulse to the center of the ith pulse and T; is the duration of the ith pulse-null pair (see

Fig. 3.2). )
The energy of this signal is given by
1 .
i E,= -AZdT . (3.36)
N 2 97 277D : ;
The Fourier transform of N, pulses of signal using linearity and shifting property
isgiven by

K
P AAT, _one —0.f (3.37)

1

2 .
Py = > —5— sind(f5f)dT ]

i=1

The exponential tern must be exactly unity when f=f.. Hence
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0 =2nft (3.38)
1 ci .
Thus Eq. (3.37) becomes
N
P AAT, . —jam(f—f e, (3.39)
Fy®= 2> —— sind(f—f)dT ] e , .

i=1

Since the sweep varies slowly with time, assume a set of N, pulses with T; = T. For these first

Np pulses, t; is given by

(i-1)
t=——Tp (3.40)
P
where
Tp = N,T
Hence, the Fourier Transform of the N pulses is represented by
N
P AT —j2n(f=F )ti-1T ' (3.41)
F, 0= > sind(f—f )dT] e ¢
i=l
The summation can be simplified by noting
N —j2ntf-f N T
ZP -jzmr-fc)_fi_n'r _ 1 -e er (3.42)
< ¢ = —j2nt—f T
i=1 1 —e €
Computing the spectrum, we get -
0 AdT\2 sin[n(f—f )N T) 12
J S =(_%__) ; f_”dT[____#] (3.43)
) u® = =5 ) sntE- AT | £ 7]
(A2deT : sind(f-f'c)NpT] 2
=l ——— ) dnc{f-f)dT [-———] 3.4
2 ) el = LN ge—om 344

Comparing Sy(f) with Sy(f) at f = £, we have
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AT 2
= 1 D - {345
aa=(202)
[ ATp 2 (3.46)
SM(fc) = )
Since the energy of both signals are equal, i.e., E; = Eg, we find A2 = Ag2d
~
Therefore, -7
S, {f
ufe) -d {3.47
S, .

Henge, for the coherent ELT signal the FFT produces a peak which is d times'that

of a matched filter. Since d ranges from 0.33 to 0.55, this loss is of the order of 2.6 to 4.8 dB.

3.5.2 Minimum Detectable Level of CNDR '
, Since we have related the spectral peak of the ELT signal to that of a pulse of
carx:_i_dt{. we c;ln now deduce the minimum detectable carrier-to-noise density ratio (CNDR) by
following the procedure for detection of radar pulses [31,32). First, we note that the
periodogram has the frequency response of sine2[(f- f;)Tp), which is identical in shape to the
spectrum of the pulse of carrier given in Eq. (3.33). Thus, we see that the periodogram
provides a matched filter implementation for the pulse of carrier..

The maximum signal-to-noise ratio a;_the output of a receiver using the matched

a

filter is given by [33]

2E
SNR.\IAX = E (3.48)

where E is the energy of the signal and Ny is the noise spectral density. For the puise of

carrier, we have E; = ¥A(2Tp, and consequently,
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2
Al (3.49)

SNRy ax = N_o Ty

Now, define (4A,2/Ny) to be _t.hé CNDR required for detection of the pulse of carrier,

then, i
St
ONDR, = — AR (3.50)
C 2T,
For detection of the ELT signal, the level must be increased by a factor of 1/d,
yielding

- SNR,, : ‘ '
MAX
2dT,,
The detection of a weak signal is limited by noise energy that occupies the same
portion of the.i‘requency spectrum as does the signal energy. Detection is based on
establishing a threshold level at the output of the receiver. If the receiver output exceeds the

_ threshold, a signal is assumed to be present.

Normally, the spectra of contigugus windows of data are averaged to reduce the '

variance of the spectral estimate, Assumjng a total length of 1 s of data and 512 complex
point periodograms, each of duration 20 ms (25000 samples per- second), there are 50
independent windows of data. Using standard curves [32, p. 2-21), we find that for probability
of detection of 0.95 and 50 integrated pulses, the SNR varies from 0 to 2.5 dB for a false alarm
prob.ability ranging from 10-¢ to 10-12.- Ford = 0.36, SNR = 2.5dB and Tp = 20 ms, we find
that the minimum cietectabla value of CNDR is approximately 21 dB-Hz. For the integrator-
based matched filter with SNRy = 10dB,d = 0.36 and Tp = 1s, the CNDR level is 14 dB-Hz

[34] which agrees well with the present derivation since integrating 50 spectra leads to a loss-

of (50)12or 8.4 dB, as compared to the matched filter.

L
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3.5.3 Simulation Using Periodogram
Coherent ELT Signal

The effect of varying the CNDR-on pulse-modulated, coherent ELT signal is now
studied, using a pulse-modulated ELT signal with mixed carrier frequency Fyx =100 Hz

\‘_
and duty cycle equal 0.36.

Figures 3.14 to 3.16 show the performance of the periodogram for this ELT signal
as the CNDR is reduced from 40 dB-Hz to 30 dB-Hz in 5 dB-Hz steps. From these results, it is

clear that above 30dB-Hz, the results are acceptable, below 30 dB-Hz, signal detection

becomes more difficult.

To'improve the signal detection using the periodogram, for the same pulse-
modulated ELT signal with CNDR = 30 dB-Hz, we increase the number of data points from
512 to 1024 complex points. Figure 3.17 depicts the periodogram spectral results. Comparing
Fig. 3.16 with Fig. 3.17 shows the increase in CNDR due to increase in the data length. In

addition, the resolution is also doubled.

The spectrum can also be enhanced by averaging 50 contiguous blocks of the 512-
complex point periodogram, as shown in Figs. 3.18, 3.19 and 3.20 for CNDR values of 30 dB-
Hz, 25 dB-Hz and 20 dB-Hz, respectively. We see that the signal peak is prominent at 25 dB-

Hz but tentative at 20 dB-Hz, indicating that the 21 dB-Hz theoretical estimate is reasonably

-~

Aaccurate.

\,
Non-coherent ELT Signal

Figures 3.21 and 3.22 show the periodogram spectral estimate performance results )
as the CNDR is decreased from 45 dB-Hz to 40 dB-Hz for non-coherent pulse- modulated ELT

signal with the mixed carrier frequency of 100 Hz. From these figures, it is seen that the

e

~
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periodogram produces multiple peaks near the carrier frequency, which makes the detection

of this ELT signal very difficult. Averaging provides little improvement unfortunately.

354 Simulation Using MEM
Here we study the ME))[ performance for the pulse-medulated ELT signal with

mixed carrier I'rert‘luency =100 Hz in the presence of different CNDR levels ranging from

45 dB-Hz to 35dB-Hz in 5 dB-Hz steps.

Coherent ELT Signal

First, a coherent pulse-modulated ELT signal is processed using MEM of order 25
and the different values of CNDR. Figures 3.23 to 3.25 show the MEM performance of this
ELT signal, From these results it is clear that reducing the CNDR to 35 dB-Hz causes severe
degradation in s'ignal detection, which makes the signal detection impossible.

To improve the detection of the ELT signal, we further increase the MEM filter
order and apply a signal with CNDR level of 30 dB-Hz. Figure 3.28 illustrates the
impro;rement with MEM order equal to 100. Fr;)m this figure, we note that the topmost peak
which is the carrier component peak is located at 98 Hz. This is equivalent to frequency error
of 2 Hz, In addition, it is se;n that the performance of MEM =100 and the periodogram (Fig.
3.16) are essentially equal. Beyond MEM = 100, the impro‘vement is m;xrginal.

MEM averaging provides considerable improvement in the spectrum. Figure 3.27
illustrates the average of 50-contigﬁous estim.ates at CNDR=30dB-Hz using MEM filter
order 100. From these results, it is clear that the level of the undesirable sidepeaks is reduced

which consequently improves the detection of the carrier clomponent peak of the ELT signal.
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Non-coherent ELT Signal

3
Figures 3.28 illustrates the MEM spectral estimate for the non-coherent ELT
signal using MEM order equal 3 and CNDR = 45 dB - Hz. We find that the estimated carrier

frequency is affected by the level of CNDR and that the measurement is difficult for all values

less than 40 dB-Hz.

3.6 Summary

»

A new baseband processor for ELT signals has been described and tested using

computer genera'ted cocherent and non-coherent ELT signals. A theoretical bound for

L3

minimum detectable CNDR has also been evaluted.

Linear spectral estimation methods including the periodogram and.averaged
periodogram and non-linear spectral estimation methods including the MEM and averaged
MEM are employed to process a single computer-generated ELT signal. Detection of coherent
pulse-modulated ELT signal using thesel methods is relatively straight forward and all these
methods gives excellent results in the absence of noise. But for the non-coherent pulse-

modulated ELT signal, the performance is not good using the linear spectral estimation

method. The présence of high-level sideband_s in the periodogram method makes it less

desirable in certain cases. The random phase ELT signal, which suffers from the mul_tipl-(e-

Y

peaks problem in the FFT spectra, possesses limited detection capability. with MEM. The

-

advantage of using the MEM spectral analysis for these random phase pulse modulated ELT

signals_i-s that it can suppress the sidebands of the signal at a low order of prediction error

filter.

For the random phase type of ELT signal, we conclude that the lower order MEM is

preferred over the higher order to combat the signal.
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A comparison is made between the periodogram and matched filtering method.
This comparison indicates that the periodogram gives good performance for _cohegent ELT _
signal within 2.6 to 4.8 dB of that provided by matched filtering.
A theortical bound for minimum detectable carrier to noise density ratio (CNDR)
* has beenevaluated. -
The linear and non-linear spectral estimation méthods are employed to‘?_;;écess a
single ELT signal in the presence of noise at different values of CNDR levels. ‘
| Con;:erning the periodogram spectral estimatoin results, it is clear that the effect of
) -noi;e produces multiple peaks near the carrier compom.ent peak of the ELT signal at low
values of CNDR, which makes the signal detection difficult.

Detection of the carrier compenent peak'is improved by increasing the ‘number of
data points or using the averaged p:ariodog'ram. The variance-due to sidebands and noise are
reduced which give a smooth spectgrum estimate uéing the averaged periodogram method. -
But for' random phase ELT signal, the detec‘titin becomes more difficult if is not impossible in
the\ presence of noise because this t.ype of ELT signal suffers from multiple peaks problem. in
the FFT spectra.

" At lower values of CNDR -lex;el, the error in the frequency estimate is reduced with

higher MEM filter orders for coherent pulse-modulated ELT signals. MEM averaging

improves the detection of this ELT signal at lower values of CNDR level. ‘

-
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CHAPTER 4
RATE REDUCTION FILTERING

TECHNIQUE AND APPLICATIONS

£
4.1 Introduction

The capability of each processor to detect the ELT signals, in the presence of noise,
is an important characteristic of its performance. In this chapter we will see how to enhance
the signal-to-noise ratio (SNR) of the ELT signal and consequently improve the signal

detection. Two different methods have been used for sampling-rate reduction. The first

method is referrad to as decimation in time and the second technique is cailed rate-reduction

filtering. Both of these methods improve the frequency resolution. However, rate reduction

filtering method provides other advantages including a reduction in the frequency error %d

improvement in the SNR, which consequently improves the detection of the carriér
component peak of the ELT signal. The app-lica?.ion of usfng these two methods with the
periodogram is presented and the comparison bet\;;en f}_lese two methods is also discussed.

" In addition, the application of rate reduction filtering when using MEM is given in
this chapter. An algorithm called "ELT Tracking Algorithm"” is then proposed. We have
shown that b‘y employing this method we can estimate the ELT signal mixed carrier

frequency, which makes the detection of this ELT signal simple.

110
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4.2 Decimation in Ti;ne ;
. The process of sampling rate reduction by deleting samples from the data is often .
called decimation. The sampling rate is reduced by certain decimation steps d, i.e. by factors
of 2 until a desired power of27 sampling rate reduction is achieved [35,36]. -
) First, let us deﬁne the process of decimation in time which involves a sampling rate
reduction. We start out with an input signal, {un}, which was derived from an analog signal
u(t) by sampling it every At seconds, that is, a sampling frequency Fg, equal 1/At as shown in
Fig. 4.1
. Suppose that an analog signal u(t) is s;ampled every Af seconds as shown in Fig. 4.1.
At the outpuf’of the sampler, we obtain a digital signal {u,} where |
ug = u(nAt) | @y

The digita'1 spectrum of {u,}, U(D) is penodlc and consists 'of the spectrum of the
analog.signal u(t) repeated infinitely around 1 kF,s multiples of the sampling frequency
k=123,...). ' - -

The procesé of decimiting a signal u(n) by an integer ratiod is Aepicted in Fig. 4.2.
This figure illustrates the block diagram of a general integer ratiod de::imator.

v

Let us consider an example of such a sequence {up} which has been derived by
sampling at original sampling rate Fy,. We wish to reduce the sampling rate to Fy,/d, that is,
decimate with ratio of d. vaidusly, it only makes sense to reduce the sampling rate if the
information content of the signal. that we wish to preserve is bandlimited to less than Fg./2d,
Ye. half the desired sampling rate, since any spectral compt;neﬁts above this frequency will be
aliased into frequencies below Fy,/2d. |

As illustrated in Fig. 4.2, the received signal is first passed through a digital

lowpass filter giving the signal yr(nAt). The sampling rate reduction is then achieved by
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Fig. 4.1 Sampling of an analog signal to obtain a digital signal.
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Fig. 4.2 The block diagram of a d times decimator.
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4

passing the output of the lowpass filter through the decimator which simply keeps every dth

#

point, i.e. by forming a new sequence yo(nAt) by extracting every dth sample of yr(nAt).

.

4.2.1 Decimation in Time Procedure
“~

We represent the decimation steps by d, where d is given by

-

d=2" . ,r=0,1,2,.... e
Then,‘ forr=0,d = .1, corrésponds to no decimation, while for r = 1, d = 2, represents
decimation by 2 and so on. If the sampling rate of th; sequ;ence is Fga, then the final rate is
then Fuld.‘ : ’

Let us represent the reéeived signal at the output of thq lowpass filter

. '}
mathematically in discrete form as

yr(qAt) = s(qat) + n(qAt) g=12,...,N (4.3)
where
s(qAt) = input ELT signal, -
n{gAt) = aaditive noise. I
'The expression for the index used to calculate the %cimation procedure in general
is given by , ) N - \ .
m,=@q-Dd+1 ,q=12..N '
. ,d=1,2,48,... - /
Thus, we can represent the signal in terms of ciecimation steps as '
] Yo (.th) = yg (m4-At) (4.5)
Substituting from Eq. (4.3) into Eq. (4.5) yields -
Yo(@At) = s(mg At) + n (mg AL 4=12,...,N (4.6)

: ¥
Substituting from Eq. (4.4) into Eq. (4.6) we have

(,\
Ve

¥
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V@it = s[[(q"”"“]m} + W[[(q— 1)d+1]At]
q=12,..N. (4.7)
d=1,2,4.8,..

From Eq. (4.7) we note that as the decimation steps d increases, large amounts of data are
) .

discarded. This consequehtly affects the signal-to-noise ratio.

»

4.2.2 Processing Results usiné the Périodogram with Decimntiﬁn in Time

In this section we study the ;;erit;dogram spectra of one ELT signal, in the presence
of additive noise, processed using decimation in time technique-represénted by Eq. (4.7).

A pulse-modulated ELT signal is processed using the baseband processing
technique with mixed carrier frequency 100 Hz and CNDR 30 dB-Hz. This signal is Lestéd
using 512 complex points for the periodogram technjque with decimation stepsdequal 1, 2, 4
and 8 and the r.esult.s are presented in Figs. 4.3 to 4.6.

Figufe 4.3 gives the periodogram result in the case of no decimation (i.e. d = 1).
Ft;om this figure it can be seen that it is difficult to detect the carrier component peak due to
multiple peaks near this carrier component peak. Increasing the decimation steps d to 2, 4,

and to 8 provides no improvement, however, in detecting the signal as is seen in Figs. 4.4, 4.5
and 46 respectively.

4.3 Rate Reduction Filtering Technique
An important advantage of using the baseband processing technique is the ease in
implementing rate reduction filtering of the sequence. We will show in tk;uis section that rate

reduction filtering results in an improvement in both the signal-to-noise ratio and the
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frequency resolution. Furthermore, one could use a common FFT computing machine for rate
reduction filtering since the number of points for the FFT computation do not change with
this technique {26]. }
Let us represent the received ELT signal, in a discrete form as
Yglq At) = s(q At) + nlq At) . (4.8)
where
t=qAt, q=123,.N

and

N = total number of points in the data.

4.3.1  Rate Reduction Filtéring Procedure

The concept of rate redl;ction filtering is based on taking thé average over
contiguous samples i.e.; for rate reduction by two, we take the average over two points; for
rate reduction by four, we take the average over four points; and for rate reduction by €, we
take the average over £ points. This procedure can be explained mathgmatica]ly as [26]:

We represent the rate reduction (averaging) steps by €, which is given b;f
£=2F l, r=0,1,2,3,.. 4.9
Thus, € = 1 corresponds to no'’averaging, while £ = 2 represents averaging by 2 and so on.

The signal can be represented mathematically as given in Eq. (4.8), and the
expression for the index used to calculate the rate reduction filtering procedure in general ié
given by

me=(@-1f+1 , q=1,2,3,..,.N
€=1,2,4,...,L (4.10)

°

We can represent the signal in terms of averaging steps as
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q¢ _ ‘
R =123, N
z y o(m,At), q \ : (4.11)

1
y (qAt) = - _
° € T hen £€=1,2,4,.,L

m

4
Substituting from Eq. (4.8) into Eq: (4.11), we get:

§~. q=12....,N
- £=1,2,4,....L

y (qAt) = s(m, A) + n(m At) |, (4.12)

o | -

m,=(q—~1)¢+1

¢

The effect of averaging reduces the effect of noise and improves the carrier-to-noise

density ratio (CNDR). The average takes place over a certain number of averaging steps, i.e.
averaging by two, by four and by £, as described before. Thus, the general form of CNDR .

using this technique with averaging steps £, can be expressed

NDR, .= £.CND -
¢ ¢ CNDR (4.13)

= 2°CNDR , r=0,1,2,..
Applying the decibel notation yields
' = - ' v (4.14)
(CNDR) 4, = (CNDR) (4, + B0y, »r=0,1,2,.. .

where
QNDR)dB_Hz =carrier-to-noise density ratio_ ir; dB-Hz in the case of no rate
.reduction, i.e.inthe case of r = 0.
Comparing the power level of CNDR in the case of no rate reduction , and these cases; rate
reduction by twe, by four, ..., and by £, it is clear that the CNDR is improved by 3 dB-Hz in the

case of averaging by two, and by 6 dB-Hz in the case of averaging by four, and consequently by

3r dB-Hz in the case ofa\}eraging by €. -

-43.2 Rate Reduction Filtering Using Periodogram Technique
We now examine the periodogram spectra of one ELT signal, in the presence of
additive noise, processed using the rate reduction filtering technique. The signal is processed

ﬁsing the fmseband technique with cut-off frequency of the low-pass filter B,= 12.5 kHz,

-
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mixed carrier frequency Fpix = 100 Hz and carrier-to-noise density ratio (CNDR) level equal
30dB-Hz. We choose 512 complex peints for the FFT technique with averaging steps, ¢, equal
to1,2,4and8.

Figures 4.‘7 to 4.10 show the periodogram spectral estimation results for the four

values _of £. From these results, it is seen that in Figure 4.7 in the case of no averaging,'it is

difficult to detect the carrier peak of the signal due to multiple peaks near the carrier
frequency of the signal. Figure 4.8 illustrates the results in the case of averaging by 2. In this
figure, the level of the side peaks is reduced by 3 dB. Figufe 4.9 gives the results in the case of
£ = 4. Also, the level of the side peaks is reduced by a further 3 dB which improves the
detection of the carrier component, In tl;is figure, at the -8 dB threshg)ld level, only one peak
is detected, which is t.he carrier component peak. Figure 4.10 depicts the .results in the case of
£=8. In l:,bis figure, it is clear that the level of the side peaks is reduced, and only one peak is
detected above the threshold level of -11 dB, this peak being the carrier peak component.

From the above analysis, we note that the periodogram technique with rate reduction

filtering with =8 gives an excellent improvement in the signal-to-noise ratio and the

frequency resolution.

4.3.3 Comparison of Decimation in Time and Rate Reduction Filtering

[n this section we compare the results using decimation in time and rate reduction
filtering teéﬁniques obtained from the periodogram method. Figure 4.6 depicts the result
using decimation in time with decimation step (d) equﬁl to 8 and Fig. 4.10 illustrates the
result using rate reduction filtering method with averagix;g step (£} equél to B. We note that:‘
1. For the result shown in Eig. 4.6, it is difficult to detect the carrier component peak

of the ELT signal since large amounts of the data are discarded.
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2. For the rate reduction filtering method result ‘given in Fig. 4.10, the one peak can
be detected easily above —11dB threshold level. This peak being the carrier
component peak. .

Thus, from the above analysis and computer simulation results we conclude that
rate reduction filtering method improves the {requency resolution and the signal-to-noise
ratio which consequently improves the detection of the carrier component peak of Lh':al ELT

-

signal.

4.4 Baseband Processing Strategies _ '
'
In the real signal environment, the data set to be processed has a frequency
bandwidth of 25000 Hz and a time continuance ranging from a f'ew‘ sreconds up to‘
approximately 900 s. The main restriction in processing this data is the capubi]ity. of the

spectrum analyser be it either the periodogram or the MEM processor. Thus, let us examine

three different processing strategies [26].

4.4.1 Strategies

Case 1

The first strategy assumes the data to be divided into K continguous blocks with
the number of samples in each block P equal to the length of thé spectral processor; e.g. 1024
points for the 1K FFT. Then, the spectral estimato::_ processes the data and the K blocks are
averaged, as pgeviously discussed in Chapter 3. ‘

The advantage of averaging the ¥ i)locks lies in the fact that the variance of the
estimate is reduced by the factor K. However, for a single estimate the ratio of standard .

deviation to mean is {[2(2-n/2))/n}1/2 = 0.522 since the output of the periodogram is Rayleigh

I .
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distributed. If the square of the mean is taken to be 1 (0 dB), then most.of the peaks of the
spectral estimate will be within approximately 1.522 (3.7 dB above) t};e 0 dB reference. If this
variance is to be reduced to, say 1 dB, then approximately 18 periodograms must be averaged.

Let us now calculate the time requirement, the SNR, the resolution and the
reduction in variance using this method. For K blocks of P points, the time required is
proportional to the number of mutiplications which is approximately

T, = Ty K Plog, (P) 14.15)

where Ty is time for one multiplication..

The signal-to-noise ratio at f = f, i3 [31]
AZdT

2—£)KW=SNRN KY¥ . (4.16)

=
Yo

where SNRy is the normalized signal-to-noise ratic.” The reduction in the variance of the

estimate is given by K, and the resolution is approximately 1/Tp.

Case 2

The second strategy assumes the data to be divided into Q separate frequency
bands using bandpass filters (perhaps switched-capacitor filters), as shown in Fig. 4.11, with
each band then separately being mixed to baseband. Since the bandwidth of each band is row
B/Q, the sampling rate can be reduced by a factor of Q using rate reduction filtering described

earlier. Then, the spectral estimator processes each of these separate bands averaging K/Q

blocks for each band.
\j For this case, the number of muitiplications is
T, = Ty QK/QP logz (P) = T, K P log, (P) : (417

However, the signal-to-noise ratio is now
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Fig 4.11

frequency

Bandpass filtering using a contiguous bank of filters.
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AZ4qQT 12 |
i At E) - 12 (4.18)
N )(Q = SNR,(KQ)

and the resolution is about 1/QTp. The reduction in variance is now [K/Ql.

SNR:(

Case 3
The third strategy assumes the use of a one-shot processor in which all N:= K P

samples are processed in one operation. In this case, the time requirement is simply

T, = T, KPlog,(KP)

— {4.19)
=T,  KP (log, (K) + log, (P)] ‘
The signal-to-noise ratio i3 given by
AJdKT, .
SNR = (————- ): SNR, K (4.20)
NO .

The resoiution ir; this case is approximately IIKTD. Finally, since there is no
- averaging, there is no reduction in variance which is the main drawback of this strategy.
4.4.2 . Comparison of Strategies

It is recognizedl that in Case 1 and Case 2, some time must be allotted for computing
the averages. Norﬁmlly, this amoun'tiof time is small compared to the computatiop of the
periodogra'ms and‘ is ignoréd here. As well, some added hardware would be required in order
to implement Case 2 but this addition is relatively small compared to the overall system.
Table 4.1 provides a sample comparison of the strategies for the —processing of 1 s of data
assuming a sampling rate of 51200 samples per second (B = 25000 Hz), with K =50, P=1024

and Q=8. From these results, we see that Case 2 has better performance in SNR and

o
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resolution than Case 1 and greater reduction in variance than Case 3. Thus, the technique of

dividing the signal into bands and processing using rate reduction filtering is now examined.

-

Table 4.1
Case Normalized SNR/SNRy Resolution Reduction in
Computation indB . Hz Variance
Time Ty Ty
1 512000 8.5 +49 50
2 512000 13.0 +6.1 6.25
3 801000 17.0 t+1 1
4.5 Rate Reduction Fiitering Using MEM

We now apply the MEM to the output of the rate reduction filter. The same'pulse-
modulated ELT signal with mixed carrier frequency equal 100 Hz and CNDR level equal 30
dB-Hz is processed using the baseband system. In order to detect this ELT signal without
using rate reductionhlterif‘lg we use higher MEM filter order (i.e. MEM =100) as discussed
before in Chapter 3.- By using MEMuwith this technique, the MEM fiiter order can be r;duced
considerably. Figures 4.12 to 4.15 illustrates the MEM =50 spectra of this puise-modulated
ELT signal wiéh ave:ag'gng steps € équal I, 2, 4 and 8. In Fig. 4.12, there are many falge
peaks located across the frequency band. These false peaks mask the signal and make
detection difficult. In Fig. 4.13, the I\AEM spectra is given using € equals 2, and the ca;'rier

o

component occurs at 85 Hz which is equivalent to a frequency error equal 15 Hz. Increasing €

to 4, the MEM spectral estimation is depicted in Fig. 4.14. [n this figure, the main peak of

T
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carrier is located at 92 Hz which is equivalent to frequency error of 8 Hz. As £ increases to 8,
the MEM spectral estimation is given in Fig. 4.15. The carrier peak component is located at
98 Hz which corresponds to a frequency error equal to 2 Hz. From the above analysis it is
clear that the frequency error is reduced as the averaging steps' £ increase. Thus, we note that
the combination of linear filtering and non-linear spectral estimartion improves the
performance considerably.

Comparing the results obtained using MEM =100 without us;ing rate reduct‘idn
filtering with those using MEM =50 using this 'technique with £=8 (Fig.fé.zs and Fig. 4.15),
we observe that the frequency er:l'or is the same for both cases, but the new method reduces
the MEM filter order which consequently reduceﬁ the computation time, since high MEM
filter orders are vlery consuming of computer time. Thus, by using the MEM technique with
rate reduction ﬁlterin;g, the signal at low CNDR levels can be resolved using lower MEM

filter order and excellent results are obtained with very small frequency error.

4.8 Emergency Locator Transmitter (EL'f) Sigﬁai-:".!‘racking '
. . l :

This section describes a proposed method called "ELT Signal Tracking”. By using
this method we can track the ELT signal and estimate its mixed carrier frequency which
eases the detection of the ELT signal. The idea of this method is based on processing the ELT
signal using the MEM u?ith rate reduction fil.tering technfque.

First, we will discuss the frequency error as a function of éNDR level for the ELT

" signal processed using.the MEM with low MEM filter order. The frequency error is reduced

by processing the ELT signal at the same CNDR level using the baseband MEM with rate
reduction filtering technique and the same MEM filter order. Furthez;more, by using this

method the frequency resolution is improved. _ \
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4.6.1 Noise and Frequency Error .

Tl'us section is concerned with the study of the vari;ation of frequency error th“rough
the whole fre(luency band for different values of CNDR. [n addition, we invtjastigate the effect
of :"educing the CNDR level on the frequency error using low MEM filter order.

We consider the values of CNDR ranging from 84 dB-Hz to 44 dB-Hz in 20dB-Hz
steps. The pulse modulated ELT signal is processed using the ‘baseband MEM processing
technique with MEM filter order equal to 3.

| Three different mixed carrier frequencies are examined here using 512 complex
points at a sampling rate of 25,000 inphase and qu.adrnture samples per second.‘ These
frequencies are chosen equal to — 11000 Hz, 11000 Hz and 200 Hz respectively.

In order to study the variation of the frequency errér through the frequency band,
these frequencies are selected such that two of them lie at the edges of the frequency band and
;che third is located near the center of the band. We define frequency error as the difference
between the true mixed carrier' frequency and the estimated mixed carrier frequency.

First, the ELT signal with mbced carrier frequency equal to — 11 kHz is examined
here using the baseband MEM processing technique. Table 4.2 summarizes the variation of
the frequency error as t;:e CNDR level reduces from 84 dB-Hz to 44 dB-Hz. Figure 4.16 shows
the MEM = 3 spectra of this ELT signal for three different values of CNDR level. From these

- -

results it is clear that, the frequency error increases as the CNDR level decreases. This

causes severe degradation in signal performance.
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Mixed

7

4 a estimated frequency
carrier CNDR peak error
Frequency Hz dB-Hz Location Hz Hz
~11000 84 ~111328 133
--11000 64 —-11132.8 133
—-11000" - 44 —10742.2 258

The second mixed carrier frequency examined here equals 11000 Hz. Table 4.3

summarizes the frequency error for the various CNDR level. Figure 4.17 depicts the MEM

spectrum results for this ELT signal with three different values of CNDR level. From these

results, again it is seen that reducing the CNDR level to 44 dB-Hz increases the frequency

error which consequently affects the signal detection.
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" TABLE 4.3

MEM Filter Order = 3

133

Mixed estimated frequency
carrier CNDR peak error
Frequency Hz dB-Hz Location Hz Hz
11000 84 11132.8. 133
11000 64 11132.8 133
11000 44 10742.2 258

Table 4.4 gives the variation of the frequency error with different CNDR levels for

Ehe ELT signal, this time, with mixed carrier frequency 200 Hz. Figure 4.18 depicts the MEM

spectra for this ELT signal with three different values of CNDR level. Again, we note that

reducing the CNDR level to 44 dB-Hz increases the frequency error and causes severe

degradation in signal detection performance using low MEM filter order.

TABLE 4.4

MEM Filter Order = 3

- Mixed

- estimated frequency
carrier CNDR peak error
Frequency Hz dB-Hz Location Hz Hz
200 84 147 53
- 200 64 O g 53
200 44 0 200
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Thus, from the above we conclude that, at high CNDR level, e.g. 84 dB-Hz, the
frequency error is reduced. This frequency error increases as the CNDR level decreases to

44dB~Hz._

Error Curve
This section discusses the frequency error performance curve (error curve) of a

pulse wave modulated ELT signal with CNDR level equal 44 dB-Hz processed using the
\ o
bas;oband .MEM processing technique with MEM filter order 3. Figure 4.19 illustrates the

; 2
frequency error curve for this pulse-modulated ELT signal. From the simulation results

shown in this figure, and earlier analysis, we observe that:

1. When f; — B = 0, the frequency error is approximately zero.
2, The error curve is an odd function around the origin.
3. As an approximation, a straight line curve can be drawn between frequencies —Fp

and Fy, with slope K; = 0.18. This will be used.tater to de’monstrate the tracking
feature. _

4. The frequency error depends on the: mixed carriér frequency of the ELT signal. The
frequency error increases as the mixed carrier frequency of the ELT signal moves

away from the center band frequency, i.e. near the edges of the frequency band.

4.8.2 Reducing the Effect of Noise
The capability of each processor to detect the ELT signals in the presence of noise is

an important characteristic of its performance. In order to reduce the frequency error and

improve the detection of the ELT at low CNDR level using low MEM filter order, we process
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r

the ELT signal using the baseband MEM with rate reduction ﬁltering.. By using this method,
improved resolution is obt.ainec( and increased signal-to-noise ratio is achieved.

In this section we study the frequency erro¥ versus the CNDR level of the ELT

signal, processed using the baseband MEM with rate reduction filtering technique. A

R 2

pulse-modulﬁte'deT signal with mixed carrier frequency equal to 200 Hz is processed using

this method with MEM filter order 3 and averaging step; ‘!“‘equal to 8. This ELT signal is

examined at three different values ;f CN IDR level. The CNDR level is reduced from 84 dB-Hz

down to 44 dB-Hz in stéps of 20 dB-Hz.
. Taﬁle 4.5 summarizes the frequency error as a function of the CNDR levels for this
ELT signal, using the MEM with rate reduction filtering techpique. Figu;'e 4.20 illustrates

the baseband MEM spectra for this ELT signal at these three different values of CNDR level.

These results i

icate that, processing the ELT signal using this technique with averaging
N uces the frequency error. In additior;, a sharp peak is obtained with
excellent frequency resol-;tion at high CNDR level, e.g. 84 or 64 dB-Hz, this peak being the
carrier component of fhe ELT signal.

Comparing the frequency error results summarized in Table 4.4, Table 4.5,
Fig. 4.18 and Fig. 4.20, we conclude the following:

1 Processing the ELT signal using the baseband MEM with rate reduction filtering

technique and with averaging steps equal to 8 reduces the frequency error.

2, The ELT signal at low CNDR level can be resoived using low MEM filter order by
using this technique.
3. This method improves the sharpness in the carrier cémponent peak as shown in

. Fig. 4.20 and the detection of the ELT signal.
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TABLE 4.5
MEM Filter Order = 3

Rate Reduction (averaging) steps = 8

Mixed estimated frequency
carrier CNDR peak error
Frequency Hz dB-Hz Location Hz Hz
200 84 196 4
200. 64 196 4
200 44 177 23
4.7 Evaluation of the Location of the Carrier Component Peak

In this section, we evalunate and estimate location of the carrier component peak .
using an iterative approach. Conside; a pulse-modt\;lated ELT signal with constant carrier
frequency f; = feo processed using the baseband procf_),ssing technique with mixing frequency
Fi. The camﬁ@nt peak then occurs at mixed carrier frequency F. given by,

Fe=fo —Fy (4.21)

The'c'zri_rri_e_r component peak is estimated using MEM filter order 3 and located at
measured frequency f;; which is given by ) ‘ '.7 ‘

-
.« @

fn = Fc‘ —fo (4.22)
where o |

F. = mixed carrier frequency

f, = frequency error .

»
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The:, the frequency error f, is represented by
fo=F.~f, ' {4.23)
From Fig. 4.19, it is seen that the frequency error is approximately zero at F, = 0.
Thus, using an iterative approach, we mix the signal in such a way to produce a carrier peak
close to zero frequency. In order to demonstrate convergence, we assume the straight-line

approximation.

1st Iteration
After the first measurement, the carrier component peak is located at estimated
frequency fq;. T‘he mixed carrier frequency and the frequency error corresponding to this
case are Fy and f,), respectively. : b '
Thus, Eq. {4.22) corresponding to this case becomes
fm1 = Fet — fo1 : (4.24)
and the mixed earrier frequency F; is givex-a hy
Fop = foo — Fpy (4.25)
where . o
F11 = the mixing frequency used for the first measuremeﬁt.
We note that, the frequency error varies linearly as a function of the mixed carrier
frequency as shown in Fig. tt.lg.
Then,
N .
for = KcFal (4.26)
where -
K. = constant

substituting from Eq. (4.26) into Eq. (4.24), yields
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2nd Iteration ‘ -
Now, the ELT signal is mixed using new mixing frequency Fiq given by,

Fiz = Fi1 + fm ‘ (4.28)

where

F11 = mixing frequency for the first measure;nent

After the second measurement, the carrier component peak hag mixed carrier
frequency F g, and located at estimated frequency {2 with f:requency error f,o.

Then,

fm2 = Feo — fg2 T 429
Using linearity as considered earlier, we have
foz = K¢ Feo . '

Then, using this equation, Eq. (4.29) becomes |

fna = (1=K Fe (4.30)

3rd Iteration

For the 3rd iteration, the ELT signal is mixed using mixing frequency Fi3 2

represented by

.

Fig = Fio + fmg (4.31)
After this measurement, we have

The mixed carrier frequency of the ELT signal = Fc%. .
The carrier component peakislocatedat = {3
The corresponding frequency error = fo3

Thus, for this case we have

p
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fm3 = Fea — fua - (4.32)

and | )
foa = KcFea
yielding . b
M3 = (1-K) Fe3 ’ (4.33)
[
ith Iteration
- * Similarly, using the same procedure, we have

fmi = 1—KJFg ' (4.34)

where

fri = the egtimated location of the carrier component peak after ith measurement.
F.i = mixed carrier frequency of the carrier component peak at this iteration. .
Now, we will formulate Eq. (4.34) in terms of the mixing frequency.
For the first measurement, we consider the mixing frequency is given l_)y
Fi=Fio + frfd . 8
.where fmo =10

<

For the second measurement, the ELT signal is mixed with new mixing frequency

Fiz given by
. Fo=Fnp+fm - ‘ .
. * For the 3rd measurement, the mixing frequency is gi,tiven by b
f Fig =Fr2 + {2 ) ? ¢
or Fia= Fio + fao * fm + . N _ |

~ hY .
.Similarly, for the ith measurement, the mixing fi represented by .
Fii =Fui-n + fmi®

- . » = Fio + fmo + fiaf
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Thus, in general, the mixing frequency is given by
. . n-1 .
Fo=Fo+ 2 [ . n=l2. | (4.35)
i=0
At the nth iteration, the carrier component. peak has mixed carrier frequency given by
Fen = fe0.~ Fin | (4.36)

This carrier component peak is located at measured frequency fmgy which is

represented by (using:Eq. (4.34))

\ ’ fon = (1K) Feq (4.37

substituting Eq. (4.35) and Eq. (4.36) into Eq. {4.37) yields

s n-1
‘ _ . | (4.38)
» ' fmn‘—(l_Kc) tfcn_FIO— Z fmil »on=h2,.
.. Vs I=0
since F¢y = fg — Fyy from (4.25), and using Eq. (4.35) we have
L . ! ‘ (4.39)
.fmn:(l-Kc){Fcl-— Z fmi] ,n=1,2,.. , '
i=0
Expanding Eq. (4.39), yields ' T et

fm1 = (1-Ko Fg

fme = (I“Kc) {Fcl - fml.}

= K (1=K Fqy N
—~ fm3 ='(1—ch{Fcl - f:'1:11 - fmZ}
12
\ = Kc (1 —KC)Fcl
A ' -
£31m11arly, . . g
i
frnn = l(l—Kc) F.d - f.ml - i.m2'"' - fmfn—U (4.40)
- ) n=1
= K"'1-K)F |
Since K, is less than 1 (K. = 0.18), we have with a modest value of n (4 or 5)
fran— 0 " (4.4D)

Thus, from Eq. (4.39), we have the true mixed carrier fréquency given by
” . .

L

BN
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..

_l ‘

= = (4.42)

Fy= Zo £ .n=123.. |
1=

Now, we describe an ELT Tracking Algorithm using this iterative abproach.

4.8

ELT Tracking Algorithm"

One of the most impo_rﬁant. advantages of using the baseband processing technique

is the ease in implementing the ELT tracking technique. In this section we describe a new

algorithm called ELT tracking algorithm. The algorithm is\summarized in the following

stepﬁ.

Stepl

Step 2

Process the ELT signal using the baseband MEM téchnique using rate reduction

L4

technique with averaging steps eqpal to 8. This signal is processed using low MEM

filter order (e.g. order = 3) with mixing frequency equal to'Fy; and the location of

the carrier component peak, is denoted by fiy;.

Mix this ELT signal with new mixing frequency, Fi2 equal to F1; + fr1, and process
it again using the baseband MEM with rate reduction filtering with averaging

steps equal 8. Measure the location of the carrier component peak, i.e. f,'n}...ﬁ

!
Repeat step no. 2 using new mixing frequency Fi3 equal Fo + fm2, and estimate the
F.

location of the carrier component peals, i.e., fma.
N ¢ !



Steg. 4

4.8.1

144

Continue repeating the above procédure uptil the carrier component occurs at
approximately 0 Hz. Then, the carrier frequency of this ELT signal equals the new

mixing frequency,ie. fqo = Fpy + fmy + T2 + . .. + fun—11

; ‘CV \ 3
Resul’ts /'-"- _ _ '

i

In ,‘his section, we study the processing results of the ELT signal using "ELT
, N

Tracking/ﬁiflgorithm" described above. A pulse-wave modulated ELT signal with mixed

.

carrier’] frequency 200 Hz and at CNDR level equal 44 dB-Hz is ‘examined here using the .

s
- procedure described with MEM filter order 3 and 512 complex points,

Table 4.6 summarizes the results obtained using this procedure. Figure 4.21

illustrates the MEM spectra for this ELT signal using the ELT Tracking Algorithm steps.

From these results it is seen that the mixed carrier frequency of this ELT signal equals 201

which isin error by only 1 Hz.

A



P.S.D.

. 145

-40. . — -
-1562.5 =-837.5 © =3125 J12.5 837.5 1562.5
F .
Fig. 4.21 MEM =3 spectrum for coherent ELT signal using tracking algorithm.



Table4.6 -

ELT Specification

Mixed carrier fraquency = F,; = 200 Hz
CNDR = 44 dB-Hz
Rate Reduction (averaging) steps = 8

‘ MEM filter order =3

146

Mixed Carrier Estimated Peak

" Frequency

Step Number frequency Hz location Hz error Hz
F fni f‘ei
\ .
step 1 200 ¥k 23
step 2. 23 18 5
step3 9 6 -1
step 4 -1 0 -1
- Q
4.9 Summary *

In this chapter we have examined thexadvantagef of using the baseband processing

technique. A theoretical analysis of two different techniques used for sampling rate reduction

have been described; namely, 1) decimation in time, and 2) rate reduction filtering. A

' comparison between these two methods has also been given. This comparison indicates that

- rate reduction filtering method proﬁdés certain advantages over decimation in time. The

application of using this method with the pericdogram and MEM are described in detail.
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In this chapter we have also discussed the frequency error across the frequency

1

band. In all cases described, we conclude the following:
1. Reducing the CNDR level increases the f;;zquency error and causes severe
degradation in signal detection usihg the MEM with low f‘;lter order.
2. The frequency error across the frequency band is dependent on the mixed carrier
frequency of the ELT signal.
3. The frequency érror is small if the mixed carrier frequency of the ELT signal lies
near the mid-l;and range. -
4, The frequency error is large if the mixed carrier frequency of the signal lies at the
| edges of the band range. v ! : N
Processing an ELT signal at constant CNDR level \.\lrith the MEM and increasi-ng
the order of the rate reduction filtering reduces the frequency error, increases the signal to
noise ratio and produces a sharp peak at the carrier frequency of the ELT signal. This
consequently improves the detection of the carrier component peak of the ELT signal.
In this chapter we have also described a new method ealled "ELT tracking”. By

using this method we can easily track the ELT signal and estimate its mixed carrier

frequency which simplifies the detection of the carrier component peak.

~ 4



CHAPTER 5 .
BASEBAND PROCESSING FOR THE MULTIPLE
ELT SARSAT ENVIRONMENT
| !
5.1 Introduction
In earlier chapters we assumed only one ELT signal. However, in most practical
situations, the received signal comprises more than one ELT signal due to false alarms which
may mask the sigm?l from a platform in distress. In ad&itioﬁ tcl:e ELT signal is a pulse-
amplitu.de modula—fe::l\signal which produces a host of sideb.anas in addition to the carrier
component. With multiple sidebands, it is obvious that the signal band is extremely
congested. In particular it is possible for one or more very powerful ELT signais to have
strong sidebands which sweep through the bandwidth of a weak ELT signal. |
3 this chapter we (\ddress the problem of processing multiple ELT signals using
the baseband processor. First, we discuss the; computer simulation results for multiple ELT
.signg;l‘sl wi‘th equal power levels using linear and non-linear spectral estimation methods.
Then, we consider the results for multiple ELT signals with éiifferent p(;wer levels anld
examine the effects of rate reduction -ﬁltering. Finally, we will investigate the detection of a
w.eak ELT signal using this te;:hnique.

-

5.2 Baseband Processing of Muitiple ELT Signals

—

For the received signal com_gyising more than one ELT signal with different carrier

frequencies and different ;unplitudes, the mathematical representation is given by [37,38]
N

3 .
St)= > A m(t)cos[2nf t +6,(t)]

imt

(5.1)

148
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* where
Ay = carrier amplitude of the ith signal,i=1,2,....., N,
my(t} = modulating signal of the ith signal.

fei = carrier frequency of the ith signal.

N, number of ELT signals contained in the received signal.

9{(t) = phage angle of the ith signal.

The complex baseband equivalent of the signal is generated by the inphase
component and quadrature component of the input signal. These components are gefierated
in the usual way by multiplying the signal by cos(2n Fit) and sin(2n Fit), where F| is the
ipterme&iaﬁe mixing frequency and filtering the results using low-pass filter having cut-off
frequency ;aqual to B..

Thus we have
Ns A
Oy ?‘ m,(t) cos{2n (£, ~ F))t + 6.(t)] ' (5.2)

i=l

Ny oA

st = 21 -2—' m,(t) sinf2n (£, — Ft + 8,(t)] S (5.3)
< =

where (f".;i -Fpis tl_le !;lixed carrier frequency of the ith ELT signal.
5.3 _ Processing of Multiple ELT Signals With Equal Strength
In this section, we discuss the processing .of multiple ELT signals'us‘ing the
baseband periodog’ré.m (FFT), the averaged periodogram, the baseband MEM and the
averaged MEM methods., The ;malysis which is given here is for three and ten ELT sig'n;als.
Theformer represents the case of a small number of signafs in a pass while the latter pr,ovideg

results for a crowded spectrum. The carrier frequencies of these signals are selected

"randomly. The process assumes the use of 512 complex points at a sampling rate of 25000

-
~
[
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inphase and quddrature samples per second. The cut off frequency of the baseband low pass
filter (B.) is 12.5 kHz. We consider pulse modulation ELT signals with continuous phase and

no noise. In this case all ELT signals contained in the received signal have the same

amplitude, i.e. Aj = Ai=1,2,....N;. Thus, the inphase and quadrature components become

A : : _
SOESY S mtycos(2n (€, — F)t + 6,0 (5.4)
i=1 ' '
8 A ) .
5ot = > o msini2n,; - F)t + ;) (5.5)

i=1

The spectral estimation performance degrades as a result of increasi:lg the number‘
of ELT sigrials. The detection of multiple ELT signals using the baseband periodogram is
difficuit and regtricted in some cases because the FFT spectrum suffers from numerous peaks.
In order to avoid this problem we use the baseband averaged periodpgram or the averaged
MEM techniques for detecting multiple ELT signals. One of difficulties of the MEM
technique is choosing an approprate filter order for processing all the received ELT signals
which gives good spectral estimation performanct;. The filter order which gives the best
performance varies from one case to another, for multiple ELT signals. A strategy for

choosing the proper filter order is given in this section.

5.3.1 Processing Results Using the Periodogram
A problem affecting the spectral estimation using the periodogram analysis in

processing ELT signals is sideband problem. We expect that in processing multiple signals,

the sideband interference will increase.
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5.3.1.1 Three ELT Signals

Three pulse-modulated ELT signals having mixed carrier frequencies -10 kHz, 100
Hz and 5 kHz are .processed and Fig. 5.1 illustrates the periodogram spectrum. From this
figure it is seen that the three topmost peaks are detected easily. These peaks are the carrier
componentz; and 'dascribe.d as one peak for each transmitted ELT signai. Furthermore, two
major sidebands (about 5 dB down) around each carrier component for every ELT signal are
observed. From these results, we note that it is easy to identify and detect all transmitted
ELT signals since the carrier component peak for every signal is well defined.
5.3.1.2 TenELT signals

For ten ELT signals with mixed carrier frequencies (-5 kHz, -4 kHz, -2.9 kHz, -2
kHz, -700 Hz, 100 Hz, 1.1 kHz, 2.3 kHz, 3.6 kHz and 5.5 kHz), the result is given in Fig. 5.2,
From this result, it is clear that at the -10 dB threshold level there are more than 10 peaks
Some of these peaks are the carrier components of the ten ELT signals and occur at the proper
frequencies as expected but t.hare‘are‘undesirable peaks which may-create false alarms. At
the -5 dB tﬁreshold level, the 10 peaks correspond to the carrier components However, the
FFT spectrum for ten pulse- modulated ELT signals is crowded which makes the detection of

these ten ELT signals dxﬁicu!t.

5.3.2 Spectral Estimation using the Averaged Periodogram

Our aim is to improve the detection of multiple ELT signals using the averaged
periodogram technique. This section examines the spectral estimation performance using

. this method with K =50 segments with P = 512 complex samples for each block.

-

x{ .

w
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¥

5.3.2.1 Three ELT Signals
The spectral estimation result using the averaged periodogram method for the
three pulse-modulated ELT signals is given in Fig.5.3. From this figure it is clear that, above
- the - 10 dB threshold level, the three topmost peaks are detected easily. These peaks are the
carrier component which is described as one carrier peak for each transr.rlli.tted'ELT signal.
Furthermore, around every carrier c;)mponent. two broad sideband peaks (13 dB down) are
de!l:ected éaz:ily. It can also been seen that the averaged periodogram performs well and the
results in improved performance for the three ELT signals due to the re.duction of the level of
the sidebands. . .
Comparing these results us.ing the basebar;d periodogram (Fig.5.1) with those
using the averaged periodogram (Fig.5.3) we note that: ‘
1. For both spectra, the carrier component peak for eac_:h‘ transmitted ELT signal is
very.sharp and stationary. However, it is seen from Fig. 5.3 that the levels of the
ceerie'r component peaks of theée ELT signals vary by about 1 dB indicatingﬁ t.haf.
the processor is not truly liﬁear. '
2, By using the averaged periodogram the levels of the two major sidebands are
redut;ed by 10 dB as compared to Fig.5.1.
3. The width of these two major sidebands around the carrier component for every
ELT signal becomes broad as depicted in Fig. 5.3. This provides an idex;ti.ﬁ—er for
the carrier component for each signal, which <onsequently improves the detection

of the ELT signal.

5.3.22 TenELT signals
Figure 5.4 illustrates the averaged periodogram spectrum result for the ten ELT

signals. From this figure, it is clear that at the -10 dB tbreshold level, ten peaks are detected

e A
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Fig. 5.3 Averaged periodogram spectrum for three ELT signals.
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Fig.5.4 Averaged pericdogram spectrum for ten ELT signals.
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easily with these peaks being the carrier compo;lent peaks. Further, \:ve can identify and
detect each received ELT signal because the spectral estimation performance is uncluttered.
The"carriar frequency component peaks are very gharp and the level of undesirable sidebands
are reduced. The'levels of the Mer component peaks of these ten ELT signals vary by about
3dB.

Thus, from the above analysis of these results we note that the averaged
periodogram technique performs well in the case of multiple ELT signals (three and ten cages)
with e(;ual power levels, By using this rﬁethod. the levels of undesirable sidebands are

reduced relative to the level of the carrier component peaks which consequently improves the

" detection of the present ELT signals.

e

5.3.3 Processing Results Using the MEM

-

In this séction. the baseband MEM is used for detecting multiple ELT signals with

equal strength. The main difficulty in using the MEM approach is in choosing the prediction

+ error filterorder. For a singlé ELT signal, a lower MEM filter order gives good results. For

' /\/_gult_iﬁ(e ELT signals, the filter order can be deduced by noting that the optimum value of -

\

MEM filter order lies in tHe range from 0.05 N to 0.2 N, where N is the number of data points.
Here, we study the spectral estimation characteristics for the same three and ten pulse
modulated ELT signal cases processed using the baseband MEM with 512 complex points and

cut off frequency of the lp@pass filter eci[xa] 12.5 kHz.

. A

5.3.3.1 Three ELT Signals

Firat, we solve the protlem of evaluating a reasonabie MEM 9}:_qctrufn and - .
determihe an optimum filter order of the MEM. For these three ELT sigﬁals $with mixed

. carrier frequencies -10 kHz, 100Hz and 5 kHz), filter orders 2, 20, 30 and 50 are tested using

e
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the iMEM analysis. The results are illustrated in Fig.5.5 to Fig.5.8 respectivel)'r. From these
n;;.ults, we conclude that a;*, the filter order increases, the number of peaks also increases. For:
low ME_M_‘U‘(E‘!' order (MEM =2), the MEM spectru.m is not good because the spéctrum which
is shown in Fig.5.5 generates two broad peaks and from this we might conclude that the
received emergency ELT signal is due to two ELT signals. In addition, it is seen from this
figure that the frequency error is very large due to the broad peak. However; as the MEM
filter order is increased the number of peaks also increases and the performancé irr;proves
considerably and the spectrum becomes clearer as illustrated for MEM order 20. Figure 5.6
depicts the MEM .;:pectrulm computed L{Bing this MEM filter order forthese three pulse

modulated ELT signals. The three carrier component peaks are separ'at‘cly located at -9961

Hz, 195 Hz and 4980 Hz respectively which are equivalent to frequengy errors of -39 Hz, -95

Hz and 20 Hz respectively. '

Now, we estimdate the Root Mean Square (RMS) error obtained using different

MEM filter orders. The RMSerror is defined by

B 4.
RMS=/\/::21+::§+...+:?, i=1,2,.. N ' (5.6)
L4 1 3 .
where ' A h

e; = the frequendy error for ilg._h-E'.LT signal. .
‘ . L -
- /Then, for the case of three ELT signals, the RMS error is given by .
Y T ! (5.7
RMS = \/el+ e, + e

For MEM filter order 20, the RMS error ia

RMS = v/ (387 + (~95)° + (207 = 104.8 HA
Fig'ure 5.7 gg;fs the MEM spectra of these three ELT signals using MEM filter.

order 30. The three carrier component peaks are located at -10009 Hz, 49 Hz and 4980 Hz,

respecuvely which are equivalent-to frequency errors S of 9 Hz, 51 Hz and 20 Hz respectively,

for these three ELT signals. ’
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Fig. 5.5 MEM = 2 spectrum for three ELT signals.
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Fig. 56 MEM =20 spectrum fo? three ELT signals.
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Fig. 5.7 MEM =30 spectrum for three ELT signals.
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Fig. 5.8. MEM =50 spectrum for three ELT signals.
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For MEM filter order 30, the RMS error is given by

RMS = V @) + (51)% + (20)° = 55.5 Hz
Increasing the MEM filter order to 50 gives the MEM spectra shown in Fig.5.8.
From this figure, we observe th:at. the three carrier component peaks are separately located at
-10009 Hz, 98 Hz, and 5004 Hz, corréspondiﬁg to frequency errors of 9 Hz, 2 Hz and -4 Hz
respectively.

Then for MEM filter order equal 50, the RMS frequency error is given by

RMS = V(9% + (2 + (-4)* = 10Hz
Comparing the RMS frequency errors obtained using MEM filter order equal 20, 30

and 50, we conclude that increasing the MEM filter order by 10 reduces the RMS frequency
error-by 2 and improves the sharpness of the carrier component peaks of the ELT signals.
Thus, MEM filtér order 50 offer good frequency resolution for the analysis of three ELT

signals with small RMS frequency errors.

533.2 TenELT Signals

Ten pulse modulated ELT signals vnth mixed carrier frequenciés of -5 kHz, -4 kHz,
-2.9 kHz, 2 kHz, -700 Hz, 100 Hz, 1.1 kHz, 2.3 kHz, 3.6 kHz and 5.5 kHz are now examined
3sing the bagseband MEM. The MEM filter orders used for this analysis are increased from
ordgr 3 to order 100. The MEM spectral results are given in Figs.5.9 to0 5.12. For low MEM
filter orders, i.e. order 3 and order 20, the MEM spectral estimates are as expected not good;
that is, no clear indication is given of how many ELT signals are present as illustrated in
Figs.5.9 and 5.10 respectively. For MEM filter orders of 50 and 100, it is seen that at the -10
dB threshold level, the number of peaks exceeds 10. Some of these peaks are located at the

correct frequencies but there are other undesirable peaks, which may increase the number of

falge alarms.
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Figure 5.11 illustrat.e;i the MEM spectra for these 10 ELT signals uaiﬁg MEM filter
order 50. The carrier peaks are located at -5.078 kHz, -4.003 kHz, -2.978 kHz, -2.001 kHz, -
683 Hz, 146 l—iz, 1.123 kHz, 2.343 kHz, 3.662 kHz and 6.517 kHz which are equivalent to
frequency error values of 78 Hz, 3 Hz, 78 Hz, 1 Hz;- -17 Hz, -46 Hz, -23 Hz, -43 Hz, -62 Hz and -

17 Hz réspectively. This corresponds to an RMS error, from eq.(5.6), of

RMS = V (7802 + 32+ (78)% + 12+ (= 17> +(—46)

+(=232+(— 432+ (=622 + (=177

_ = 146.2 Hz |
Increasing the MEM filter order to 100 gives the MEM spectra for the 10 pulse”

modulated ELT signals shown in Fig. 5.12. The carrier peaks located at -4.981 kHz, -4.003

Y

kHz, -2.929 kHz, -2.001 kHz, -684 Hz, 97 Hz, 1.075 kHz, 2.295 kHz, 3.613 kHz and 5.517 kHz
regpectively. These values correspond to frequency errorsof -19 Hz, 3 “Hz, 29 Hz, 1 Hz, -16 Hz,

3 Hz, 25 Hz, 5 Hz, -13 Hz and -17 Hz respectively. Thus, the RMS error for MEM filter order

100 i3 equivalent to

) .

RMS = V (= 1912+ 3)2+(29) +(1)2+(=16)2+(3)2

+ @25+ 5P+ (=132 + (17

= 50.8Hz
. Comparing the RMS frequency errors obtained using MEM filter order 50 with

those using filter order 100, we conclude timt increasing MEM filter order to 100 reduces the

RMS frequency errors to one third the RMS value obtained using MEM filter order 50.

5.3.4 Processing Results Using the Averaged MEM
MEM averaging is used to reduce the effect of undesirgble sidebands on the
spectral estimation. Here, we study the spectral estimation characteristics for multiple ELT

signals with equal power levels using the baseband averaged MEM.
: ). x
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" 5.3.4.1 Three ELT Signals
‘ The s\ame three pulse modulated ELT signals are examined here using t!’\e
averaged MEM with MEM filter order equal 50. Fig.5.13 illustrates the averaged MEM
spectrum for these signals. From these results, it is seen that the averaged MEM reduces the
level of the undesirable sidebands and the three carrier components peaks can be detected
easily gbove the - 10 dB threshold level. '_I‘his.- makes the detection of the carrier component
peak for each transmitted ELT signal easy.
Comparing these results obtained using the baseband MEM ( Fig.5.8) with those
using the averaged MEM (Fig.5.13) with MEM filter order 50, we note that :
L. For thesa two spectra, the carrier component peak for each sighal is stationary and
very shar:p. The levels of these carrier peaks vary by about 1 dB.
2. The averaged MEM reduces the level of the twe major sidebansi peaks around the
cm"rier component by 7dB as compareﬂ to, Fig.5.8. -

3. The width of these two major sidebands become broad as illustrated in Fig.5.13.

5.3.42 TenELT Signals o

In the case of ten pulse mm.iulat.ed ELT signals, the multiple peaks near the carrier
frequencies make the detection difficult. Using the averaged MEM with MEM filter order
100, we obtain the result of Fig.5.14. From this figure, we/observe that _the level-of
"undesirable sidebands is reduced, which improves the' detection_of the carrier component
"peaks. Furthermore, we note that, the ten carrier peaks can be detected easily above the -7
. dB threshold lpvel, and the levels of these ten peaks chan-ge by about 3 dB.
Thus, from the above aﬁalysis for three and ten ELT signals, we note that the

averaged MEM provides good detection properties for the multiple ELT signals. This is due to
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the reduction of the level of thé undesirable sidebands relative to the level of the carrier

corﬁponent peaks.

5.4 Processing of Multiple ELT Signals with different strengths
In this section, we discuss the processing of multiple ELT signals with different
strengths, i.e. the signal power levels are not equal. The analysis which is given here is again -

for three and ten ELT signals. o

The ELT signals contained in the received signal have different amplitudes.

:Eq.(5.1Ycan be written in the form

N.
3

)= s - 5.8)

iml

Now, P, is the average power corresponding to s)(t), Py the average power corresponding to

82(t),......, and Py the average power corresponding to si(t). Since the average power Py « Ay,
¢
we get 7
. 2
Pe ( A ) (5.9
. A '
Applying the decible (dB) notation for both sided of Eq.(5.9) yields
) P A K\J
. lOlog(-—k)=201(>g(—k) (5.10)
P, 1 )

Let us suppose the normaiized amplitude of s4(t), i.e. Ay eque;ls unity. This means
that the normalized powér i;orrespondjng to 51 (t) is referenced to 0 dB and used as a reference
level for comparison with the normalized power level of other ELT signals. For.example, if
.th'e received signal contains two ELT signals, i.e. si(t) and si(t), then these signals have
normalized average power Py and Py , respectively. Ifthe power level Py of 3/(t) i3 referenced

at 0 dB, then the power level Py of 3y(t) can be red_t'xcetﬂ;;r amounts of, say, 5dB, 10 dB, 15 dB

and R0 dB with respect to the power level Py. We summarize the above resultsin Table 5.1.
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TABLE 5.1
10 log (Py/P) dB - Ay Ay
-5 1 0.56234
—10 : 1 0.31622
—15 1 0.17782
—20 1 0.1

5.4.1 Processmg Resuits Usmg the penodogram Method

The detection of multxple EL'I‘ sxg’nals using the baseband penodogmm technique
is d_ifficult and restricted in some cases because the FFT spectrum suffers from numerous
peaks (sidebands problem). This section examines the spectral estimation peri:ormnnce of the

three and ten ELT signal cases with different power levels.

5.4.1.1 Three ELT Signals

A received signal contaim'.ng‘ three pulse modujated ELT signals {(s,(t}, so(t), and

33(t)) with mixed carrier frequencies -10 kHz, 100 Hz and 5 kHz respectively are cor}sidei'ed.
We arbitrarily choose P3 = Py and vary Pz in level from -5 dB to -20dBip 5 dB steps.

Th‘: power smtral densities—[ori the fqur' ::ases are given in Figs.5.15 to 5.18.

F igure 5.15 illustrates the FFT spectra when the average Pcn;ve'r Pg of 39(t) i3 reduced by 5 dB

| as compared to Pl of 5y(t). From this ﬁgure itis clear that at the -10 dB threshold level, there

are nine peaks for the three ELT signals thh three peaks for each sxgnal which comprise the

carrier peak component and two major sidebands around ‘this carrier component. Reducing

‘ gﬁk\
£ . . A .
e " -

—

-
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the power level Py of 39(t) by 10 dB as comparéd to the power level P gives the FFT spectra

depicted in Fig.5.16. From this figure it is seen that, at the -10 dB threshold level seven peaks

for the three.ELT signals are detected, six of the seven peaks are related to sy(t} and s3(t), and
the remaining peak is the carrier component peak for so(t). Reducing the power level P; of
so(t) by amountf_s of 15 dB+and 20 dB as compared to tf;‘e power level Py of 3;{t) gives the -
periodogram spectral estimqtibn‘ results shown in Figs.5.17 and 5.18 respectively. From these
results, we' observe that, at the -10 dB threshold level, only six. peaks -are detected. these
peaks belonging to s)(t) and s3(t). The weak ELT signal so(t) has disappeared with other
undesirable sidebands which makes the detectioﬁ of this weak ELT signal difficult.

| All the periodogram spectral eétimation results illulstrategl in the above figures

indicate that the ratio between the power levels of the strong and weak ELT signals (P\/Pa} in

dB at the input is equal to the ratio of the power spectrum {S,(f;; — F{)/Sa(fea — Fp)} at the’ ‘

output of the processor where 5; (f;) - F'y) is the spectrum peak at the'mixed carrier frequency
tfcl — Fp) of 51(t) and Sy (fyy — Fp) is the spectrum peal; at the mixed carrier frequency
(fez — F1) of ELT signal so(t). This is due to the linearity of the spectral estimation method.’
Thus, we conclude that, for three pulse modulated ELT signals s,(t), sg(t), and sg(t),
wit?h_ P; = P35 we can identify all thre‘e ELT signals when the power level of the third signal is
within 10 dB. If the difference in the poﬁver levels is more than 10 dB, i.e. 15‘dB or 20 dB or

more, detection of the weak ELT signal becomes difficult.

»

" 5.4.1.2 TenELT Signals

Ten pulse modulated ELT signals s((t), sa(t), sa(t),....... ,S10(t) with mixed carrier

»
frequencies -5 kHz, -4 kHz, -2.9 kHz, -2 kHz, -700 Hz, 100 Hz, 1.1 kHz, 2.3 kHz, 3.6 kHz’and
5.5 kHz are examined here using the baseband_periddogram technique. The average powers

for all ELT signals are the same except sg(t) with mixed carrier frequency 100 Hz, which is
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varied in level from -5 dB ts -20 dB in 5 dB steps. The periodogram spectra for all four cases

are plotted in Figures 5.19 through 5.22 respectively. From these figures, we note that at the

-10 dB threshold level , there are more than 10 peaks which makes the detection of these ELT °

gsignals difficult. The carrier component peak of the weak‘ELT signal s¢{t) in embedded with
the other undesirable sidebands which makes the detection of this weak ELT signal difficult.
It is seen that, the power level of the spectrum of the weak ELT sxgnal at the output of the
procegsor varies linearly with its power level at the input (before processmg) using the

pericdogram, as expected. P

8.4.2 Processing Resﬁlts Using the Averaged Periodogram :

This section is devoted to study the spectral estimation performance us_ing the
baseband average€ periodogram for multiple ELT signals with different power levels. .The
sidebands of the powerful ELT signals overlap with the Qeak ELT sigrdm‘i—l- meaking the
detection of this signal difficult. The averaged periodogram reduces the level of the sidebands
relative to the level of the weak ELT signel which consequently improveé the detection of this
WGQ{ signal.

As discussed earlier, the data record is divided into a number of blocks .K covering

different time intervals, and each block contains P complex points. In this section we choose

K = 50and P = 512 complex points as before.

5.4.2.1 Three EL;I‘ Signals

The three pulse modulated ELT 51gnals are examined here using the baseband
averaged penodogram The spectral estunatlon results are plotted in F1gures 5.23 through
5.28 for all four cases Whlch the power level P2 of s9(t} is reduced by amounts 5 dB, 10 dB, 15
dB, and 20 dB while Ehe power levels of the signals s (t) and sy(t) are kept equal. From these

a7
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results illustrated in Figures 5.23, 5.24 and 5.25, it i; seen that the levels of the sidebagds are
reduced by about 7 dB as compared to single-shot FFT shown in Fig.5.1. This makes the level
of the carrier component peak of the weak ELT signal comparable to the level of t.he carrier
component peaks of the powerful ELT signals which consequently makes the detéction of the
weak ELT signal es;.sy. Reducing the power level P2 by 20 dB gives the spectral estimation
result illustrated Jin Figure 5.26, From this figure it is clear that th;z width of the‘sideba‘nds
becomes broadened as compared to the width of the carrier ﬁéak (I)_f the weak ELT sig'nai which
. is very sharp. By using an adaptive threshold, we can identify and detect' the weak ELT
“signal sq(t) however. Thus, we conclude that:
1, .The baseband averaged.‘periodogram improves the detection of the weak EL;K
| signal since it gives good spectral estimation characteristics as compared to the
results obtained using the singlé~shot periodogram for the case of three ELT
sigln-a.ls. |

2, The power level for the spectrum of the weak ELT signal using this linear spectral

estimation method varies Iineﬁrly as coﬁlpared to the power leve! for tfs ELT

signal at the input before processing.

5.4.2.2- TenELT Signals

Ten pulse modulated ELT signals with the same mixed carrier frequencies as
before are used to test the capability Vof the averaged ﬁ-eriodogram technique. The power level
Pg of signal se(f) with mixed: carr‘ier frequency 100 Hz is varied in level from -5 dB to -20dB in
5 dB steps while all other ELT signals have equal po;ver level: The spectral estimation
results are given in Figures 5.27 thro:ugh 5.30 fo;' all four cases respectively. The results
illustrated in Figures 5.27 and 5.28 for the first two cases with Pg at -5 dB al:ld -10 dB,-

respectivél; indicate that at the -10 dB threshold level, ten peaks are detected. These peaks
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described as the carrier t;:omponent.s for all ten ELT signals. Then, all ten ELT signals can be
detected easfi};. With Pg at -15 dB and -20 dB level, the obtained sp'e'gt.rum is shown in Fig.
6.29 and 5.30 respectively. We note from these results that at; the -10 dB threshold level, nine
peaks are detected, these peaks described as @ carrier COmp-(_).Eg;ltS of the powerful ELT
signals. The weak ELT signal overlaps with the other undesirable sidebands which reduces
the probability of detection of this wealk ELT sigﬁal. Howevgr, the basel;and averaged
periodogram spectral estimation method improves the detection of the single-shot weak éL‘T
signal in the case of ten pulse modulated ELT gig‘nals. Further it is seen that the ratio
between the power levels (P)/Pg) at the input before processing equals the ratio
{8 (f,; — F1//Sg (g — F)} at the ouput of the a-veraged periodogram processor.

5.4.3 Processing Resuits Using the Maximum Entropy Method

The use of MEM in the processing of multiple ELT signals with different power

e

levels using the baseband processor is investigated in this section.
Ot

54.3.1 Three ELT Signals
The baseband MEM spectral estimates for the same three pulse medulated ELT

signals 8y(t),'sg(t) and s3(t) are examined in this section using MEM filter order 50. We choose
the average power P, of s1(t) equal to the average pov;er P3 of s3(t), but the average power Py
of 35(t) is reduced from -5 dB to -20 dB in 5 dB steps as compared-to P;. The results for all
these four cases are given in Fig 5.31 to 5.34, respectively. Figures 5.31 illustrates the MEM
spectra when tim average power level Py is reduced 5 dB below the level of P;. From this
figure we note that seven peaks are observed at the -10 dB threshold level, six of these peaks
belonging to the powerful ELT signals 8'1(0 and 35(t) a;ld_!:he rgmaining peak being the carrier

-component peak of the weak ELT signal -?;2('.'). Thus, it can be seen that we can identify and

+

i
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detect all the three ELT signals. Red;cing the average power P; by 10 dB gives the MEM
spectra depicted in Fig. 5.32. From this figure it is clear that at the -10 dB threshold level, six
peaks are observed, these peaks described as three peaks for each ELT signal s,(t) and s3(t).
However, the wealk ELT signal so(t) cannot be detected.. At the -15 dB threshold level, the
carrier component peak of the weak ELT signal ég(t) starts to appear with seven peaks bt_eriin.g_
observed, sixof these peaks belonging to sy(t) and s3(t), and the remaining peak beintg due.to
sg(t). As shown from this figure, we can also identify and detect all the three ELT signals.
Reducing the,s\‘iverage power level P2 by amounts of 15 dB and 20 dB as compared to the
power level Py, gives the MEM spectra illustrated in Figures 5.33 and 5.34 respectively.
These results indicates that it is difficult to identify aAd detect the we_ak ELT signal saft).

. Thus, by processing these three ELT signals using the nbp-linenr (MEB\d_f apectral
estimation method it is seen that, the ratio between the power levels of the spectrum
{81 (f,; — F/Ssifes — FD} aF tihe output of the MEM processor are not equal to the ratio of the
power levels (P1/Pg) at the input before processing. From the analysis, we find ti‘lat as Py at

the input is reduced by 5 dB, the spectrum peak Sy (f.o— Fy) at the output is '.‘educednby 8 dB.

e When Pj is reduced by 10dB, Sz (€2 ~ F) reduced by 14 dB. . This is due to the non-linearity

of the spectral estimation method.

54.3.2 TenELT Signals

The detection of the présé—nce of ten pulse modualted ELT signals sy(t), sa(t),
sa(t),........ , S10(t) with the_same mixed carrier frequencies as before using the baseban_d MEM
technique with MEM filter order 100 is studied here. All ELT signals having the same
average power, except the ELT signal sg(t) with' mixed carrier frequency 100 Hz, which has
different power level. The average power Pg of sg(t) is reduced from -5 dB to -20 dB in 5 dB

. L]
steps as discussed before. The MEM spectral estimation results are given in Fig. 5.35 t0 5.38

T
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for all the four cases respectively. Figure 5.35 illustrates the MEM spectra when the average
‘ power level Pg is reduced by 5 dB below the level of all other ELT signals. From these results
it is seen that, at the -10 dB threshold level, there are 20 peaks observed. Ten of these peaksl
are the desireci peaks which occur at the propér frequency; but these peaks are shadowed,-’l;s;
other undesirable sideband peaks. The carrier component peak of the weak ELT signal ss(lt) is '
overlaped with these undesirable peaks which makes the detection of this ELT signal -
diffieult. |
Reducing the power level Pg by 10 dB, 15 dB, and 20 dB below the average power
level of all other ELT signals gives the MEM spectra plotted in Fig. 5.36, 5.37 and 5.38,
respectively. These results indicate that the weak ELT signal sg(t) disappears with into the
undesirable sidebands which reduces the probability of the detection of this_ weak ELT signal
due to numerous peaks near the carriér frequency of this weak ELT signal.
Again', it is seen that the rat.io of the power spectrum level
{81 (fe1 — F1)/Sq (£ — F)} at the output of the processor varies non-linearly as compared to
the therpower'level ratio (P,/Pg) at the iﬁput before processing.
AT
5.4.4 Processing E{esylts usi.n“g the Averaged MEM
In this sacﬁin, we study the spectral estimation results using the averéged MEM
for the muitiple lE‘LT signals having different power levels. As described beforé, the averaged
MEM reduces the effect of undesirable sidebands on the sﬁectral estimation and éonsequent]y

improves the detection of the weak ELT signal.

5.4.4.1 Three ELT Signal

The same three pulse modulated ELT signals are examined here using the

averaged MEM with MEM filter order 50. The power level Py of s5(t) is réduced from -5 dB to -
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20 dB in 5 dB steps. The spectral estimation resuits are given in Fig.5.39 to 5.42 for all four
cases, respectively. Figures 5.39 and 5.40 illustrate the MEM averaging spectral estimation
results for the first two cases in which the power level P3 is reduced by 5 dB and 10 dB as
compared to the power level Py of 5,(t). From these results, we note that we can easily identify
and detect all the transmitted ELT signals. With Pg at -15 dB and -20 dB, we obtain the
spectral estimation results show-r:— i'n Figs, 5.41 and 5.42. Thus,:it ia seen fron; these results
that the detection of the weak ELT signal sq(t) becomes difficult since __t:_i_lg, carrier component
peak of this ELT signal m;xst compete with other undesirable sidebands. However, the
baseband averaged MEM spectral estifnation teéhnique improves the detection of the single-
shot weak ELT signal due to the reduction of the level of undesirable sidebands in the case of

three ELT signals.

!

54.4.2 TenELT Signals

The ten pulse modulated ELT signals with the same mixed carrier frequencies as
before are examined here using the averaged MEM with MEM filter order 100. The power
level Pg of the signal sg(t) with mixed carrier frequency 100 Hz is varied in level from -5 dB to
-20dB in 5 dB sfeps while the power levels of all other ELT signals are kept constant. The
spectral estimation results computed using the averaged MEM for all four cases are plotted in
Fig. 5.43 to 5.46' respectively.. Figure 5.43 shows the result when the the power level Pg is
reduced by 5 dB. From these results we can detect all ten ELT signa,l;. With Pgat -10dB, -15 .
dB and -20 dB as illustrated in Figures 5.44, 5.45 and 5.46 respectively, we note that the
detection of the weak ELT signal becomes difficult because the carrier component peak of this

weak ELT signal is congested by other undesirable sidebands. In addition, all the above

results indicate that the spectrum power level ratio {S; (f;;y — F)/Sg (f.g — F)} at the output of
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the processor varies non-linearly compared to the power level ratio (P1/Pg) e;t the input of the
processor. |

Comparing these results with those obtained using the baseband MEM we note
that, the.averaged MEM improves th;a detection as compared to the single-shot weak ELT

signal. ' -

N\ ,

5.5 Detection of the Weak ELT Signal Using Rate Reduction Filtering

This section is devoted to an examination of the results of processing multiple
pulse-amplitude modulated ELT signals with different power levels in the presence of
additive white Gaussian noise, procéssed by the baseband .periodogram and baseband MEM
techniques using rate reduction filtering. "

In this section, the same three pulse modulated ELT signals sy(t}, so(t} and s3(t} are
used to study the performance of the periodogram and MEM using the rate reduction filtering
method. These ELT signals are processed with mixed carrier frequencies -10 kHz, 100 Hz and
5 kHz, and carrier to noise densiiy ratio (CNDR) level equal 39 d.l’BHz The power levels lﬂ
and Pj of the ELT signals s;(t) and Ss(t) are kept equal, but the power level Pg of sg(t) is
reduced by 10 dB below the power level Py. These pulse modulated ELT signals are tested
using 512 complex poix;ts for the baseband periodogram and MEM with averaging steps, ¢ =

1,2,4and 8.

5.5.1 Rate Reduction Filtering Using the Baseband Periodogram

First, all the three ELT signals are processed with equal power level, and with no
rate reduction. The FFT spectral result fqr this case is given in Fig.5.47. From this figure, it
is seen that at the -10 dB threshold level, there are nine peaks for the three ELT signals with

three peaks for each ELT signal occur, these comprising the carrier component peak and two

-



_10. b

P.S.D.
§
)
o

-30.

- 40, : . -
-12500.  -7500. ~2500. - 2500. 7500. 12500.
F ' .

Fig. 5.47 Periodogram spectrum for three ELT signals with CNDR=39 dB-Hz.

—

-10. }
a t
w o -20 !
o ! |

3
=30.
-40, . . : .
—-12500. —=7500. -2500. 2500, 7500, 12500,
F
Fig. 5.48 . Periodogram spectrum for two ELT signals with

CNDR =39 dB-Hz and one ELT signal at 29 dB-Hz. No rate reduction.

191



192

major sidebands. Reducing the power level Py of s5(t) by 10 dB below the power level Py of
81(t) gives the FFT spectral result illustrated in Fig.5.48. From this figure, it ig seen that at
the -10 dB threshold level, six peaks occur, these peaks described as three peaks for each of
s1(t) and s5(t); but, the weak ELT signal s9(t) has disappeared with the othel; undesirable
sidebands which makes the detection of this weak ELT signal difficult. These results indicate
- that only two ELT signals are present. Figure 5.49 shows the results in the case of averaging
by 2. From this figure it is clear that, at the -10 dB threshold level, two peaks are detected.
- These peaks described as the carrier peak component of s3(t) and the weak ELT signal sa(t).
‘Also, in this figure, the level of the background side peaks are reduced by 3 dB which

improves the detection of the carrier component peak of the weak ELT signal sp{t). Figure
5.50 depicts the FFT spectral estimation result in the case of averaging by 4. From this figure
it is shown that the weak ELT signal is the only one which can be detected and observéd, gince
* the carrier component peak of this weak ELT signal can be detected above the -5 dB threshold
" level. Increasing the averaging steps to 8 gives the periodogram spectral estimation result
shown in Fxg 5.51. From this figure, it is clear that the level of the side peaks is reduced by 3
dB and only one peak is detected easily above the threshold level of -10 dB, this peak being the

carnjg component of the weak ELT signal so(t).

e
N4

From the above analysis, we note that rate reduction by 8 gives an improvement in
signal-to-noise ratio by 9 dB which consequently improves the detection of the weak ELT

signal when using the baseband periodogram.

5.5.2 Rate Reduction Filtering Using MEM
In this section we study the baseband MEM specrta of a three pulse modulated ELT
signals in the presence of noise using rate reduction filtering. The same three ELT signals

are processed using this-method with MEM filter order 50. First, all the three ELT signals
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Fig. 5.49 Periodogram spectrum for two ELT signals with
CNDR =39 dB-Hz and one ELT signal at 29 dB-Hz. Rate reduction = 2. " -
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Fig. 5.50 Periodogram spectrum for two ELT signals with s

CNDR =19 dB-Hz and one ELT signal at 29 dB-Hz. Rate reduction = 4.
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are tested with equal power level, and the MEM spectral estimation result for this case with
no rate reduction is given in Fig.5.52. From this ﬁéure it is clear that at the -10 dB threshold
level, nine peaks are detected, these peaks described as three peaks for each ELT signal,
which comprising the carrier component and the two major sideband. It is seen that we can
easlily detect and identify all three ELT signals. Reducing the power level Py of 55(t) by 10 dB
below the power level P; of gy (t) gives the MEM spectral results shown in F_ig.5.53, in the case
of no averaging, From this figure we note that, at the -10 dB threshold IQ;VEI six peaks are
detected, these peaks described as three peaks for each strong signal s)(t) and s;(t), but the
weak ELT signal so(t} disappears with the other undesirable peaks which makes the detection
of this ELT signal so(t) difficult. Increasing the averaging stepé £ to 2, gives the MEM
spectral estimation result depictef:l in Fig. 5.54. F:rom this figure, it is shown that at the -10
dB threshold level only two peaks are detected, thgse peaks described as the carrier
component of s3(t) and one of its two major sidebands {vhile_the other sideband is rejected.
Figure 5.55 illustrates the MEM specrtal result using £ = 4. From this figure it is clear that,
at the -5 dB threshold level, only one peak is detected. This peak being the carrier component
of the weak ELT signal so(t), which makes the detection of this weak ELT signal easy.
Increasing the averaging steps £ to 8, gives the MEM spectral estimation result depicted in
Fig. .5.56. From these result it is seen that only one peak is d'etected abave the threshold lavel
“ of -10 dB, this peak being the carrier component of the weak EE’I? sigal so(t).

Thus, from the above analysis we conclude that, increasing the rate reduction
&

(averaging) steps ¢ to 8 improves the signal-to-noise ratio by'about 10 dB, producing a sharp
carrier component peak and improving the frequency resolution. This consequently improves

the detection of the weak ELT signal in the presence of noise.
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Fig.'5.54 MEM =50 spectrum for two ELT signals with
CNDR=39dB-Hz and one ELT signal at 29 dB-Hz. Rate reduction = 2.
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Summary

A baseband processor for multiple ELT signals has beendescribed and tested using
generated signals. These multiple ELT signals carf have either equal or unequal
Linear and non-linear spectral estimation methods have been employed.

From the above detailed analysis we conclude the following:

For Multiple ELT Signals with Equal Power Levels

The periodogram technique performs satisfactory f(;r three ELT signals. However,
for ten. ELT signals, the spectrum obtained using this method is crowded. This
degrades the detection of the ten ELT signals.

The averaged periodogram reduces the level of undesirable sidebands and

smoothes the spectrum. The level of these sidebands appears at a level below the

level of the carrier component peaks by usually 10 dB, which consequently

- (B)

J

“improves the detection of the present ELT signals. '

A low order of prediction error filter produces a broad peak with large RMS
frequehcy error for the analysis of the multiple lELT signals. High MEM filter -
order reduces the RMS frequency error and produces a sharp carrier peaks. |

The averaged MEM reduces the level of undesirable sidebands and improves the
detecﬁon of the multiple ELT signals.

For Multiple ELT Signals with Different Power Leuels.

Strong ELT signals which have strong sidebands can sweep through the band of a
weak ELT signal, \:vhich makes the detection of this weak ELT signel difficult.

The processing results.using thg basek;and pericdogram or MEM technique (single-

shot) for three ELT signals indicate that, we can identify and detect all three ELT
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signals, if the difference of the power levels is within 10 dB. The detection of the
weak ELT signal becomes difficult if the power difference is reduced by more than
10dB. —-

When ten ELT signals are processed using the periodogram technique with one

. ELT signal at a lower power level, the detection of this weak ELT signal is difficult

due to spectral overlap.
For three ELT signals, if the power level of the weak ELT signal is reduced by no

more than 15 dB below the power level of the powerful ELT sigtfals, we can detéct

all the ELT signals using the averaged periodogram, assuming adequate frequency

separat}on.

Using the averaged periodogram technique, we can detect the weak ELT signal, for
ten ELT éig'nals when the power level of the ELT signals is within 10 dB.

Using the averaged MEM, the weak ELT signal can be detected if its power level is
reduced by no more than 10 dB below the level of the powerful ELT signals for the
case of three ELT signals. But for the case of ten ELT signals, the power level of the
weak ELT signal must be no more than 5 dB below the power level of the p‘owez-'ful
ELT signal for detection. |

iThe detection of the weak ELT signal in the pre'sence of noise is improved using the
sin_gle-shot periodogrm or N?EM method with rate reduction filtering becausethis

technique improves the frequency resolution and increase the signal-to-noise ratio.



CHAPTER6

*

| 8.1 Introduction

In the preceding chapt'eﬁ we have studied the baseb.and processing of computer
generated ELT signals. In this chab;e?', the signal processing of real ELT signals is studied
using the periodogram and maximun??_gntropy method. In order to enhance the signal
detectability, spectral averaging is employed. These real ELT signals (described later) were
recorded at the Communication Research Centre (CRC) in Ottawa and include individual
ELT signals and combinations of ELT signals. ‘A complete discussion of fhe results for these
cases is covered. Further, the Rate Reduction Filtering technique is applied with the

periodogram and the MEM for detection and identification of the weak carrier frequency

component ELT signals.

8.2 Real ELT Signals

| The CRC in Ottawa has supplied tape recordings of several real ELT signals.
These recordings were made from‘an ELT testbed capabl:;qf combining the signals of up to 20
real ELT signals [39,40]. ’I‘l';e signals in;:lude: those f?om‘-individual ELT units; and those
from combinations of ELT units. Theée tapes were f;iigitized using an 8-bit analog to digital
converter at a sampling rate of 100 kHz. The reference numbers, maﬁufacturers. models and
power output of the testbed ELT units are listed in Table 6.1.

Individual signals include : Pointer ELT01 and ELTO07; Garrett ELT12 and ELT15;

201
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TABLE 6.1

DESCRIPTION OF ELT SIGNALS

Reference Manufacturer Mod'el N umber Power Qutput (mW)
Number 121.5 MHz Band
ELTO1 Pointer " Sentry C-4000 417
‘ELTO07 . Pointer . Sentry C-4000 303 .
ELT12 Garrett Rescu 88C | - 132
ELT14 Garrett Re‘sc‘u 88C ) 118
ELT15 ' Garrett Rescu B8C ‘ 121
ELT17 Narco -~ ELT10 340
ELT19 Narco ELT10 o
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A

and, Narco ELT17 and ELT19. Signals in combination include: two ELT units (ELT01 and
ELT19); three ELT units (ELT01, ELT12 and ELT19) and (ELT01, ELT14 and ELT19); and

five ELT units (ELT01, ELT07, ELT12, ELT17 and ELT19).

6.3 Processing of Individual Real ELT Signals

* In this section, we examine the processing of oné real ELT signal using linear and
non-linear spectral estimation methods. The post-processing technique (spectral averaging)
is alsé used in order to enhance the spectral performances. These single real ELT signals are
processed using the baseband procg'ssor with mixing frequency F| and the lowpass filter cutoff
f@ncy equal to 12.5 kHz. The number of points used in this analysis is 512 complex points .
for all cases. Results are now presented for Pointer (ELTO1 and ELT07), Garrett (ELT12 and

o4

ELT15) and Narco (ELT17 and ELT19) ELT signals. ' .

8.3.1 Pfocessing Results Using the Periodogralm

6.3.1.1 Pointer ELT Signals -

| We ex.a.mine the spectral estimation performance us'ing the baseband period;gram_
for the Pointer Sentry C4000 ELT units ELTO01 and ELT07. The spectral densities for these
two ELT units are given in Figs.6.1 and 6.2 respectively. From these results and detailed
results presented in [41] we note the following; 1) three peaks are detected above the
threshold level of -10 dB; these peaks comprising the cﬁrrie: component and the first upper
and lower sidebands; 2) the carrier peak occurs at mixed carrier frequency of 3400 Hz for
" Pointen ELT01 and about 4800 Hz for Pointer ELTO7; and 3) the levels of the sidebands are
not symmetrical about the carrier frequency, w?th the lower sideband being stronger than the

upper sideband. These Pointer ELT signals can be classified as non-ideal coherent.
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Fig.6.1 Periodogram spectrum of Pointer ELT signal (ELT01).
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Fig. 6.2 _ Periodogram spectrum of Pointer ELT signal (ELTO7).
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6.3.1.2 QGarrett ELT Signals

{

Next, we examine the spectral estimation performance usiné the periodogram for a
Garrett Rescu 88C ELT units ELT12 and ELT15. Figures 6.3 an:'.l 6.4 show the periodograms
for these two ELT signals. In this case, we see that; 1) at the -10 threshold level thr;:e peaks
are detected, these peaks being the carrier component and the first upper and lower
‘sidebands; 2) the carrier component peak occurs at mixed carrier frequency equal about 4300
Hz for ELT12 and at about 1900 Hz for ELTI15; and 3) the levels of the sidebands are not

symmetrical about the carrier frequency. Again these ELT signal can be classified as non-

ideal coherent.

6.3.1.3  Narco ELT Signals

Now, we consider Narco ELT10 units ELT17 and ELTIQ. The spectral estimation
results for these two ELT signals are shown in Fié. 6.5 and 6.6, respectively. For ELT17, we
note that; 1) the relative levels of the sidebands che{nge during the swegp and these levels of
sidebands are not symmeatrical about the carrier frequency.; 5 thé lower sidebands are much
stronger than the upper sidebands.; and 3) the detection for the carrier component peak.is not
easy using single-shot periodegram, Narco ELT17 can be clasalaified as non-ideal coherent.

For Narco ELT19 it is seen that there ére several peaks; conseql.lently this ELT

signal can be classified as non-coherent (random phase) signal.

6.3.2 Processing Results ‘Using the Averaged- Periodogram

| As discussed in Chapters 3 an;i 5, the averaged periodogram techniqué reduces the
variance and makes the spectrum estimate smooth. In this section, we 'sl:gdyqthe spcfectrgl
estimation performance for single real ELT signals using the baseband averaged

periodogram. As described in Chapter 3, the data record'is divided into K blocks covering -
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Fig. 6.6 Pericdogram spectrum of Narco ELT signal (ELT19).
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different time intervals with each block containing P complex points. In this séction, we

choose K =50 and P=512 complex points.

6.3.2.1 ° Pointer ELT Sumals

For Pointer ELT sngna]s ELTO01 and ELTO7, the spectral estimation results are
given in Fig. 6.7 and 8.8, respectively. From these results we note that; 1) the averaged
periodogram reduces th;a level of the first upper and lower sidebands by about 7 dB or more as
cbmp-ared to the results obtained using single-shot periodogram for the’ same-ELT signals
,1llustrated inFig.6.1and 6.2 respectlvely 2) the carrier component peak for each ELT signal
" can be detected easily above the -10 dB threshold level.; 3) the carrier component peak occurs
at constant mixed carrier frequency (at about 3400 Hz for ELTOl and at about 4800 Hz for
ELTO07).; and 4) the lower sideband is stron’ger than the upper sideband as shown for both
ELTO01 and ELTO7 spectral plots. Furthermore, it i seen that the averaged sidebands are
well defined as shown in these figures. Since the lo\;:f and upper sideband bandwidths may
be unequal, we designate them with W1 and W2. Thus, signal identification is furthered by

noting the relative amplitude b;tween the carrier peak and first upper au;d lower sidebands. -

8.3.2.2 ‘ Garrett ELT Signals

The spectxt:a] estimation ;esults for Garrett ELT signals are pl:)tted in Fig. 6.9 and
6.10 for ELT12 and ELT15, respectively. These results indicate that: the levels of the first
upper and lower sidebands arg reciuced by about 7 dB as compared to the resuits shown in Fig.
6.2 and 6.3 for the same ELT signa_ls usiné the single-shdt; periodogram. the carrier
component pgak for each ELT signal can be detected easiiy above the -10 dB threshold level.
Again the carrier component peaks are located at mixed carrier frequencieé-of 4300 Hz and

1900 Hz for ELT12 and ELT15, respectively. It is also seen that the relative heights of the - -~

T~
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The averaged periodogram spectrum of Pointer ELT07.
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sidebands with respect to the center carrier peak are different, this should prove to be an

effective identifer of an ELT signal.

6.3.2.3 Narco ELT Signals
The spectral es.timation results for the Narco ELT,signa.ls arerillustrated in Fig,

6.11 and 6,12, From these results we note the followil;xg: 1) the averaged spectrum inidicates a
large amount of the power contained in the lower sideband and ;his averaged spectrum for
these sidebands is far broader than the carri_er peak.; 2) the carrier component peak is very
sharp and located at the end of thiis broadba‘nd spectrum. This provides an effective identifier
for this weak carrier component Narco ELT signal.; and 3) the carrier component peak for
Narco ELT17 is located at about 5.3 kHz. For Narco ELTIQ, the carrier frequency is not well

defined. . '

6.3.3  Processing Results Using the MEM
The same individual real ELT signals are now examined using the MEM. Since the
MEM filter order is not known a priori, the MEM = 100 estimator is chosen. Previous spectral

estimates on computer generated signals indicate that MEM =100 gives good results.

-

6.3.3.1  Pointer ELT Signals *

The spectral estimatic')r'x‘performance using the baseband MEM on Pointer ELT
signals ELT01 and ELTO7 are examined here. The MEM = iOO power spectral density results
are given in Figures 6.13 and 6.14 for th;ese two CLT signals, respectively. From these results
and cietailed analysis given in [41] we see that; 1) three peaks are detected above the
threshoid lew;rel of -10 dB. These peaks .are described as the carrier component peak and the °

first upper and lower sidebands; 2) the levels of these sidebands are’not symmeterical about
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Fig. 6.12 The averaged periodogram spectrum of Narco ELT19.
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the carrier frequency; and 3) the carrier component peak for ELTO1 occurs at the constant
mixed carrier frequency of about 3400 Hz while for ELTO7 the carrier peak is located at about

4800 Hz.

6.3.3.2 Garrett ELT Signals

The Garrett ELT signals ELT12 and ELT15 are tested in this section using the
baseband MEM processing techniqua. The MEM =100 spectral estimation results for these
two ELT units are illustrated in Fig. 6.15 and 6.16, resbectively. These results indicate that:
the carrier compt-ment peak and the first upper and lower sidebands are detected above the -10
dB threshold level; the first upper sideband is stronger than the first lower sideband; and, the
carrier component peak fbr ELT12 occurs at mixed carrier frequency equal about 4300 Hz

while for ELT15 the carrier peak is located at about 1900 Hz.

" 6.3.3.3 Narco ELT Signals

Figures 6.17 and 6.18 illustrate the MEM spectral estimation results for ELT17
and ELTI19 signals using MEM filter order 100. For ELT17, we see that; the first and second
lower sideband peaks are stronger than the carrier component peak; this ELT signal has a
weak carrier component. For Narco ELT19, the MEM resolves a single carrier frequency
component peak which is not resolved using the periodogram as shown in Fig. 6.6. Thus,
detection of this Narco ELT signal using single-shot MEM is improved as compared to the

periodogram spectral estimator result.

8.3.4 Processing Results Using the Averaged MEM

Now, we study the spectral estimation perfosm@e for the same individual ELT

signals using the baseband averaged MEM. The data record is divided into K blocks with
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Fig.6.16 MEM =100 spectrum of Garrett ELT signal (ELT15).
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each block containing P complex points. In this section we choose K=50, P=512 complex

points and the MEM filter order equal 100 for this analysis.

./

6.3.4.1 Pointer ELT Signals

The spectral estimation results for ELT01 and ELT07 afe given in Fig. 6.19 and
6.20 for these two ELT units. From these results we note the following ; 1) the averaged MEM
reduces the level of the undesirable sidebands by about 5 dB which improve the detection of
the carrier component peak of the ELT signal; 2) a sh;irp peak i;*; detected and located at mixed
carrier frequency of about 3400 Hz for ELTO01 and about 4800 Hz for ELTO7; and 3) for both
ELT units the lower sidebands are stronger than the upper sidebands. Thus, measuring the
bandwidths W1 and W2 and the relative heights of the sidebands and co;npared it with the

height of the carrier peak provides an effective identifier of the ELT signal.

6.3.4.2 Garrett ELT Signals

Figures 6.2r and 6.22 depict the averaged MEM spectra for ELT12 and ELT15
signals, respectively. In this case, it is seen that, the averaged MEM reduces the level of
undesirable sidebands by about 5 dB which improves the detection of the carrier component
peak of the Garrett ELT signals. The upper sideband for both ELT units is much stronger
than the lower sideband and the relative heights of the carrier peak are different. The carrier

peak for ELT12 is located at about 4300 Hz while for ELT15 this carrier peak is located at

about 1900 Hz.

6.3.43 Narco E_LT Signals

Figures 6.23 and 8.24 illustrate the averaged MEM spectral estimation results for

ELT17 ang ELT19. From these figures we note that; 1) for ELT17, the carrier component

©
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Fig. 6.19 The averaged MEM = 100 spectrum of Pointer ELTO01 signal.
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{
peak is very sharp and occurs at mixed carrier frequency equal about 5300 Hz. For ELT19,

the carrier frequency is not well defined; 2) the lower sideband for ELT17T becomes broad as

compared to the carrier component peak; and 3) Narco ELT17 signal has most of its power in

its lower sidebands.

6.3.5 Comparison between Linear and Non-Linear Spectral Estimation Results

The processing results using linear and non-linear spectral estimation methods for

individual real ELT signals indicate that:
fA) Pointer ELT Signals

Single-shot periodogram, averaged periodogram, single-shot MEM and averaged
MEM gpectral es_timation methods perform well for processing the Pointer ELT signals
ELT01 and ELT07. Thus, we conclude the following: A
1. This type of ELT signal can be classified as non-ideal coherent.
2. The signal has coﬁstant‘carrier frequency. The Pointer ELT0! has mixed carrier

frequency of about 3400 Hz and ELTO7 haé mixed carrier frequency of about 4800

Hz.
3. The first lower sideband is stronger than the first upper sideb\ufd.
(B) Garrett ELT Signals

Single-shot periodogram, averaged periodogram, single-shot MEM and averaged.
. L ~

MEM perform satsfactorily for processing the Garrett ELT signals. Also;

1. These ELT signals can be classified as non-ideal coherent signals.
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The carrier frequency of Garrett ELT sigﬁals remaing si:a?ionary. Garrett ELT12
has mixed carrier frequency equal about 4300 Hz while. for Garrett ELT15 the
mixed carrier frequency equal about 1900 Hz, |
The levels of the first upper and lower sidebands ar“e not symmetrical about the

carrier frequency.

arco ELT. Signals
Thaprocessing results of the Narco ELT signals indicate that;

The detection of Narco ELT signal ELT19 using single-shot periodogram is

difficult, but single-shot MEM tends to resolve the carrier component peak.

" Narco ELT17 can be clagsified as a non-ideal coherent ELT signal while Narco

ELT19 can be classiﬁed as a non-coherent.

Narco ELT17 has weak carrier frequency component with mixed carrier frequency
equal to about.~5300 Hz. For Narco ELT49 the carrier frequency is not well defined
Averaged periodogram or averaged MEM enhances the detection and 1dent1ﬁcatlon
of Narco ELT17. For Narco ELT19 no more information about the carrier

frequency is obtained because the averaged spectra produces a broad peak for this

Narco ELT signal.

Processing of Combinations Real ELT Sigmﬂ’r\\

[n this section, we discuss the'processing of multiple real ELT signals using the

baseband processing technique. The analysis which is given here includes two, three, and five

real ELT signals. The spectral estimation performance degrades somewhat as a result of

increasing the number of signals. These combinations of real ELT signals are examined

using the baseband processor system witb.ti'le same format as described earlier.
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In [41] we examined these combinations of real ELT signals through different
positions on the tape recording. In this section, we present typical results and summarize the
main conclusions given in f41). - -

| -~
8.4.1 Processing Results Using the Periodogram

This section discusses the spectral estimation performance for combinations of two,
three, and five real ELT signals' using the baseband periodogram. As described earl-ier in
Chapter 5 and in [37,41) we found that the detection of the multiple ELT signals using single-

shot periodogram is difficult and restricted in some cases because the FFT spectrum suffers

from numerous peaks.

6.4.1.1  Combination of Two Real ELT Signals

'I_‘he pﬁwer spectral density result is given in Fig. 6.25 for Pointer ELTO01 and Narco
ELT19. We note the following; 1) numerous peaks are detected above the threshold of -10 dB;
2) a carrier peak on the right of the spectrum, located at mixed carrier frequency 'oi' about
9800 Hz, with first lower sideband being stronger than the first upper sideband. This is
chargcteristics ofa coherenth ELT signal and belongs to the Pointer ELTO1, Qnd 3) the 'second
ELT signal cﬁntain-ed in the spectrum (which is Narco ELT19) produces a broad FFT
spectrum. The carrier frequency for Narco ELT19 is not well defined, however. Thus,

measurement of the carrier frequency of this Narco ELT signal using single-shot periocdogram

is difficult.

6.4.1.2 Combinationsof Three Real ELT Signals
" First, the spectral estimation result for the combination of Pointer ELTO1 and

Garrett ELT12 overlapped by Narco ELT19 is given in Fig. 6.26. In this case we note that; ten

bl -
(]
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peaks are detected above the -10 dl:'; threshold level fothese three ELT signals®™The carrier
companept peak on the right of the spectrum,,locai;ed at mixed ;arrier frequency of about 9800
Hz, is related to a coherent ELT signal. In addition, we see that ne measure of carrier
frequency is possible for thé case of the overlapped signals.

Second is another combination of three real ELT signals which comprises Pointer
ELTO1, and Garrett ELT14 overlapped by Narco ELT19. The spectral estimation result for
this case using the periodogram is given in Fig. 6.27. From this result it is clear that
coherent ELT signal produces a peak on the right of the spectrum. Again, measurrﬁent of the

carrier frequency components for the Narco ELT19 and Garrett ELT14 (overlapped case) is

difficult.

A

6.4.1.3 Combination of Fivé Real ELT Signals | e .

Here, we study the spectral estimation perforr-nance_.of éombination of five real ELT
signals including Pointer (ELT01-and ELTO'?), Garrett (ELT12) and Narco (ELT17 and
ELT19) processed using the baseband periodogram. The FFT spectrum result is plotted in
Fig. 6.28. From this result, it is seen that 14 peaks are detected above the -10 dB threshold

level. The Pointer and Garrett ELT signals have stationary carrier frequencies while the

Narco ELT17 signal has a weak carrier component. For Narco ELT19, the carrier frequency

is not well defined. Thus, we note that detection of the ELT signals using single-;shot

periodogram is difficult due to numerous peaks which create many false alarms.

-

6.4.2 Procgss'mg Results Using The Averaged Peric;dogram

?

This section is concerned with studying the spectral estimation performance for

combinations of real ELT signals using the averaged periodogram. As described before, we

s

%
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Fig. 6.27 Periodogram spectrum of three ELT signals (ELTO01 - ELT14 and ELT19).
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choose K =50 with each block containing 512 complex points and average the periodograms

over all blocks.

6.42.1  Combination of Two Real ELT Signals

' The combination of Pointer ELT01 and Narco ELT19 ELT units are depicted in Fig.
6.29, which illustrates the spectral estimation results for this case. It is seen from these
results that the averaged periodogram reduces the variance and the level of the undesirable
sidebands which enables us to identify and detect both of the ELT signals. The Pointer ELT
signal ELTO1 has a sharp carrier peak which is located at mixed carrier frequency of about
9800 Hz. The Narco ELT19 produces a broad pe{;k specfrurp and the carrier frequency of this

Narco ELT signal is not well defined. Again, it is indicated that the Narco signal is random

phase ELT signal.

6.4.2.2 Combinations of Three ELT Signals

Now, we discuss the power spec\tral density for the combinations of three ELT units
using the averaged periodogr:a.m.- ‘Firs‘t, t;.he spectral estirr;ation result for the combination of
Pointer ELTO1, Garrett ELT12 and Narco ELTINQ is given in Fig. 6.30. The Garrett ELT12is
overlapped by the Narco ELT19 signal. The spectrum result contains two sharp peaks and
one broad peak above the -10 dB threshold level. The sharp peak at frequency 9800 Hz is
related to the coherent ELT signal (ELT01) and the second sharp peak at 2I'i;00 Hz belongs to
the second coherent ELT signal (ELT12). The broad peak is related to the nongtoherent Narco
ELT signal (ELT19) and no information about the carrier frequency for this Narco ELT19 is
obtained.

The second example examined here is for another combination of three ELT units,

namely Pointer ELT signal (ELT01) and Garrett (ELT14) overlapped by the Nareo (ELT19).
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Fig. 6.29 The averaged periodogram spectrum of two ELT signals (ELTO1 and
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The averaged periodogram spectral estimation result for this case is depicteq in Fig. 6.31.
From this result, we ﬁnd.that the coherent signals (Pointeir ELT01 and Garrett ELT14)
p'roduce sharp peaks at frequencies 3500 Hz and 80 Hz respectively. The Narco ELT19
produces a broad peak which is locatefj on the left of the spéctrum. However, no measure of

Cos
carrier frequency is possible for this signal.

6.4.2.3 Combination of Fivg Real ELT Signals

The combination of five real ELT signals containing Pointer (EL’-I‘OI and-ELTOT),
Garrett (ELT12) and Narco (ELT17 and.ELT19) is examined in Fig. 6.32. This result
indicates that three sharp strong peaks a{!d two broad peaks are present in the spectrum.
These three topmost sharp peaks are described as being related to the Pointer ELT signals
(ELT01 and ELT07) with the third sharp peak belonging to the Garrett ELT signal (ELTlé).
The two broad peaks are related to the Narco ELT signals (ELT17 and ELT19), with the
Narco ELT17 having a weak cz‘u'rier component which produces a sharp peak at the end of its
spectrum as depicted in this figure. The carrier frequency for Narco ELT19 is not well
defined.

Comparing these results obtained using the averaged periodogram with thosc
uging the single-shot pertiodogram, we note that the. averaged periodogram reduces the level
of the undesirable sidebands and improves the detection of the ELT signals which have strong
carrier frequen‘cy component. However, detection of the Narco ELT signals, which have weak

carrier frequency components, is not greatly improved as a result of using the averaged

periodogram.
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6.4.3 Processing Results Using the MEM

The detection of the combinations of real ELT signals using the baseband MEM is
~

investigated in thi\s) section. The prediction error filter (MEM filter order) used for this

analysigis 100.

6.4.3.1 Combination of Two Real ELT Signals
The combination of two real ELT signals containing the Pointer ELTO! and the

Narco ELT19 is analyzed here using the baseband MEM and the results is given in Fig. 6.33.

We note that, a sharp peak onithe right of the spectrum is detected which belongs to coherent

ELT signal (Pointer ELT01) and located at a mixed carrier frequency of 9800 Hz. Further, we
note that the lower sideband of this ELT signal is stronger than the upper sideband. The
second ELT signal which is Narco ELT19 produces a broader peak but the carrier peak of this
Narco ELT signal can be detected using the baseband MEM as shown in Fig. 6.33. This

carrier peak can not be detected using the periodogram as illustrated in Fig. 6.25.

6.4.3.2 Combinations of Three ELT Sigga_ls

- i '
Now, we study the spectral estimation performance for the same combination of

three ELT units described earliér using the baseband MEM. The MEM =100 spectral result
is given in Fig. 6.34 for the combination of Pointer ELTO01, and Garrett«ELTIZ overlapped by
Narco ELT19. We ob_serve a sharp peak on the right of the spectrum, located at mixed carrier
freqdency of about 9800 Hz, which belongs to the coherent ELT signal. Thf: broad peak
belongs to the overlapped Garrett and Narco ELT signals. Thus, the measurment of the
carri_e‘rdffedﬁéncies for the overlapped case of Garrett (ELT12) and Narco (ELT19) is difficult

which degrades the detection of these two ELT signals.

T
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The second example is {for another combination of three real ELT signals. The

MEM =100 spectral estimation{esult for this case is plotted in Fig. 6.35. From this figure it

is clear that the peak which ig located on the right of the spectrum with the first lower

' sideband stronger than the first upper sideband beldngs to cocherent ELT sign'al. *The Garrett
(ELT14) overiaps the the Narco ELT-signal (ELT19). Both the Pointer and the Garrett ELT

signals produce sharp peaks while the Narco ELT signal prodfiices a broad peak as shown in

this figure. ’ .

—
6433 Combination of Fivh ELT Signals

—,_f___ml__‘ T ) _

The s;arne combination of five real ELT signals describe_d before is examined in this
section using the baseband MEM and given in Fig. 6.36. From thig result, it is clear that -
numerous peaks are \t ted above the -10 dB threshold level. Some’of these peaks marked
by the arrows are the c;?erier com’;;onent peaks of the present ELT signals while the other
peaks are undesirable sidebands which create false alarms. As shown in this figure the .

W -

baseband MEM technique resolves the carrier peak for the Narco ELT19.

6.4.4 Processing Results Using the Averaged MEM

In this section, the spectral estimation performance for thé combination of real ELT
signals using the averaged MEM is studied. As discussed before, we find that the spectral
estimation performance degrade's as a result of i;mcreasing the number of ELT signals due to
the overlapping sidebands problem. The averaged MEM reduces the level of the undesirable
sidebands and consequently improves the detection of the ELT signals. The results presented
here are for the same combinations of two, three 'and'ﬁve real ELT l;nits as before. Again, w&
choose the numbf;'r of blocks K =50 with each block containing 512 complex points. The MEM

filter order selected is 100 for this analysis.
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6.4.4.1 Combination of Two Real ELT Signals

The spectral estimation result for the combination of two real ELT signals Pointer
ELT01 and Narco ELTIS{using the averaged MEM is given in Fig. 6.37. In this case we see, a
sharp ‘peak on the right of the spectrum located at a mixed carrier frequency of about 9800 Hz
which belongs to Pointer ELT signal (ELT01). In addition,' the lower sideband of this Pointer
ELT signal is stronger than the upper sideband. Another broadband peak is obtained in.the
centre of the spectrﬁm. This broad peak is related to the Narco ELT signa] ELT19 and it is

seen that the carrier frequency of this ELT signal is not well defined.

6.4.4.2 Combinations of Three Real ELT Sigmals

The combination of three real ELT signals which are Pointer ELT01 and Garrett
ELT12 overlapped by Narco ELT19 is now examined in Fig. 6.38. From this ﬁgﬁre it is clear
that one sharp peek is detected on thf right ;)f the spectrum. This peak is located at a mixed
carrier frequency of about 9800 Hz, ar;d belongs to a coherent ELT signal (Pointer ELTO1).
FMermore, it is seen that the carrier peak of the Garret\:\}-] LT12 can be detected. The Narco
ELT signal ELT19 produces a broad peak spectrum and the measur.ment. of the carrier
frequency for the Narco ELT signal is not possible, however.

The second ploi, illustrated in Fig. 8.39, depicts another combination of three real
ELT signals. From theée results, we note that the Pointer ELTO1 and the Gax;rt;tt ELT14 are
located at two different mixed carri;er fréquencies. The Gaﬁett overlaps the Narco ELT
signal ELT19. The spectrum contains two topmost sharp peaks and one broad band of signal.
The two sharp peaks belong to the coherent ELT signals (Pointer ELle and the Garrett ELT

signal ELT14) while the broad peak belongs to the Narco ELT19. Again, we note that the
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carrier frequency for the Narco ELT signal ELT19 is not well defined which reduces the
possibility of detecting this Narco ELT signal.

6.44.3 Combination of Fiv; Real ELT Signals

Finally, we examine the combination of five real ELT signals using the averaged
MEM with MEM filter order equal 100. The spectral estimation result depicted in Fig. 6.40,
contains five ELT signals, three with strong constant carrier freﬁuencies and twc; Narco ELT
signals which have weak carrier frequencies. From these results, it is seen that the three
topmost sharp peaks belong to the coherent ELT signals repr'esented by Pointer ELT signals
ELTO1 and ELT(.}T,‘ahd Garrett ELT12. The Narco ELT signals produce broad peak with a
sharp carrier component peak detected for Narco ELT17; however, for Narco ELT19 the

carrier frequency is not well defined.

6.4.5 Comparison of the Processing Results Using Ljnear and Non-Linear
Spectral Estimation Methods

(A) Combination of Two Real ELT Signals (ELT0! and ELT19)

1. Single-shot peﬁodogram pertjorms well for detecting the Pointer ELTO1 but does
not resolve the carrier peak for the.Narco ELT19.

2. The averaged periodogram enhan:e-the detection of the Pointer ELT signal ELT01
by reducing the level of undesirable sidebands relative to the carrier peak level, but
no more information about the carrier frequency for.the Narco ELT signa! is
obtained using the averaged periocdogram. Q'I"he Pointer ELTgsignal ELTO1 gives
sharp peak and located at ;nixed carrier fr'equen.cy of about 9800 Hz, while the

A

carrier frequency for the Narco ELT signal ELT19 is not defined.
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Single-shot MEM performs well for detecting the carrier component peaks for these .

two real ELT signals.

The averaged MEM reduces the level of undesirable sidebands and enhances the

detection of Pointer ELTO1. For Narco ELT19 a broad peak is obtained using the

—

n_vera{ed MEM and no more information about the carrier frequency is obtained.
L o (
Comb‘i;;.tions of Three Regl ELT Signals -
For the co\Qbination of (Pointer ELTO1 and Garrett ELT12 overlapped by Narco
o ELT19) the spectral estimation results indicai;; that the Pointer ELTO] and the
Qarrett; ELT12 have constant carrier fréquency while for Narco ELT19 no measure

of catrier frequency is possible.

N
- ’

For the combination of (Pointer ELTO01 and Garrett ELT14 overlapped by Narco
[ 4

ELT19) we found that, the carrier component peak for Pointer ELT01 and Garrett

. ELT14 can be detected, however the carrier ffequency for the Narco ELT19 is not

well defined which degrades the signal detectability. o

Combination of Five Real ELT Signals |
Neither the.single-éhot periodogram nor the single-shot MEM performs well for
detecting all the ELT signals due to the overlapping sidebands problem.
' The. averaged periodegram and the averaged MEM imprm{tl: the’detection of the
ELT signals which have a stationary carrier frequer;cy co::nponent, i.e. Pointer
- ELT signals $LT01 and ELTO7 and Garrett ELT12. No measure of carrier

frequency is possiblé for the Narco ELT siénal ELT19, but for Narcoe ELT17 the

/‘\erier frequency can be estimated.
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3. 7 The Pointer ELT signals (ELT01 and ELTO07) and the Garrett ELT signal ELT12
produce sharp distinet peaks which can be detected and identified easily.

4, Narco ELT signal ELT17 produces a broad band spectrum and at the end of this

- broad band spectrum a sharp peak is oberved. ,This sharp peak being the carrier

component of this Narco ELT signal. It is further seen that this Narco ELT signal

has most of the power in its !owef sidebands. '

5. Narco ELT signal ELT19 produces a broad peak and no more information about the

carrier frequency is obtained using the averaged spectrum.

6.5 ELT Identification Using Rite Reduction Filtering
An import'aﬁé advantage of u‘ssing the-baseband processing technique is the ease in

implemanti.ng the rate reduction filtering technique. By using t'his technique, the r:;solution
" ofthe spectrum improves due to increasing the data leq‘gth.

| In Section 6.3 we discussed the processiné of single real ELT ‘signal using .t.he
baseband periodogram, averaged periodogram, MEM and averaged MEM methods. We
conclude that the Narco ELT signal (ELTI?) has a weak carrier frequency comj)one;lt and
note that the a‘verhged spectrum indicate_s a large amount of the power contained in the lower
sidebands. The identification and. the detection of this Narco ELT signal using single-shot
periodogram or MEM is not easy. In t'his section we discuss the processing of‘this Narco ELT
gignal ELT17 using rate reduction filtering and show how we can identify, detect: and
estimate the exact mixed carrier frequency of this Narco. signal.

!

6.5.1 Rate Reduction Filtering Using the Periodogram

2
In Section 6.3.1.3 and Section 6.3.2.3 we examined the Narco ELT signal ELT17

-~

using the periocdogram and averaged periodogram and we found that, processing this ELT
(8 - [

~
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signal using the baseband processor with mixing frequency Fj equal to 121.5 MHz we
estimate the carrier peak is located at mixed carrier frequency of about 5300 Hz.

| In this section we discuss the proc‘fis}ng of th'é Narco ELT signal ELT17 using the
periodogram v.vith rate reduction filtering. Increasing the mixing frequency Fy by 4 kHz and
processing this Narco ELT signal ELT17 using the baseband periodogram with rate‘ reduction

* filtering gives the specttal estimation results shown in Fig. 6.41 to 6.44 for the uveruging

steps € equal 1, 2, 4 a,nd 8 Fram Fig. 6.41 and 6.42, it is difficult to detect the carrier
frequency compone/ut peak because the strongest peak i is a false peak which masks the carrier -
frequency and creates a false indication. Increasing the averaging -steps to 4 gives the
periodogra;n/fe.pectrum illustrated in Fig. 6.43. From this figure it is seen that the carrier ‘
Jfreq/uenféy component has a sharp peak located at the mixed carrier frequency of about 1270

rs

Hz. Furthermore, we note that the first and second lower sidebands become broad as
c&mpared to the carrier frequency component peak. | Figure 6.44 depicts the result in tﬁe case
of rate reduction by 8. In this figure it is clear t.i'iét the carriér peak is located at mixed carrier
frequency equal about 1270 Hz. In addition, it is seen th'at the carrier peak is very sharp and
the level of the first and second lower sidebands is reduced relative to the carrier peak level.
The widths-of these sidebands becomes broa;;lened as compared to the width of the carrier
frequency component. This provides an effective identifier for the’Narco ELT signal.

Comparing these obtained result using the periodogram with rate reduction
filtering by 8 (Fig. 6.44) with those using the averaged periodogram (Fig. 6.11) wc; note the
following; 1) Processing the Narco ELT si—é’f;al (ELT17) by the-periodogréﬁ and using rate
reduction filtering with averaging steps €=8, reduces the level of the lower sidebands by
amounts of 2 to 7 dB as shown in Fig. 6.44; 2) This method improves the detection of the '
carrier cbmponenlf peak by about’5 dB relative to thg level of the lower sidebands; and 3) It
reduces the computation time as compared to thé averaged periodogram.

t
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Now, we will test the tracking algorithm and the frequency error across the band.
In order to test the tracking, we increase the mixing frequency by 1 kHz as compared to the
previous case in order to get the carrier peak near the mid band region to reduce the
frequency error as discussed earlier in Chapter 4. Processing the Narco ELT signal ELT17 by
’the baseband periodogram using rate reduction filtering with this.new mixing frequency é;ld
with averaging steps £ = 4 and 8 gives the spectra illustrated in Fig. 6.45 to 6.46 respectively.
The results here are the same as in Fig. 6.43 and Fig. 6.44 with the exception that the mixed
carrier f_requency is now 269 Hz.

In order to further see how the rate reduction filtering technique gives a gt.Jod’
estimate of the mixed carrier frequency of this Narco ELT signal ELT17 and reduces the
frequency error, we considerl two exan?ples of mixing frequency F;. First, the Narco ELT ‘
signal (ELT17) is processed by the baseband periodogram using rate reduction filtering with
averaging steps £=8. This time the mixing frequency is increased by 1 kHz as compared to
the previous case or increased by' 6 kHz. The spectral estimation result for this case is plotted
in Fig. 6.47. From this figure it is clear that only one sharp peak is_ détected above the -10 dB

—_— : .
threshold level, this peak being the carrier component, located at mixed carrier frequency of
-732 Hz. [t is seen the undesirable sidebands are rejected. ‘l

The sczond mixing frequency chosen for this test is increased by 506 Hz compared
to the previous one, ie. over the original mixing frequency by 6500 Hz. Figure 6.48
illustrates the spectral estimation result for the case of rate reduction by 8. Once again one

sharp peak is detected above threshold level of -10 dB. This peak described ag the carrier

component of this Narco ELT17, which occurs at the mixed carrier frequency equal about

-1232 Hz.
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Fig. 6.48 The periodogram spectrum of Narco ELT17. Rate reduction = 8.
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As a rhsult of the above studied cases, we conclude the carrier frequency component
of this Narce i’l‘ signal (ELT17) can be measured with frequency error uniformly
distributed over the range 112 Hz using the baseband periodogram. _

In order to ensure that the mixed carrier frequency for a Narco ELT signal (ELT17)
equals 5270 Hz, the Narco ELT signal is processed by the baseband periodogram using rate
reduction filtering with averaging steps €=8 and this time the t;riginal mixing frequency Fy
is increased by 5270 Hz in order to estimate the carrier peak at 0 Hz, Tl"le periodogram

- spectral estimation result is plotted in Fig. 6.49. From this figure it is seen that, one sharp
peak and the first lower sideband of the signal are detected above the -10 dB threshold level.
This sharp peak is the carrier component, located at the mixed carrier frequency equal 0 Hz as
expected.

| | Thus, from the above analysis, we conclude that; processing the Narco ELT17
signal using the periodogram with rate reduction filtering and with averaging steps equal to
8 improves the detection, reduces the frequency error and reduces the level of the undesirable

sideﬁands. As well, the width of these sidebands becomes broadened as compared to the width

of the carrier component which is very sharp. This provides an effective identifier for this -

signal.

652  Rate Reduction Filtering Using the MEM

This section is concerned with studying ihé MEM performapce of a Narco ELT
signal (ELT17) using the rate redﬁction filtering technique,

.F"u-st, the signal ig processed using the baseband MEM with mixing frequency
121:5 MHz and MEM filter order 100. The MEM spectral estimation result for this case is
given in Fig. 6.17. Increasing the mixing frequency by 4 kHz and processing the signal using

‘the baseband MEM with MEM filter order 100 gives the spectral estimation result depicted in



v

2138

-10.

P.S.D.
[
[¥)
[+]

—30.

'y A 4

—40.
|, ~1562.5

Fig. 6.49

-937.5 ~312.5 3125 937.5 1562.5
: F

The periedogram spectrum of Narco ELTl;!. Rate reduction = 8,



(2

Fig. 6.50. In these two figures, we note that the center topmost peak is a false peak, i.e. not
the carrier frequency component. This peak creates a false indication when detecting the

carrier frequency component of this signal.

Now, we discuss tﬂe processing of the Narco signal using the baseband MEM with

" rate reduction filtering and with averaging steps £=1, 2, 4 and 8. The ELT signal is processed

- using the same mixing frequency as before, but this time we choose the MEM filter order

equal 50 in order to show that with rate reduction filtering, the order of prediction error filter

can be reduced.

n

Figures 6.51 to 6.54 illustrate the MEM performance with no averaging, averaging
by 2, averaging by 4 and averagin‘g by 8. From these results, it is clear that in the case of no
averaging, averaging by 2 and averaging by 4, it is difficult to identify the carrier frequency

component. For these three figures, the center peak is not the carrier peak it is a false peak .

. which masks the carrier component of the signal creatmg a false md:catzon Increasing the

-
averagmg steps € to. 8 produces one sharp peak and several broad bands respresenting

'sxdebands. This sharp peak occurs at xmxed carrier frequency, of about 1270 Hz. It is seen

that the level of the first lowel: sideband is reduced and the bandwidth of this lower sideband

- becomes broadened as compared to the width of the carrier frequency compo-nent which is

very sharp as shown in Fig. 6.54. This provides an effective identifier for the Narco signal.
Now, we test the trac@g and frequer;cy error across the band using the baseband
MEM with rate reduction filtering. We increasé the mixing frequency by 1 kHz as compared
to the previous case, i.e. by 5 kHz over the original mixing frequency, and process the Narco
signal using MEM filter o;‘der 50 with rate reduction ﬁlwring with averaging steps £=8. The
spectrum, illustrated in Fig. 6.55, has one sharp peak above the -10 dB threshold level (on the
right of the sf:ectrum) and some other bro;ld band peaks belonging to the lower sidébanfis.l

The carrier component occurs at mixed carrier frequency equal about 269 Hz.
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. component peak,located at mixed carrifr frequency of about -732 Hz.

In order to obtain a good estimate of the mixed cartier frequency for this Narco ELT

., Signal and test the frequency error across the band using the baseband MEM with rate

reduction filtering, we consider processing the Narco ELT ;ignal using two‘ﬂiﬁ'ere.iﬁ mixing
frequencies for Fi. First; the mixing frequency is increased by 1 kHz as cor;xpnred to the
previous.case or by 6 kHz. Then the Narco ELT signal (ELT17) is processed by the baseband
MEM using rate reduction- f‘iltgring with averaging steps £ =8 and MEM filter order equal 50.
The MEM spectral estimation result for this case is given in Fig. 6.56. From this figure it is
shown that one sharp peak is detected above the -10 dB threshold level. The carrier

Figure 6.57 illustrates the MEM = 50 spectral estimation r-egult, but this time the
mixing frequency is increased by amount of 500 Hz as compared to the pt;evit;us case, or
increased by 6500 Hz over the original mixing frequency. In this ‘ﬁgure we note that the

spectrum has one sharp peak detected above the -10 dB threshold level belonging to the

carrier component peak and occurs at mixed carrier frequency of about -1232 Hz.

. \ Thus, from whove‘analysis we found that the Nargo ELT17 has mixed carrier

frequency equal abpﬂi. 5270 Hz if it is processed using the original mixing frequency.

) To verify that the mixed car?ier frequency for the Narco ELT signal eque;.ls 5270
Hz, the signal is proce;ae.d by the baseband MEM .4sing rate reduction ﬁ‘l"re?mg with
a‘vanagly steps €=8 and MEM filter order equal 50. The mixing frequepcy chosen for this
test is increﬁsed by 5270 Hz over the orig‘;nal mixin® frequency. The MEM =50 spectrai
estimation result for this case is depicted in .Fig. 8.58. The spectru shown in this figure has
one sharp peak (on the right of the spectrum) and a lower sideband above the -10 dB threshold
leve..i. The carrier freqliency tomponent occurs at mixed carrier frequency equal 0 Hz as

.

expected.
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Comparing these results using the baseband MEM with those obtained using the

baseband periodogram using rate reduction filtering with averaging steps £ equals 8, we

observe the agreement is good in that as the averaging steps € increases to 8, the carrier -

frequency component becomes very sharp while the width of the lower sidebands becomes
broadened as compared to the width of the carrier frequency component. -Furthermore, the
relative heights of the undesirable sidebands are reduced relative to the level of the carrier
component peak. This provides an effective identifier for the N. arc.o ELT signal.

| By adjusting the mixing frequency Fj and using' the rate reduction filtering withl
averaging steps £ equals 8, we can easily track the carrier component of this Narco ELT

signal and estimate the mixed carrier frequency of the signal which simplifies detection of

this Narco ELT signal,
P LIt}
66 . Summary

A baseband processor for processing the real ELT signals has been described @d
tested using\individual and combinations of real ELT signals. The signal processing methods
employed here inclu-dé linear and non-linear. spectral estimation methods. Post-processing
using spectral averaging is employed to enhance the meximum signal detectability.

’ From the above analysis we conclude that:
"(A)  Individual Real ELT Signals
1. The processing results using }inear and non-linear spectral estimation methods

{single-shot) performs satisfactorily for the analysis of the Pointer (ELTO1 and

ELT07) and Garrett (ELT12 and ELT15) ELT signals. But for Narco ELT signal

(ELT19), the single-shot periodogram{ g\pectral estimation result is not good and

the detection of the Narco EVLT 'signals is difficult. Single-shot MEM spectral

estimator resolves the carrier peak for Narco ELT19.

&L
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The baseband averaged periodogram and averaged MEM reduce the level of the
undesirable sidebands \:zhich enhance the signal detectability for Pointer (ELTO1
and ELTO7), Garrett (ELT12 and ELT15) and Narco ELT17. But for N.arco ELT19
no more information about the carrier'frequency obtained using the averaged

spectra.

‘Combinations of Real ELT S igrvls

For the combination of two real ELT sigpals (ELTO01 and EIjTIQ}, the single - shot
periodogram or MEM perform well for.detecting the Pointer ELT01. The single-
shot peridogram fails to resolve the carrier peak for Na.rco ELT19; however, the
single-shot MEM does prclw’ikde a fesolution-:‘ |

For two combinations of the three real ELT signals (Pointer and Garrett

» +

“overlapped by the Narco), the single-shot periodogram can detect the carrier peak |

for Pointer ELT signal but no_measure of the carrier frequency is possible for the

case of the 6verlapped signals. Single-shot MEM resolves the carrier peaks for the

Pointer and the Garrett ELT signals. o

As the number of ELT signals .increases to five, the detection of the present ELT
signals becomes difficult due to overlapping sidebands.

The averaged periodogram and averaged MEM improve the detection of the ELT

signals which have stationary carrier frequency components for the case of

multiple real ELT signals due to reducing the level of undesirable sidebands

relative to the carrier component peaks. JIn addition, the averaged spectra improve
the detection of the carrier peak for the Narco ELT signal (ELT17) but for Narco

ELT19 no information about the carrier frequency is obtained.

[

SN
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The processing results by single-shot periodogram or MEM -usipg rate reduction
filtering with averaging steps £=8 gives exceilent spectral estimation results for detecting
the carrier component peak of the Narco ELT signal (ELT17) which has a weak carrier
frequency component relative to its lower sidebands. Rate reduction filtering technique can

be used as an effective identification method for the real ELT signals.

o



CHAPTER 7

+

BASEBAND PROCESSOR FOR SATELLITE PASS DATA

7.1 Introduction

* In this chapter the analysis concentrates on processing reall‘ SARSAT signals
relayed from satellite passes. The éignals are received from COSPAS satellite C1, ocbits 860
and 861. Due to the satellite motion, there is a ’Doppfler frequency shift in the signalup to a
maximum of ;pproximately 13 kHz. The analog tape supplied by the CRC was digitized ata
sampling rate of 100 kHz.

These real signals are processed and tested using the linear and non-linear spectral
estimation rﬁethods. The signal processing procedure is ﬂepicted in Fig.7.1. Specifically, the
spectral estimation results for data lengtl;s of 512, 1024 and 2048 complex points are

présented using the baseband processing system with cut off frequency of the baseband

lowpass filter B; equal 12.5 kHz,

7.2  Processing Signals Received from COSPAS Orbit 860

In this analysis, the data selected from the the tapes starts at the fifth minute of the
sateilite pass. Two comparisons are made among the spectral estimation methods-. These are:
1. Linear spectré.l method ( periodogram ) and non-linear spectral ;nethod MEM,

2. Averaged periodogram and averaged MEM,

/
]
]
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'f.2.1 Processing Results Usiﬁng the Periodogram
512 - complex po'int.s

Figure 7:2 illustrates the periodogram spectra using 512 complex points. From
these results it is seen that only one peak is detected and located at mixe.d rrier frequency‘
equal about 1000 Hz. In addition, we note that the background noise level for this set of data
is high and therefore detection of any signal is difficult.

1024 - Complex points

Figure 7.3 shows the periodogram spectra for the same set of data. ‘Increasing the
signal length to 1024 complex points does not decrease the variance using the periodogram
method. From these results, we note that two peaks are detected. These two peaks are located

at mixed carrier frequencies equal to about - 500 Hz and 1000 Hz respectively. Again, it is

clear that the background level of noise is high.
. .

\ﬂnjg-,éomplex points

Figure 7.4 illustrates the periodogram spectrum using 2048 complex points. From
this figure we note that, three peaks are located at mixed carrier frequencies of about -3750

Hz, -500 Hz and 1000 Hz. The detection of a signal is difficult due to high variance of this set

of real siénals. i -

7.2.2 Processing Results Using the Averaged Periodogram
Now, we employ the averaged periodogram tecﬁnique which reduces the variance
of the power spectrum estimate. For this set of signals, a one second data length IS being

analysed starting at the fifth minute point of the pass.
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512 - Complex points
. Figure 7.5 depicts the averaged periodogram spectra of 100 blo;:ks with each block
contains 512 complex points. From these results we note that, four distinct peaks can be
identified and de‘t‘eciied. These peaks denoted by A, B, C and D are located.at mixed carrier
CN .

frequencies -3750 Hz { -500 Hz , 1000 Hz and 4200 Hz respectively. It is seen that, the

background noise level is about 7 dB below the highest carrier peak level.

1024 - Complex points
Figure 7.6 illustrates the averaéed periodogram spectra of 50 blocks of data using |
. 1024 - co;:nplex points for each periodogram. Comparing these results with those given in
Fig.7.5 , we note that the background noise level is reduced by 1.5 dB. From this figure it is
clear that, the four prominent peaks previously detected are still present at mixed carrigr

frequencies of -3750 Hz, -500 Hz,1000 Hz and 4200 Hz. -

4"-'
|

2048 - Complex points
Figure 7.7 shows the averaﬁed—penﬁd'. ogram spectra for 25 sets of dat‘a using 2048 -

complex points for each periodogram. This resuit sths that the noise background is further
reduced by 1.5 dB, as E:ompared to the result given in Fig.7.6. The four peaks previously
detected ere considerably enhanced. Hov;rever, we note that peak C now exhibits line
splitting. From the ab_ove analysis we note that the averaged peﬁodo:ram smoothes the
spectral estimation spectra and reduces the level of undesirable sidebands which improves
the detection of the signals. The signal-to-noise ratio is improved by procgssing fewer blocks
of longer records. This consequently improves the detection of the signals. | _

‘ It appears that the four peaks.-{x.';dicated by A, B, C and D are not ELT signals, but

peaks due to interference received by the satellite.



265

g _
0
o,
_4‘0. 2 3 " " " - ' »-.
-12500. ~7500. -2500. . 2500. 7500. 123500. )
Fig. 7.6 Averaged Periodogram spectrum of 50 blocks 1024 - compiex point
FFT (orhit # 860). :
S L
a
m. T
o
-12500.  ~7500.  -2500. 2500, 7500, 12500,
| F
. N
Fig. 7.7 Averaged periodogram spestrum of 25 blocks 2048 - complex .
point FF'T (orbit # 8680). o
-



166

7.2.3 Processing Results using the MEM
Figure 7.8 illustrates the spectral estimation result for this set of data using an
MEM filter order of 100 with 1024 complex points. From this figure it is seen that, one peak

can be detected. Thispeak occurs at mixed carrier ﬁ"'equency 1000 Hz. These results indicate

‘that this set of data contains a high_noise level. Therefore, the detection of a signal is difficult,

Using the MEM, there is r:o significant change in Aprocessing various lengf.hs of the
signal using the same MEM filter order. Since the MEM is a parametric spectral estimation
technique, it is possible to adjust the number of filter coefficients of prediction error fiiter in
order to produce good frequency resolﬁtion. Higher MEM‘ﬁlter orders reduce the frequency
error and improve the frequency resoldtion which cﬁnse_quently enhance the detection of the
signals. However, higher MEM filter orders are time consuming and also generate spurious
peak$ which may be undesirable. ‘

Now, we examine the same data set and increase the MEM filter order to 200 and
then 300. Figure 7.9 depicts the MEM filter order 200 spectra for thid set of data using 1024 -
compléx points. It is seen that one peak can be detecteci. This peak occurs at mixed carrier

frequency 1000 Hz. Comparing these results with those given in Fig.7.8, we note that

" increasing the MEM filter order to 200 improve the frequency resolution and produce-s a sharp

distinct peak.
Increasing the MEM filter order to 300 gives the spectra shown in Fig.7.10 for the
same set of real signals. From these results, it is seen that more peaks are obtained and there

is no indication of how many signals are present. Therefore, detection of the signals is

difficult.

Comparing the results using the MEM ( Fig.?.B\) with those obtained from the .

periodogram ( Fig.7.3 ) we note that, direct frequency measurment using either the
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Fig.7.9 MEM = 200 spectrum using 1024 - complex poi;nts (orbit #860)
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AN

periodogram'or the MEM { order 100 ) is not easy. ‘In addition, it is seen that the number of
spectral peaks obtained usir‘ig the pericdogram exceed those resolved.by the MEM and the
MEM spectrum is smoother than the periodogram spe‘cl::um. Bcl)th variﬁnce and frequency
biases make frequency éstimaﬁon difficult. Thus, it is seen that there is no indication of how
many signals are present, ./'

N
7.2.4. Processing Results Using the Averaged MEM

We now consider the proct.essif:g of this set of | real signals using the baseband
averaged MEM technique. This set of data is divided into 50 blocks with each block
containing 1024 - complex points. » |

B .

Figure 7.11 illustrates the srpectral estimation resull for this set of data using MEM
filter order 100. From this figure we note that, the background noise level for this set of data
is high. This levél appears at about 5 dB threshold level,

The averag;d MEM spectra for this set of data usin.g MEM filter order equal 200 is
given in Fig.7.12. From this figure it is clear that the spectrum improves as the MEM filter
order increases to 200, as compared to the spectrum bbtained using MEM filter order 100
shown in Fig. 7.11. N : .

Figure 7.13 shows the averaged MEM spectra for this set of data using MEM filter
order 300. From this figure we note that, the four peaks iébeled {A, B, C and D) can be
identified. Again, these four peaks are not considered to be ELT signals, but more likely
interference signals received by the satellite.

Comparing all the results given in Fig.7.11, Fig.7.12 and Fig.7.13 for MEM filter

order 100, 200 and 300 respectively, we conclude that, the MEM filter order plays a major role

in the spectral estimation and higher MEM filter order gives a better spectral estimate.
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Comparing these results using the averaged MEM with those obtained using the
averaged periodogram we note that, the averaged periodogram gives much sharper peaks and
has abopt 3 dB improvement in spectral performance over the averaged ME'M. Furthermore,
the longer data sequence l.)eneﬁts the averaged periodogram wflile for averaged MEM, the

spectral estimation is improved as the prediction error fiiter order increases.

7.3 Processing Signals Received from COSPAS Orbit 861 -
This section discuss the processing of another set of real SARSAT signals received

from COSPAS orbit 861. This set of data is selectec'i from tapes starting at the fifth minute of

" the satellite pags,

-

73.1  Processing Results Using the Periodogram . .
512 - Complex points '

Figure 7.14 illustrafes the periodogram spectra for this set of data using 512 -
complex peints. From these results it is clear that there is a strong indicat&l of carrier

components at-mixed carrier frequencies of about -2300 Hz and -750 Hz.

1024 - Complex Points

[ncreé.sing the number of data points to ‘1024 complex points gives the periodogram
spectra depicted in Fig.7.15. From this-spectral qstimatio_‘rs result, we nq{:i: that two peaks-
occur at mixed carrier frequencies equal agout -2300 Hz and -750 Hz. Fu;thermore, there is

an indication that a non-coherent ELT signal can be identified in the mixed carrier frequency

range of 2000 Hz and 6000 Hz. Comparing these results with those shown in Fig.7.14, we note

that the background noise level is reducéd by amounts of 3 dB as the number of data points

increases to 1024 - complex p&nts.
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2048 - Complex Points 7 /’

| Figure 7:16 depicts the{i_)eriodogram spectra using 2048 - complex points. Frém )
these results we observe that , the va_riance does not decrease as the number of data poi;utsq
increase , but the background noise level is reduced by 3 dB as compared with the r?éult
shown in Fig.7.15. The presence of a non-coherent ELT signal is probably indicated ﬁ;l the

~ frequency range of 2000 Hz and 6000 Hz.

7.3.2 Processing Results Usijng the Averaged Periodogram
In this section we st’uﬂy the spectral estimation characteristics of this set of real
SARSAT signals using the averaged periodogram with 512, 1024 and 2048 complex p-omts for

one second of data startmg at t.he 5 minute point of the satellite pass.

912 - complex points

Figure 7.17 illustrates the averaged periodogram spectrum of 100 blocks with each
block contains 512 complex points. From this figure, we observe that the averaged
periodogram smoothes the spectra As shown in this figure a broad peak in the mixed carrier

. frequency range of 2000 Hz and 6000 Hz is detected. This broad peak probably belongs to a

non-coherent ELT signal. The background noise level appears at about -17 dB threshold

level.

1024 - complex points
Figure 7.18 depicts the averaged periodogram spectra of 50 blocks with each block
contains 1024 complex points. From these results we note that the peaks previously detected

~ are further enhanced.. These peaks are sharper as compared to Fig.7.17. Furthermore, we
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note that, the signal-to-noise ratio is improved by 1.5 dB. A broad peak is generatéd over the

same frequency range as detected before indicating the non-coherent ELT signgd.

2048 - Complex Points

The averaged spectra using the periodogram of 25 blocks with each block containg
2048 - complex points is given in Fig.7.19. From this figure it is clear that, an imp;'ovement. of
1.5 dB ( in terms of SNR )} from 1024 complex points or 3 dB from 512 complex points is
achieved using the averaged periodogram. The presence of a non-coherent ELT signal is -»
indicate;l in the frequency range from 2000 Hz to 6600 Hz. |

Thus, from the previous analysis we conclude that, increasing the number of data
points improves the signal-to-noise ratio and averaged spectra reduces the variance nndl -
smoothes the spectrum. This, conseq;ie{ltly, improves the detection of the carrier component

peaks of the present ELT signals.

7.3.3 . Processing Results using the MEM
In this section we are concerned with the study of spectral estimation performance
of this set of data received from orbit 861 satellite C1 using the baseband MEM technique.

This set of data examined using 1024 - complex points and MEM filter orders of 100 , 200 and

o

300 respectively.

Figure 7.20 illustrates the MEM spectra for this set of data using MEM filter order ‘
100. From this figure we observe a strong indication of carrier components at mixed carrier
frequencies of approximately -2300 Hz and -750 Hz. Thus, éven if the signal is procegsed

using MEM filter order of only 100 the detection of the carrier component peaks of the present

signals is still feasible.
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Fig. 7.20 MEM =100 spectrum using 1024 - complex points (orbit # 861).
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Ipcreasing the MEM filter order to 200 gives the spectral estimation result shown
in Fig.7.21. From this figure it is seex; that a non-coherent ELT signal can be identified
between frequencies of 2000 Hz and 6000 Hz. Comparing these results with those given in
Fig.7.20 using MEM filter order 100 we note that, increasing the MEM filter order producés
sharper peaks and good frequency resolution.

Figure 7.22 shows the MEM spectra computed using MEM filter order 300 for the
same set of data. It can be seen from this figure that the presence of a non-coherent ELT
signal is indicateti in the frequency range from 2000 Hz to SUbU Hz, MEM = 300, produces |

sharper peaks as compared to the MEM spectra depicted in Fig.7.20 using MEM filter order
100. _ S

7.34 Processing Resulits using using the Averaged MEM
Now, we congider the processing of this set of real data using the averaged MEM
with 50 blocks, each bleck containing 1024 complex points, 7
Figure .7..23 illustrates the averaged MEM specl;ra using MEM filter orde_r 100.
Comparing these results with those obtained using the averaged periodogram for the same set
of data we note that, the numbers of spectral peaks resolved‘by the averaged periodogram are
more than that obtained using the averaged MEM. Nevertheless, the locations of the spectral
peaks using the averaged MEM and the averaged periodogram are similar. .
- Figure 7.24 depicts the averaged MEM s—pe—c_tra using MEM filter order 200. F‘:om
this figure it is cle;a.r that as the MEM filter order increases, the frequency resolution is
improved. A broad peak can be identified between the mixed carrier frequency range of 2000
Hz and 6000 Hz. This broad pee;k belongs to fhe non- coherent ELT signal.

Increasing the MEM filter order to 300 and processing the same set of data using

the averaged MEM method gives the spectral estimation results depicted in Fig. 7.25. It is
a
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seen from this result that, the averaged MEM has an improvement of almost 7 dB when a
higher MEM filter order is used, i.e. MEM =300, as compared to the spectrum shown in

Fig.7.23 using MEM order 100.

7.4 Summary

This chapter focused on studing the spectral estimation characteristics of real ELT
signals received from two different satellite passes. The linear (periodogram) and non-linear
(MEM) methods are the two gpectral estimators being employed in the analysis. Specifically,
we studied the eﬁ'ecl; of various data lengths of the signals on the linear spectral estimation
method. [n addition, the effect of us_ling various MEM filters order has been studied.

The above simulation analysis indicates that, the periodogram performance can be
improved by pr;)cessing a longer sec.luence of data. However, the MEM provides a smoother -
spectrum. The MEM spectral estimator is more .;‘,ensitive to the filter order than te the data
length. The post-processing technique is also used in order to enhance the spectral
pex;fo’:_'mances. Spectral averaéing is s;een to improve the detectability of ELT signals which

have stationary carrier frequency component.



8.1

CHAPTER 8
CONCLUSIONS

Contributions of The Thesis

The major contributions of the thesis may be summarized as follows:

A theoretical expression for calculating the variation of the pulse duration across

the sweep period for an ELT signal has been developed. The predictions are shown
to have close agreement with measured values for real ELT signals.

The ELT signal spectra for ideal coherent, non-ideal coherent and non-coherent
models have be‘en investigated. It has been found that the ideal coherent model
gives an idealized spectrum while.far random phase madel it is difficult to detect
the carrier component peak, New models have been proposed with nearly ideal
spectrz;.l properties. These new modulation schemes for ELT signals provide signal
with greatly improved spectral characteristics.’ )

A new complex baseband system for processing ELT signals has been developed.

The baseband implementation offers flexibilty not found in the bandpass processor

and has certain advantages over bandpass processing. Some of these advantages

are:

(A) Rate Reduction Filtering can easily be implemented which leads to .

increased signal-to-noise ratio (SNR).
. .
(B) Tracking of an ELT-signal is poasible by adjusting the mixing frequency.
The matched filter performance for optimum detection of ELT signals has been

derived theoretically and the performance of the periodogram has been evaluated.
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This comparison indicates that the periodogram performance is within 2.6 to 4.8 dB
of that provided by a matched filter.

A theoreticall bound for minimum detectable carrier-to-noise density ratio (CNDR)
has been evaluated and verified by computer simulation. It has been also shown
theoretically and by computer simulation that the minimum detectable CNDR is
approximately 21 dB-Hz when the 512 complex point FFT is applied to 50 blocks
comprising one second of data, o

The performance of the baseband processor can be considerably improved by using
a new approach called Raté Reduction Filtering method. It has been shown that the
rate reduction filtering technique reduces the frequency error, improves the
frequency reselution and increasles the SNR. This consequently improves the
detection of the carrier component peak of the ELT signal.

With rate reduction filtering technique, it was possible to use a lower MEM
filter order which consequently reduces the computation time and gives good signal
detectipn.

It has been found that the frequency error for MEM is less if the mixed carrier
frequency of the ELT signal lies near the mid-band range. Th%s observation allows
us to use a new method called "ELT Tracking Method”. This method besed on using
the MEM with rate reduction filtering technique using lower MEM filter order. By
using this method we can easily track the signal and estimate its mixed carrier
frequency which, consequently simplifies the detection of the carrier component
peak of this ELT signal.

P:n expression has been developed for estimating the location of the carrier

-
component peak of the spectrum, This has been verified by simulation using the
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ELT Tracking algorithm, The nurﬁerica] results were found to be in good

_ agreement with the theoretical analysis,

.o

The baseband processor developed in this thesis was extensively tested with the

-following ELT signals:

{a) ' Computer generated ELT signals.
(b} Real ELT signals.
(e Actual satellite pass data received from the COSPAS satellite orbits 860

(N
and 861.

Suggestion for Further Research

Examine methods of processing using a combined "Autoregressive - Moving

Average" (ARMA) model at baseband.

A theoretical analysis for the averaged MEM should be performed to provide an

indication as to how to enhance the signal detectability and improve its

performance.

_ From the results obtained (in Chapter 7), we have shown that the signal length has

a direct effect on the performances of the linear spectral estimation method. It is,
therefore, necessary to investigate the optimum signal data length for the FFT

processor.
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