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Abstract 

In this report, the problem of signal modulatiOn classificatiOn is mvestigated. A 
modulatiOn recogmtwn algonthm for classifying different signal modulation types and 
noise IS described. The modulatiOn type includes unmodulated CW, narrow-band FM, 
wide-band FM, triangular FM, BPSK, DSB-SC and AM. The algonthm involves a 
combination of decision theoretic and pattern recogmtwn techmques. The decision 
theoretic techmque IS based on the calculation of a number of statistics of the input 
sequence to be classified. It is used to separate nmse from the signals, the 
constant-envelope waveforms from the varymg-envelope waveforms, the unmodulated 
CW from the waveforms with phase mformatwn, and the two varymg-envelope 
waveforms from one another The pattern recogmtwn techmque IS used to distmgmsh 
the three FM and BPSK waveforms The techmque IS based on the use of a lmear 
dtscnmmant. The dtscnmmant IS tramed by feature vectors generated from the 
residual-phase histogram. Finally, computer simulatiOns are used to demonstrate the 
performance of the proposed modulatiOn recogmtion algonthm, and an extensive 
analysts is also mcluded. 

Resume 

Dans ce rapport, le probleme de Ia classification de modulatwn des stgnaux est etudie 
Un algonthme d'identificatwn de modulatiOn pour classifier les diffcrents types de 
modulatiOn de signaux et de bruit est dccnt. Les types de modulations comprennent les 
signaux non module CW, FM a bande etrmte, FM a large bande, FM triangulmre, 
BPSK, DSB-SC et AM. L'algonthme comporte une combinmson de techmques 
theonque de dcclSlon et de reconnaissance des formes La techmque theorique de 
decision est basce sur le calcul d 'un certain nombre de statlstiques de Ia sequence 
d'entree a classifier. Elle est employee pour separer le brmt des stgnaux, les formes 
d'onde d'enveloppe constante des formes d'onde avec enveloppe vanable, les stgnaux 
non module CW des formes d'onde avec infom1atwn dans Ia phase, et pour scparer 
deux formes d'onde avec enveloppe vanable La techmque de reconnaissance des 
formes est employee pour distmguer les trms formes d'onde FM et Ia forme d'onde 
BPSK. La techmque est basce sur I 'uttlisatwn d'un dtscnmmant !mea Ire Le 
dtscnminant est forme de vecteurs d'attnbuts prodUJts par l'htstogramme de Ia phase 
residue!. En conclusiOn, des stmulatwns par ordmateur sont employees pour demontrer 
Ia performance de l'algonthme d'identtfication de modulatiOn propose, et une analyse 
generalisee est egalement incluse 
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Executive summary 

Recently. there has been mcreasing mterest in developmg techmques that exploit the 
mtrapulsc mformation of emitter stgnals. Intrapulse informatiOn refers to the shape of 
the pul~c envelope and waveform modulation of a stgnal. It carries rich informatton 
about the emitter system characteristics and can be used to classify emttter systems. In 
thts report, we mvestigate the radar signal modulatiOn classification problems. Radar 
stgnal modulation classtficatwn ts Important for ESM and ELINT applications for three 
rca:;ons Ftrstly, the modulation type of a stgnalttself is an Important mtrapulse 
parameter for recogmzmg the radar type Secondly, knowmg the correct stgnal 
modulation type ts cnttcal to detcrmmmg other mtrapulsc parameters such as the 
eamcr ti·equcncy Thtrdly, tt can also help the radar wammg system to distmgmsh 
bet ween a commumcatwns stgnal and a radar Signal 

In tht~ repot1, a modulation rccogmtion algonthm for classifying radar stgnal 
modulation types and notse Is proposed. The modulation type mcludes unmodulatcd 
C\V, narrow-band FM, wtdc-band FM, tnangular FM, BPSK, DSB-SC and AM. The 
algonthm mvolves a combmation of dectswn theoretic and pattern recogmtwn 
techmques The dcctsion theoretic techmque ts based on the calculation of a number of 
~tatbttes of the sample sequence to be classtfied It ts used to separate nmse from the 
~tgnab. the constant-envelope waveforms from the varymg-cnvelope waveforms, the 
unmodulated CW from the waveforms wtth phase mformatwn, and the two 
\'arymg-envclopc waveforms from one another. The pattern recogmtion techmquc IS 

u~ed to dt;,ttngutsh the three FM and BPSK waveforms It uses the restdual-phase 
ht~togram as the feature vector and a lmear dtscnmmant. The lmear dtscnmmant 1s 
tt at ned u~mg ;,unulatcd signals with d1fferent modulatiOn types and varymg parameters 
Our 111\e~ttgatwn of the usc of residual-phase and instantaneous-frequency histograms 
a~ fcatutc vectors IS reported. There seems to be sufficient differentiation among the 
1 e~tductl-phasc histograms of the four waveforms to Justify the usc of these histograms 
alune. \\ ithout the mstantancous-frequency histograms, as feature vectors It 1s found 
thd t pha~c lmtograms conststmg of 20 bms over the mterval work well. After the 
Ilwdui,Illon type ts detcrmmcd, the waveform parameters arc estimated for most of the 
\\,I\ ,·J,Jim-.,. tncludmg the FM and AM modulatiOn frcquenctes, the camcr frequencies. 
the: ,J!}nc~l .unpl!tude. the FM peak frequency dcv1atwn and the AM modulation mdex 

I h~.: 'l,'I t, ''mance of the proposed dcctswn tree IS demonstrated usmg computer 
'":llllctkcl JJta 1\ sample sequence ts generated for different combmatwn of vaned 
pai.un-::tcr \ alues The number of sequences so generated ranges from 90 to 250. 
dq•·:mlmg on the waveform. A samplmg frequency of 1.8M S / s and a sample stzc of 
l ()~.: :· 1 c C<)!l~tdcred to be smtable for the set of radar stgnals under cons1deratwn. 
\u.:m ci111g 1 y. these values are used in our s1mulat10n studtes 

Stephen Sung .md Ytfcng Zhou 2002 ModulatiOn Recogmtwn Algonthms for Intentwnal 
Modul,ttJon tln Puhc ([MOP) Applications. DREO TR 2001-111 Defence Research 
E~tabl1~hmcm UtLma 
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IV 

Somma ire 

Recemment, l'mteret du developpement de techmques pour explOiter l'mfom1atwn 
d'intrapulsc de stgnaux augmente. L'mformatton d'mtrapulse se rapporte ala forme de 
l'enveloppe d'tmpulswn eta !a modulatiOn de forme d'onde d'un Signal. Elle porte de 
l'mformatwn sur lcs caractcnstiques du systcme d'cmetteur et peut etre uti!Isce pour 
les classifiers. Dans ce rapport, nous etudwns les problcmes de classificatiOn de 
modulatiOn de signal de radar. La classificatiOn de modulation de signal de radar est 
Importante en demandes d'ESM et d'ELINT pour trOis raisons. Premierement, lc type 
de modulatiOn d'un signal est un paramtre d'intrapulse Important pour tdentlfier le type 
de radar. Deuxtcmement, la modulatwn du stgnal est cntlque pour determmcr autres 
parametres d'mtrapulse tels que !a frequence porteuse Troisiememcnt, elle peut 
ega!ement aider Je systcme d'aJerte radar a distmguer un Signal de tranSffiiSSIOI1S et Un 
signal de radar. 

Dans ce document, un algonthme d'Identificatwn de modulation pour classifier des 
types de modulatiOn de signal de radar et de bruit est propose. Les types de 
modulations comprennent les Signaux non module CW, FM a bande c 'trmte, FM a large 
bande, FM tnangulaire, BPSK, DSB-SC et AM. L'algonthme comporte une 
combmmson de techmques theonquc de dectswn et de reconnaissance de formes. La 
techmque theonque de deciswn est basee sur le calcul d'un ccrtam nombre de 
statisttques de Ia sequence d'entree que !'on destre classifier Ellc est employee pour 
separer Je bruit des Signaux, Jes formes d'ondc d'enveJoppe constante des formes 
d'onde avec enveloppe vanable, les signaux non module CW des formes d'onde avec 
mfom1at1on dans la phase, ct pour separcr deux formes d'ondc avec cnveloppc vanable 
La techmquc de reconnaissance des formes est employee pour dtstmguer les trots 
formes d'onde FM et Ia forme d'onde BPSK La technique est basce sur l'utlltsatwn 
d'un discnmmant lmcmre forme de vecteurs d'attnbuts prodults par l'htstogramme de 
Ia phase residue! Le discrumnant lmeaire est forme en utihsant des signaux sanu!Cs 
avec diffcrents types de modulation et avec des parametres vanablcs Notre recherche 
su1 l'utthsatwn d'lustogrammes de Ia phase rcstducl avec et d'lustogrammes de Ia 
frequence mstantance commc vecteurs d'attnbuts est dans le rapport. II semble y av01r 
asscz de differences parm1 les h1stogrammes de !a phase res1duel des quatrc formes 
d'onde pour JUStifier !'utilisatiOn de ces histogrammes. sans lcs histogrammcs de Ia 
frcqucncc mstantanee, comme vecteurs d'attnbuts On trouve que les htstogrammes de 
phase se composant de 20 emplacements, au travers l 'mtcrvalle de travarL fonctwn 
bten Aprcs av01r detcrmme le type de modulatiOn. les parametres de forme d'onde sont 
esttmcs pour Ia plupart des formes d'onde, y compns les frequences de modulatiOn FM 
et AM, les frequences porteuscs, !'amplitude de signaux, Ia dcvtatton max1male en 
frcquence de modulatiOn FM ct l'mdtce de modulation AM 

La performance de l'arbre de decisiOn propose est J~montrce en utihsant des donnees 
smmlees par ordmateur Une sequence d'cchantillon est prodwte pour dd'ferentc 
combmmson de valeur des parametres. Le nombrc de sequences produites s'etend de 
90 a 250. scion Ia forme d'onde. Une frequcncc d'cchantlllonnage de 1.8MS/s et une 

DREO TR 2001-111 
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dimension d'echantiilon de 1024 sont constderees appropnces a 1 'ensemble de stgnaux 
de radar a !'etude. En consequence, ces valeurs sont utthses dans les Stmulatwns 
etudiees. 

Stephen Sung and Ytfeng Zhou. 2002. Modulation Recogmtton Algonthms for Intenttonal 
Modulation on Pulse (!MOP) Apphcattons DREO TR 2001-111. Centre de recherches pour la 
defense, Ottawa. 

DREO TR 2001-111 v 



P517628.PDF [Page: 11 of 56]

Table of contents 

Abstract 

Resume 

Executtve summary 

Sommauc 

Table of contents 

List of figures 

List of tables 

l. Introduction 

2 

3 

4 

5 

6 

Signal and No1::-.e Modelmg 

DceisiOn Theoretic Approach 

3.1 

3.2 

3.3 

3.4 

No1sc Threshold 

Ccntrotd Frequency Calculatton . 

Square-of-envelope Stattsttc 

Detrended Restdual Phase StatJsttc 

Pattern Recogntt1on Approach 

4 I 

42 

The f cat lll c Vccto1 

Tuunmg Date~ ()cnctatton 

Modulation RccognitJOn Algonthm . 

5.1 Patametct Fst1matton 

5.2 C'las-,,ficatlon Rc::-.ults 

Summary 

References 

Annex 

A Techmcal and . \dmmlsttatlvc Frequency Ltst Information 

VI 

IV 

VI 

vii 

!X 

3 

5 

6 

8 

8 

ll 

11 

14 

21 

21 

25 

30 

31 

34 

36 

36 

DREO TR 2001-111 



P517628.PDF [Page: 12 of 56]

List of figures 

Vanatwn of R versus CNR for constant-envelope, AM and DSB-SC modulatiOns 9 

2 

3 

The ~quatc-of-cnvelopc statistic for sinusmdal AM as a function of the 
modulation mdex 

Rcstdual phase. unwrapped residual phase and detrended residual phase for 
narrow-band FM and BPSK modulations For narrow-band FM, fc = 500kHz, 
6 f /2 = 301.:H z, frn =300kHz For BPSK, fc =500kHz, fpsk =55kHz, 
0 = 120" Samplmg frequency is= 1.8MSj.s, N = 1024 and CNR= 15dB 

The 1e~ulb at vanous stages of processing that lead to the detrended 

1e~tdual-pha\<.: and scaled-frequency histograms ofnarrow-band FM modulation. 
The :.1gnal parameters are: fc =500kHz, L:!..j /2 =50kHz, fm =300kHz 

10 

12 

Samplmg frequency j~ = l.8MSjs, N = 1024 and CNR= 15dB. 15 

5 Th<.: rc~ults at various stages of processmg that lead to the detrended 
rcstdual-ph:1se and scaled-frequency histograms of wide-band FM modulatiOn. 
The s1gnal parameters arc· fc = 500kHz, b..f /2 = 15kHz, f rn = 400Hz. 
Sampl1ng frequency j~ = 1 8MSj.s, N = 1024 and CNR= 15dB . 17 

6 The tc~ulb at vanous stages ofproccssmg that lead to the dctrcndcd 
1 C\tdual-phJ~c and scaled-frequency histograms of tnangular FM modulatiOn 
The ~1gnal pal amctcrs arc· fc = 500kHz, b. = 16kHz Samplmg frequency 
J, -=--1 o.\!Sj.,,N = 1024andCNR= 15dB. 18 

7 The 1 e~ult'> at vanous stages of processing that lead to the detrendcd 
te\idual-pha~c and scaled-frequency histograms oftnangular FM modulatiOn. 
!'he ~1gnal parameters arc: fc = 500kHz, b. = 2kHz Samplmg frequency 
I.. l "1!.'·,'/,,, N = 1021 and CNR= 15dB. 19 

S The :~·,ulh ,\t \anous stages ofproccssmg that lead to the dctrendcd 
re~rdL"Ii-ph,he and ~calcd-frcquency histograms ofBPSK modulation The signal 
p,ll.lll1etch ,llC /~ = 500kHZ, /p;k =55kHz, e = 120° Samplmg frequency 
t, l -1!,",·'·N=1024andCNR=15dB. 20 

l) rilL' 1 L'', 1 It, ,rt \anous stages of proccssmg that lead to the detrended 
IL''.Idu,li-ph,hc and scaled-frequency histograms ofBPSK modulatiOn. The signal 

p~lJ,lll~l'!Cl~ ~IIC' J, =500kHz, fpsk =55kHz, e = 155° Samplmg frequency 
J, ::c 1 ...:._1} S/s. N = 1024 and CNR= 15dB 22 

10 The p-,cudueodc of the mod type functiOn . 24 

1 1 r1 ac\l( 'nal c-,tnnat!On errors of carrier frequency and amplitude of unmodulated 
C\\' \\,\\Clorm Samplmg frequency fs = 1.8M Sjs, N = 1024 and CNR= 15dB 27 

DREO TR 2001-1'1 VII 



P517628.PDF [Page: 13 of 56]

12 

13 

VIII 

Fractional estimatiOn errors of the parameters of narrow-band FM waveform 
Samp1mg frequency is= 1.8MSjs, N = 1024 and CNR= 15dB . . 

FractiOnal estimatiOn errors of the parameters of AM waveform Samplmg 
frequency is= l.8MSJ.~. N = 1024 and CNR= 15dB 

28 

32 

DREOTR2001-111 



P517628.PDF [Page: 14 of 56]

2 

3 

4 

5 

6 

List of tables 

Vanation of waveform parameters for the generatiOn of trammg data 

InterpretatiOn of the values of the flag output of the modtype functwn 

Contents of the output array paramest of the mod type functiOn . . . 

Values in global memory that are avmlable to the modtype functiOn 

Waveform parameter values and the number of sequences generated for 
validation of the mod type functiOn 

Results of waveform classificatiOn by the mod type functiOn, CNR= l5dB . 

DREO TR 2001-111 

21 

23 

23 

25 

33 

34 

IX 



P517628.PDF [Page: 15 of 56]

Th1s page mtentwnally left blank 

X 
DREO TR 2001-111 



P517628.PDF [Page: 16 of 56]

1. Introduction 

In Elcctromc Support Measures (ESM) and Electromc Intelligence (ELINT) systems, 
receivers arc designed to mtercept transmitted s1gnals and perform emitter classificatiOn 
and Jdcntificatton for electronic warfare (EW) purposes. Conventwnal systems 
cbaractcnze the signals based on the use of coarse conventional parameters such as 
dircctwn-of-arnval (DOA), radio frequency (RF), time-of-arrival (TOA), pulse width 
( PW), pulse repetitiOn mterval (PRI) and polanzation They encounter difficulties with 
the proliferatiOn of radar signals and modern radars employmg sophisticated digital 
proccssmg systems Recently, there has been increasmg mterest in developmg 
tcchmqucs wh1ch cxplo1t the mtrapulse mformation of em1tter s1gnals Intrapulse 
mformat1on refers to the shape of the pulse envelope and waveform modulatiOn of a 
:-.Jgnal It camcs nch mformatwn about the emitter system charactenstics and can be 
u'>cd to classify emitter systems. In this report, we mvestigate the radar signal 
modulation classificatiOn problem. Radar signal modulatiOn classification is Important 
for ESM and ELINT applications for three reasons. Firstly, the modulatiOn type of a 
~Ignal Itself IS an Important intrapulse parameter for recogmzmg the radar type. 
Secondly, knowmg the correct signal modulatiOn type is critical to determining other 
mtrapubc parameters such as the camer frequency. Thirdly, tt can also help the radar 
warnmg ~ystcm to distmgUJsh between a commumcatwns s1gnal and a radar signal. 

In order to obtam mformatwn on communicatiOn signals, we studied the Techmcal and 
.\dmmt~trattvc Frequency List (TAFL), a database of natiOn-wide transmitters and 
1 ccct\ ers lot which licenses have been granted. The TAFL database can be accessed 
through http //spectrum.Ic.gc.ca/tafl/tafindxe.html. Each entry of the database contains 
O>uch u:;efulmforn1at1on as transmit and/or recetve frequency, bandwtdth, spectrum 
'>Ignature (e g, 600 frequency-division-multiplexed, frequency-modulated vo1ce 
channels), and antenna pattern data. A detailed hst of the technicalmforrnatwn 
,l\ atlablc Ji·om the database IS giVen m Annex A. The database has been orgamzed in 
two '' ay'> accordmg to five regions across Canada (Pacific. Central, Ontano, Quebec 
and .\tlanttc) and by frequency ranges. Each geographical regiOn ts divided mto 
~m.dlct Jegtons The Ontano regiOn, for example, IS divided mto sub-regions covcnng 
-.:c~'>tctn Onta11o. northern Ontano, central and western Ontano, Toronto, Hmmlton, etc. 
'> '1111 Lui). each ti equcncy range ts divided mto a number of frequency bands 

rhL' dclJnttJon of the eommumcation-signal envuonment along a fttght path usmg the 
r \l L d,ttaba~e 1s a maJOr undertakmg. All the transmitters w1thm the reception range 
, ,: the \\ arnmg rcce1ver must be retneved from the database. In addition to parameters 
-.uLh .1:-. transmtt frequency and bandwidth that are clearly 1mportant, antenna 
IJ,\1 a meter" such as beam-pomtmg directiOn and azimuthal beamwidth are also 
1111por tant 111 dctcrmming the time when the plane first enters a beam and the time It 
,pend-, \\'tthm the beam. In view of the complexity ofthe commumcatton-signal 
-.:m Ironment. little effort was made to model eommumcatwn s1gnals m this study 
Jn,tcad. a cursory cxammatwn of the TAFL database was made to obtam some 1dea of 
the b,mdwtdths mvolved In many cases, the transmission bandwidth IS of the order of 
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2 

several tens of megahertz By comparison, the largest bandwidth of the radar signals 
studied is several megahertz. This confirms the oft-held view that commumcation 
bandwidths arc often much larger than radar bandwidths 

For the samplmg frequency and sample size considered m this study, the waveforms 
amount to the followmg eight: ( 1) unmodulated CW, (2) amphtude modulated (AM), 
(3) double sideband, suppressed earner (DSB-SC), (4) narrow-band frequency 
modulated (FM), (5) wide-band FM, (6) tnangular FM. (7) bmary phase shift keyed 
(BPSK), and (8) noise In waveform ( 6), the mstantaneous frequency consists of an 
up-slope and a down-slope, of equal magmtude and symmetncally placed w1thm the 
observation duratiOn In waveform (7), the phase shrft on a state change IS 90', 120° or 
155° rather than 180° 

A modulatiOn classificatiOn algonthm IS proposed based on the apphcatwn of two 
approaches· the decisiOn theoretic approach [ 1 ]-[5] and the pattern recogmtion 
approach [1 ][6]-[8] In the dccJsron theoretic approach, a statistic based on an 
appropnatc quantity IS calculated from the sample sequence and compared with a 
threshold. If the value of the statistic. referred to as a feature, IS less than the threshold, 
then the sample sequence IS put 111 one class; otherwise, the sample sequence IS put 111 

another class A dcclSlon tree 1s then devised, mvolvmg the calculation of a relatively 
small number (e.g., several) of features and the companson with their thresholds. The 
processing of a test sequence (I.e, a sequence of unknown modulatiOn) by the decision 
tree results m the sequence bemg placed 111 one of several modulatiOn classes A 
drawback of this approach IS that It is not always possible to find a set of features that 
would allow all the modulations of interest to be distmgUished. In the pattern 
recogmtwn approach, a feature vector is extracted from a sample sequence The 
dimcnswnahty of this feature vector can be, e g , several tens An example of a feature 
vector IS one where the components arc the populatiOns of a phase histogram A 
training data set, cons1stmg of feature vectors from all the modulatiOn classes of 
mtcrcst, IS first generated A pattern classificatiOn algonthm and Its associated decisiOn 
rule arc then chosen and tramcd usmg the feature vectors from the trammg data set to 
arnvc at an actual Implementation of the algonthm This unplementatwn allows the 
modulatiOn type of a test sequence to be detcrmmed. The pattern classificatiOn 
algonthm can be eYaluatcd by gencratmg a validatiOn data set sumlar to the trammg 
data set, and Iettmg the algonthm operate on each feature vector of the set. The 
resultmg confusiOn matnx gives an mdicat1on of how good the pattern classd1catwn 
algonthm and its trammg arc 

rn the hybnd decJston tree, the dectsion theoretic approach IS used to separate no1se 
from signals, constant-envelope wavcfon11S from DSB-SC and AM, unmodulatcd CW 
from the three Fl\ls and BPSK, and DSB-SC from AM. while the pattcm recogmt10n 
approach IS used to distinguish the three FMs and BPSK In the algonthm, the power 
spectral density (PSD) IS first estimated The noise threshold Is dcnvcd and used to 
decide 1f a sequence con tams noise samples only. Noise testmg can be Implemented 
both 111 the time and 111 the frequency domam Once the signal IS detected, the centroid 
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frequency IS estimated as the first estimate of the earner frequency and the waveform IS 
demodulated by this estimate. The waveform envelope and the unwrapped residual 
phase are calculated. A strmght !me IS fit to the unwrapped residual phase, and the 
detrended residual phase IS obtamed. A statistic based on the square of the waveform 
envelope is used to separate the constant-envelope waveforms from DSB-SC/ AM and 
DSB-SC from AM. The mean square of the detrended residual phase IS used as the 
statistic to determme the absence or presence of phase information, and thus to separate 
unmodulated CW from the three FMs and BPSK. The pattern classification approach 
involves linear discriminants [7][8]. The coefficients of a linear discrimmant are 
obtained by minimizing the sum of the squares of the errors of classifymg all the 
normalized feature vectors of the trammg data set The detrcnded residual-phase 
histogram of the three FM and BPSK waveforms IS input mto the tra111ed lmcar 
discrimmant, and the dec!Slon rule gives the modulatiOn type. 

For most of the waveforms, after the modulatiOn type is determined, the waveform 
parameters are estimated. The estimatiOn accuracy depends on the parameter. 
Parameters such as the FM and AM modulation frequencies are estimated using the 
method developed by Crozier and collaborators [9][10]. Parameters such as the signal 
amplitude, the FM peak frequency deviation and the AM modulatiOn mdcx, however, 
are estimated only crudely. These latter parameters are estimated by simply examining 
how they can be obtained If noise could be neglected The assumption that a sample 
sequence spans an 111tegral number of modulatiOn cycles IS also made To study the 
recogmtion of the eight waveforms, a sampling frequency of 1.8/vf S / s and a sample 
size of 1024 arc considered to be smtable for the set of radar signals under 
consideration. Accord111gly, these values arc used m our SimulatiOn studies. 

The report is organized as follows. The signal and noise model is formulated in SectiOn 
2. In Section 3, the decisiOn theoretic approach IS discussed The pattern recognition 
approach of the decisiOn tree IS discussed in SectiOn 4. Our mveshgatwn of the usc of 
dctrended residual-phase and mstantancous-frcqucncy histograms as feature vectors IS 
reported. In SectiOn 5, the proposed modulatiOn recogmtwn algonthm IS discussed and 
detailed Implementation issues arc provided Also 111 this section, the performance of 
the proposed decision tree IS demonstrated usmg computer simulated data. Fmally, a 
conclusive summary IS given 111 SectiOn 6 

2. Signal and Noise Modeling 

Consider the following eight signal types of interest: ( 1) unmodulated CW, (2) 
amplitude modulated (AM), (3) double sideband, suppressed earner (DSB-SC), (4) 
narrow-band frequency modulated (FM), (5) wide-band FM, (6) tnangular FM, (7) 
binary phase shift keyed (BPSK), and (8) nmsc They can be descnbed as follows. 

( 1)Unmodulated: 
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4 

s(n) =Aexp[J(¢+27rfcTn)], n= l,2, ... ,N, (1) 

where A denotes the earner amplitude, ¢ an unknown phase, .fc the carrier frequency, T 
the sampling mterval and N the number of samples 

(2)AM· 

s(n) = A[1 +mC'oS21ffamTn]exp[j(¢ +21ffcTn)], n = 1,2, ... ,N, (2) 

where m 1s the modulatiOn mdcx and !am is the frequency of the message signal 

(3)DSB-SC. 

s(n)=Acos27rfamTnexp[J(¢+21f/c.Tn)], n=l,2, ... ,N. (3) 

(4)Narrow-band FM· 

s(n) = A exp~.7(¢ + 21f fcTn + ~~sin 21f fmTn)], n = 1, 2, .. , N, (4) 

where ,6.f'/2 ~~the peak deVJat1on and fm is the frequency of the smusmdal frequency 
modulat1on By narrow-band FM, we mean that ,6.f /2fm ~ 1. It IS also assumed that 
many cycle~ of the modulatiOn arc sampled over the observatiOn duratiOn 

(S)W1de-band Fi\1 

The wtde-band FM ~JgnaJmodel1s described by (4) The w1de-band FM signal is 

charactenzed by .:::..; /'2 f 111 ~ l, and only a fraction of a cycle of the modulat10n 1s 
sampled ovct the ob~c1 \at ton duratiOn. 

(6)Tnangula1 l'\1 

s(n) = { 
l <'XJl:./ ( rf! + :Z;r j, Tn + 1raT2n 2)] 

l<·xp[;(r/J ;-2;rf,Tn-7raT2n 2 )] 

n = -N/2, -N/2 + 1, ... , -1 
n = 0,1, ... ,PV/2- 1 

(5) 

where o 1s the slope of the mstantaneous-frequeney up-ramp. The slope of the 
down-ramp ba:o the ;,,1me magmtude The up- and down-ramps are symmetnc w1thm 
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the observatiOn duration The frequency fc rs the mstantaneous frequency at the apex of 
the tnangular frequency vanation, wluch is the maxrmum mstantaneous frequency 
w1thm the observation duratwn. The slope o: rs calculated as 2!:l./T, where D. rs the 
bandw1dth wrtlun the trme period T The parameter T rs a fixed value. The waveform rs 
cons1dercd to be charactenzed by fc and D. rather than by fc and o:. 

(7)BPSK 

.s(n) = Aexp[J(¢ + 2n fcTn + O(n))], n = 1, 2, ... , N, (6) 

where On = 0 when the zero brts of the code sequence are sampled and t:+, = 0 when 
the one b1ts of the code sequence arc sampled. The phase shrft (}can be 9G', 120° or 
1S5° The code sequence consrsts of 15 brts and rs repeated every 1/ :[psk second The 
Ji·cq ucncy .fpsk IS E>uch that many cycles of the code sequence are sampled wrthin the 
ob~ervatwn duratiOn. 

(8)!\0JSC 

The n01sc samples w(n) are modeled as addrtrvc, white, complex Gaussran process 
w1th zero mean and vananee 2a-2 

In pract1ce. the recc1ved s1gnal rs always corrupted by nmse which mcludes medmm 
ambient nohe. antenna thermal norse, the c1rcmtry nmsc, etc .. The nmse can be 
dc~cnbcd by the above Gau,sJan norse model. Let z(n) denote the nmsy srgnal 
~amples Then. we have 

z(n) = s(n) + w(n), n = 1, 2 .... , N, (7) 

where " ( n) can be one of the seven srgnals mentioned above when the s1gnal rs present 
or a null '>Ignalm the absence of any srgnals. Also note that many receivers 
down-con\ e1 t ( e g , an !MOP recerver) the earner frequency to an mtermedJatc 
II cq uciJC) (I I ) p1101· to proccssmg Thus, m equations (1) to ( 6), .k is really an IF rather 
th~111 ,\ c,u·11ci 1'1 equcncy In the srmulatron studies, the IF rs chosen to vary from 
J()()} rr~ tu c..;oo/, TTz 

3. Decision Theoretic Approach 

The dechlon theoretic approach rs based on certam statistics of the the sample sequence 
for di~LIIlllmation between the modulation types of interest. The statistic calculated 
ti·om the ',lmple sequencers referred to as a feature. Based on the value of the statistic, 
the ~ampk sequencers put 111 appropriate class. A decrsron tree rs then devrsed, 
1m ol\ 1ng the calculatron of a relatively small number (e.g .. several) of features and the 
-.:unw~u 1 c.,un \\ 1th their thresholds The proccssmg of an mput sequence wrth unknown 
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modulatiOn type by the decisiOn tree results m the sequence bemg placed m one of 
several modulatiOn classes In our proposed deciSIOn theoretic approach. the sample 
sequence IS separated m the followmg steps· (I) noise from the seven signals; (2) the 
constant-envelope waveforms ( unmodulated CW, the three FMs and BPSK) from the 
varymg-cnvelope waveforms (DSB-SC and AM); (3) the signal with no phase 
mfonnatwn (unmodulatcd CW) from the signals with phase mfonnatwn (the three FMs 
and BPSK); and ( 4) DSB-SC from AM. Each of these separations mvolves a 
companson with a preset threshold The selectiOn of the values of these thresholds 
would have cntJcal Impact on the final separatiOn performance 

In separatmg the signals. the power spectral dens1ty (PSD) is first calculated from the 
mput sequence. There arc d1fferent techmques for cstJmatmg the PSDs mcluding the 
ones based on periodogram averaging such as Welch's method [11] A sample 
sequence was Simulated to a length of 8192, wluch was then div1ded mto 15, 
1 024-point, 50%-ovcrlappmg sectwns. Each sectiOn was Hannmg wmdowed and 
d1screte Founer transformed (DFTcd). The magmtudc squared of the DFT components 
were then averaged over the sectwns In general, the pcnodogram avcragmg approach 
performs well for stationary stgnals It may not be suitable for nonstattonary stgnals 
such as the triangular FM signal. In our sunulatwn study, the PSD Is generated mstcad 
by sunulatmg the mput sequence to a length of only l024 and then calculatmg the 
magmtude squared of the DFT of this sequence 

3.1 Noise Threshold 

6 

The test to determmc If a sample sequence IS noise only or contams a signal can be 
carried out either m the time domam or 111 the frequency domam Consider the tunc 
domam approach. Smcc w(n) IS assumed to be a complex Gaussian process With zero 
mean and vanancc 2d', It can be venfied that tts power, P,u(n) =I w(n) ~:!.IS . 

cxponcntwlly distnbuted, with a probability density function (pdf) given by 

1 Pw(n) 
p{ Pw(n)} = - 0 exp{ --

2 2 }, 
2<T~ <T 

(8) 

The time domam approach 1s to compare the magmtude squared of each sequence 
sample With the threshold, Fr,ttme The sequence is constdered as notsc only 1fthc 
number of samples e\.ceedmg the threshold 1s smaller than or equal to a ccrtam number 
K One may reqmre K to be zero, 1 e , none of the sample powers should exceed the 
threshold 111 order for the sequence to qualify as noise only This reqUirement. however, 
may be too stnngcnt. smcc tf a suffictently large number of nmsc sequences are 
considered, there will be samples wtth powers that exceed the threshold Thus, for 
example, tf 10,000 sequences of 1024 samples each arc constdcrcd and a false alarm 
probab1hty of Pfa = lO~h ts rcqUJred, we would expect that about 10 samples would 
have powers exccedmg the threshold A sequence wtth, say, one sample exceedmg the 
threshold can be a genuine notse sequence. Hence, K IS set to one Ill our study, a value 
that seems to work wellm actual testmg. 
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Given a threshold Fr,hme, the probability of false alarm can be obtamed as 

Pja = 100 

p{Pw(n)}dPw(n) = exp{ Fr,ttme} 
2o-2 ' 

(9) 
Pr,tlme 

Form (9), we can obtam the relationship between the threshold and the resultmg false 
alarm as Fr,ttme = -2o-2 ln Pfa· 

The frequency domain approach IS based on the statistics of the DFT components of a 
noise sequence. Using the fact that the nmse samples have the properties 

E[w(J)] = 0, E[w(J)w(k)] = 0 and E[w(J)w*(k)] = 2o-261k, (10) 

where E[·] denotes the expectation operatiOn, * complex conjugatiOn and ~k is the 
Kronecker delta, it follows that the DFT components 

N-1 

W(rn) = L w(n) exp{ -J27rmn}, rn = 0, 1, .. N- 1, (11) 
n=O 

IS zero mean and 

E[W(J)W(k)] = 0 and E[W(J)W*(k)] = 2No-2 !51k. (12) 

Smce W(rn) Is a linear combmat10n of normal random vanables, they are normal 
random vanables. Properties m ( 12) Imply that the DFT of an1 1 d zero mean circular 
complex Gaussian process with vanance 2c? is an 1.1.d zero mean circular complex 
Gaussian w1th variance 2N c? It follows that I W ( rn) 1

2 IS exponentially d1stnbuted 
With an average value of 2N c? Let Pr,Jreq denote the threshold 111 the frequency 
domam. By using the same argument as that m the time domam approach, 1t can be 
obtamed that 

Pr,Jreq = - 2N <T
2 In Pj a = N Pr,ttme. (13) 

The cntenon for determmmg a noise sequence IS that no more than one value of 
I W ( rn) 1

2 should exceed Fr,Jreq It will be seen later that smce the PSD of a sample 
sequence would be reqUired for the earner frequency estnnat10n. the frequency domam 
approach does not cost any extra computations 111 terms of the complete modulation 
recognition algontlm1 
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3.2 Centroid Frequency Calculation 

When the sample sequence IS determined as containmg a s1gnal, the next step is to 
estimate 1t ccntrmd frequency We only use those effective samples for frequency 
estimation By cffcctJvc samples, we mean those samples with amplitude above a 
certam threshold It IS known that several modulatiOn types are likely to be affected by 
the noise m the weak 1nterval of a s1gnal. Thus, 1t 1s not advantageous to use those 
heavily no1se contammated samples. The effective samples are selected as follows 
First, the maximum value of the PSD is determmed. Then, a threshold equal to 
one-third of th1s maxunum value 1s used to dehmit the PSD samples involved in the 
calculatiOn of the centroid frequency. Let n1, and n 2 denote the mdex of the first and 
the last sample, respectively. of the PSD that exceed the threshold. Denotmg the PSD 
samples by S(n) and the frequency values by F(n) = nfs/N, the centroid frequency 
is computed as the PSD-we1ghted average by 

~ 'L~~ S(n)F(n) 
fc,l = L~~ S(n) 

Note that /c,I IS a coarse estimate of fc and is used to demodulate the sequence 
samples. The demodulated sequence z(n) is g1vcn by 

z(n) = z(n)exp{-J211'}£-,1Tn}. 

(14) 

(15) 

3.3 Square-of-envelope Statistic 

8 

The separation of the constant-envelope waveforms from DSB-SC and AM and the 
latter two from each othc1 1s based on the square-of-envelope statiStiC defined by 

(16) 

where E(n) denote~ the amplitude and the angle brackets denote averages over 
samples Tim 1 atw 1 ~ the \ ~u Iance of the square of the envelope normalized by the 
square of ns mc,1n rhe u"e of th1s statistic to separate waveforms has been mveshgated 
by Chan and CJadblli" ! 5] \Vc have earned out a study of the dependence of Ron the 
carner-to-nohe ',\t!o (( '\!Rl tor each of these three waveforms· unmodulated CW, 
DSB-SC and \\ l I'm DS n-SC. the CNR is mterpreted as the signal-to-no1se ratw 
(SNR) The rc~uih ,11-c -,ummanzcd m F1gurc 1. For each of the three waveforms and at 
each CNR. lOlHl ,,tmpk :,cquenccs are generated to obtam the averaged ratw R. It iS 
seen that con~tant-.:m elope waveforms can be readily separated from DSB-SC and 
AM For example at the mm1mum CNR, 15dB, a threshold of0.08 can be set on R, 
below which the \\ avcfo1m 1~ class1fied as constant-envelope The separatiOn of AM 
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fi·om DSB-SC 1s less clear-cut because the R curve for AM depends on the modulation 
mdex In the lumt of mfimte CNR, 1t 1s simple to show that R for AM, RAM, depends 
on the modulatwn mdex, m, as 

(17) 

09,---------,----------,---------.----------~---------,---------, 

06 

n:: 0 5 
"0 
Q) 
01 
~ 
Q) 

~ 0 4 

03 

02 

0 1 

i' 

5 

' ' 

10 15 
CNR (dB) 

constant-envelope 
AM, modulation index=0.2 
AM, modulation index=0.7 
DSB-SC 

20 25 

Ftgure 1 V;:matton of R versus CNR for constant-envelope, AM and DSB-SC modu/altons 

30 

\ plot ul II' 1 ,11 versus m 1s shown in Figure 2. Form= 0.25 and 0.7. RAM 1s 0.118 
,md (J (J:J~. re~pectJvely From F1gure l, 1t 1s seen that the two AM curves approach 
ti1L'~c '- aluc:-, at !ugh CNRs. For DSB-SC, R in the Jim1t of mfimte CNR 1s equal to 0.5, 
'' h1cil h Jbo borne out by the DSB-SC curve m Figure l. If the AM modulatiOn mdex 
~~ 111 the nc1~hborhood of0.6. so that RAM is in ne1ghborhood of0.5. the AM and the 
DSB- ')C cun es would be close together, and it would not be poss1ble to separate these 
t '' o '' ,1\ cforms on the bas1s of the1r R values. Such an AM modulatiOn mdex, however, 
doc:-, not -,ccm to anse m most radars of mterest. As well, a modulation mdex of 0.25 
--,ccms to be the mmtmum for these radars A band of R values, 0.47 < R < 0.56. 1s 
the I cfo1 c Lbcd to d1scnmmatc between a DSB-SC and an AM modulatiOn type. 
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Figure 2: The square-of-envelope stat1st1c for stnuso1dal AM as a function of the modulatiOn tndex 
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3.4 Detrended Residual Phase Statistic 

Phase unwrappmg IS an important step, since any trend in the residual phase would not 
be apparent unless its values are first unwrapped. Th1s 1s Illustrated for the narrow-band 
FM and BPSK modulatiOns m the two plots m the top row of Figure 3 In each plot, the 
dotted curve is the residual phase restncted to the mterval ( -1r, 1r), and the solid curve 
is the unwrapped residual phase. The linear trend is clear only after phase unwrappmg. 
A least-squares straight line is fit to the unwrapped residual phase and then subtracted 
from it to give the detrended residual phase o¢(n), shown Ill the plots Ill the bottom row 
of Figure 3 Only the first 400 samples of each sequence are plotted to show the 
oscillatory nature of the narrow-band FM detrended residual phase and the repetitive 
nature of the BPSK detrended residual phase. 

The linear trend IS a reflectiOn of the fact that}c,l is not exactly equal to fc and 
therefore the unwrapped residual phase contains the linear term 27r(fc- Jc,I)Tn. By 
fittmg a least-squares strmght lme to the unwrapped residual phase, the slope of the 
straight line gives an estimate of fc- Jc,!, which is then added to Jc,l to give a second 
estimate of fc· It IS noted that the linear trend in the unwrapped residual phase can have 
either positive or negative slope, dependmg on whether Jc,l ts an underestimate or an 
overestimate of fc, respectively 

To separate unmodulated CW from the three FMs and BPSK, use ts made of the fact 
that the unmodulated CW carnes no phase mformatwn, whereas the others do For an 
unmodulated CW, Tretter [12] shows that at h1gh CNR, the complex Gaussian nmse 
w( n) has the effect of a phase noise, a real normal random van able of zero mean and 
vanance a 2 

/ A2 = 1/(2p), where pIS the CNR Since the smallest CNR considered m 
thts study is 15dB, or 31.6, the largest phase noise variance IS 1/63 The phase noise 
vanance is estimated by the sample average of the square of the detrended residual 
phase This statistic ts therefore compared wtth the threshold of 1/50, a value slightly 
larger than 1/63. If the detrended phase stattstlc IS smaller than this threshold, then the 
waveform is considered to be unmodulated CW; otherwise, the waveform IS one of the 
three FMs or BPSK. 

4. Pattern Recognition Approach 

In this sectiOn, an approach based on pattern recognition techmques ts proposed for 
dtscrimmatmg between the narrow-band FM, wide-band FM, tnangular FM and BPSK 
modulatiOn types. The method IS based on the linear d1scnmmant techmque and 
originally proposed in [7][8] The linear d1scnmmant functiOn IS determined by usmg 
the sample feature vectors from the trammg sequence of known modulatiOn types 
There are various procedures for determming the discnmmant functwns mcludmg 
statistical and non-statistical [13] In our study, the least squares approach ts used for 
esttmahng the parameters of the lmcar d1scnmmant functiOns 

Let the number of classes be M; the number of feature vectors m the zth class be ]'{. 
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Figure 3: Residual phase. unwmoped residual phase and detrended residual phase for narrow-band FM and BPSK 

modulatiOns For narrow-band FM f = .)00kH z, !'::..f /2 =50kHz, fm =300kHz For BPSK, /c = 500kHz, 
fpsk =55kHz 8 = 120" Sampl!ng frequency /s = 1 8MS/s, N = 1024 and CNR= 15dB 
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The total number of feature vectors IS gtven by Ntotal = L N,. Denote the Jth 
normalized feature vector of the zth class as h-.

1
, and the coefficient vector of the zth 

class lmcar dtscnmmant be s; The normalized feature-vector matnx H IS gtven by 

(18) 

Let :r_, be the vector of ideal classtficatJon results of all the feature vectors by the lmear 
dtscnmmant of the zth class. 

T ;r:., = [0, 0, .. , 0, 1, 1, ... , 1, 0, 0, ... , OJ _____.. 
N, 

( 19) 

wh1ch 1s a vector of zeros except for H. ones in the locations of the feature vectors of 
the 'lth class The least squares approach is to mtmmtze the followmg criterion wtth 
respect to ~~ 

(20) 

where 1111 denotes the Euclidean norm It can be venfied that the mmtmizmg solution of 
(20) ts gtven by [14J 

(21) 

In ( 21 ), the term :r_?' HT 1s the sum of the transposed feature vectors of the zth class 

(22) 

11 hell' rr_L 1~ the mean feature \ector of the zth class The matnx H HT IS g1vcn by 

M N, 

HHT = LLflz/!:-~ = NtotalQ, (23) 

z=l J=l 

11 here(] 1s the average offl, 1 fl~ over all the feature vectors Substitution of (23) and 
122) mto 121) g1vcs 

'1' N, 'T I c =--m cr. _, Ntotal_, 
(24) 
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Let p = r~l' f2' ... , ~M JT Then the hnear discnmmant function IS calculated as p . _b, 
where fl denotes a normalized feature vector mput The output of the linear 
discnmmant function IS a vector of size M. When a feature vector 1s present, the 
decisiOn rule of the discnmmant Is to assign the sequence to the class with the largest 
d1scnmmant output 

4.1 The Feature Vector 

14 

There IS a questiOn as to how to choose the appropnate feature vectors. In the 
followmg, we study the feature vector problem and show that there IS sufficient 
differentiatiOn among the dctrended res1dual phase histograms of the three FMs and 
BPSK. That IS, a feature vector formed from the detrended residual phase histograms 
shall be sufficient to d1scnmmatc between the four modulatiOn types 

In Figure 4, the results at vanous stages ofprocessmg that lead to the histograms for 
narrow-band FM are shown. The plots arc numbered as mcrcasmg from left to nght and 
from top to bottom. In plot I. the PSD consists of a mam peak and two side peaks at 
± f m from fc, or at 200kHz and 800kHz The first estimate of the earner frequency 
from the PSD, 1: 1, IS 499.90kH z. Th1s undercstnnate results 111 a pos1t1ve slope for the , 
unwrapped res1dual phase shown m plot 2. The intercept of the linear trend w1th the 
vcrttcal axis vanes from sequence to sequence because of the random mlt!al phase ¢ m 
the signal model [see (4)] The detrended residual phase is shown 111 plot 3. Samples of 
the instantaneous-frequency scaled by the samplmg frequency, f(n)T. arc calculated 
from the dctrcnded residual phases, 6¢(n), accordmg to 

f(n)T = 6¢(n + 1) - 6¢(n), 
2rr 

(25) 

and are shown 111 plot 4. Although not apparent on the scale of the plots, the vanatwns 
111 plots 2-4 arc nOise-corrupted smuso1ds The mterval ( -rr, 1r) IS divided mto 20 bms. 
The histogram of o¢( n) is shown 111 plot 5 In the absence of nmsc. these samples vary 
between -tlf /2fm and tlf /2fm, or between -1/6 and 1/6. Smcc the b111 size of 
7f /10 IS greater than 1/6, most of the samples are m the two central bms. The scaled 
frequency vanes from -0.5 to 0.5, and this mtcrval1s also divided mto 20 bms. The 
histogram of the scaled-frequency samples IS shown m plot 6 These samples, m the 
absence ofn01sc. are between -tlf /2f5 and -tlf f2fs, or between -0.028 and 0.028 
Smcc the frequency histogram bm Size IS 0.05, most of the samples arc 111 the two 
central bms. 

The correspondmg plots tor w1de-band FM arc shown 111 Figure 5. The modulation 
frequency, fm, of 400Hz IS much smaller than the corrcspondmg value of 300kHz m 
narrow-band Fl\1 The ratiO tlf /2fm IS 37.5, compared with 1/6 for the narrow-band 
case Only 0.23 of a modulatiOn cycle 1s sampled over the observatiOn duratiOn of 569 
ps. There is considerable structure w1thm the mam peak of the PSD. w1th components 
at multiples of fm on either side off, Since the frequency resolution. fs/N, IS 
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Figure 4: The results at vanous stages of processmg that lead to the detrended residual-phase and 

scaled-frequency histograms of narrow-band FM modulatiOn The s1gnal parameters are· /c = 500kHz, 

uf /2 = 50kHz, fm = 300kHz Samplmg frequency fs = 1 81\I Sf s, N = 1024 and CNR= 15dB 

DREOTR 2001-111 15 



P517628.PDF [Page: 31 of 56]

16 

1. 76kHz, this structure IS not discernible. The centroid frequency is calculated to be 
511.09kH z The unwrapped residual phase m plot 2 shows clearly that only a fraction 
of a modulatiOn cycle Is sampled There IS no trend to speak of The fittmg of a 
least-squares straight !me, shown dashed in plot 2, is therefore not a meamngful 
procedure It IS earned out for reason of consistency of application Due to the large 
value of D.f /2fm, it IS very l!kely that the detrended residual phase vanes over a range 
greater than ( -n, n) and therefore all bms of the phase histogram are occupied. When 
this occurs. the first and last bms tend to be fairly highly populated, smcc samples 
smaller than -narc placed m the first bin and samples greater than 7f are placed in the 
last bm. In the absence of nmse, the scaled-frequency vanes between -0.008 and 
0.008. Most of the scaled-frequency samples are therefore in the two central bins, as 
shown m plot 6 

The plots for tnangular FM are shown m Figure 6. The structure Within the mam peak 
of the PSD IS agam not discernible The centroid frequency ts 497.46kH z As for 
wide-band FM. the least-squares stra~ght-lme fit IS not meaningful. Ideally, one would 
like to fit a lme tangent to the unwrapped residual phase at the 513th sample, so that 
after ti11S !me IS subtracted. the first 512 samples arc positive and the last 512 samples 
arc negative. As the value of the parameter 6., which determines the slope of the 
mstantaneous-frcqucncy vanatwn, increases, the detrended residual phase vanes over a 
larger range of values, resulting in more histogram bins being occupied. However, even 
for the largest considered 111 this study, not all of the bms are occupied. For the smallest 
D. values of 2kHz and .±kHz, the phase histogram resembles that of narrow-band FM 
This 1s Illustrated 1n Figure 7 for D. = 2kHz. This Is the reason for the confuswn 
between these two FMs. as will be seen from the classificatwn results of SectiOn 5.2. 

The plots for BPSK arc shown m Figure 8. The centrOid frequency ts 501.4_3kH z. 
Many cycles of the bit sequence arc sampled over the observation duration, and the 
linear trend 111 the unwrapped residual phase IS apparent in plot 2. A least-squares 
straight-lme fit 1s meamngful In the absence of nmsc, the detrendcd residual phase is 
either -0 /'2 or() /'2, where()= 120° Is the phase change when the b1t state changes 
from zero to one It can be seen that most of the detrended residual phases are m the 
fourth bm on either s1de of zero, as shown in plot 5. There are about two samples per 
bit The d1ffe1 ence bet\\ een two successive detrended residual phases Within the same 
bit IS Lero. IS() when there 1s a transitiOn from a zero bit to a one bit and is -{)when 
there IS a transltlon fi·om a one b1t to a zero bit. As shown m plot 6, most of the 
scaled-frequency sampk'> arc therefore m the two central bms about zero; the 
scaled-frequency samples eorrcspondmg to bit-state transitiOns of() and -{}are in the 
seventh bm on l'Ithe1 ~Ide of Lcro 

Ftgure 9 shows the cao.e of BPSK when() = 155° It can be seen that the spectral value 
at the earner llCL]UCile} I'> clCtually }ower than those of the immediate 11e1ghbonng 
spikes, as shown 111 plot l The centroid frequency IS estimated as 503.17kHz. The 
behaviOr of the unw1 appcd residual phase m plot 2 seems to be related to the fact that() 
Is close to 180" and to nmsc fluctuatiOns. If the CNR is mcreased to 20dB, this 
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F1gure 5 The results at vanous stages of processtng that lead to the detrended residual-phase and 

scolea-frequency htstograms of Wide-band FM modulatiOn The s1gnal parameters are fc = 500kHz 

_:,j /'2 = 1~1. If::- j, = .JOOHz Sampltng frequency f, = 1 8MSjs, N = 1024 and CNR= 15dB 
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Figure 6· The results at vanous stages of processmg that lead to the detrended residual-phase and 

scaled-frequency histograms of tnangular FM modulatiOn The s1gnal parameters are fc = 500kHz. D. = 16kHz 

Samplmg frequency Is = 1 SM Sjs N = 1024 and CNR= 15dB 
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Figure 7: The results at vanous stages of processmg that lead to the detrended res1dual-phase and 

scaled-frequency histograms oftnangular FM modulation The s1gnal parameters are fc = 500kHz, .6. = 2kHz 

Samplmg frequency Is = 1 SM S / s, N = 1024 and CNR= 15dB 
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Figure 8: The results at vanous stages of processmg that lead to the detrended residual-phase and 

scaled-frequency histograms of BPSK modulat•on The s1gnal parameters are· fc = 500kHz, fpsk = 55kHz, 

(} = 120" Samplmg frequency fs = 1 SMS/ s, N = 1024 and CNR= 15dB 
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Table 1: Vanat10n of waveform parameters for the generatton of trammg data 

Waveform Narrow-band FM Wide-band FM Triangular FM BPSK 

fc 400·100:600 400: 100:600 400: 100:600 500:100:700 
D..f /2 40:10:60 12:3:18 

fm 240·60:360 0.32.0 08·0.48 
D.. 2:2:18 

jp,/c 50:5·60 
(} 90, 120, 155 

behaviOr occurs much less frequently A least squares strmght-line fit to the result m 
plot 2 Is. of course, meanmgless, as is the phase histogram. This behaviOr results m 
BPSK bemg wrongly identified as either wide-band or triangular FM, as will be seen 
from the classificatiOn results of SectiOn 5.2. The scaled-frequency histogram, however, 
Is essentially correct, with most samples m the two central bms and those 
corrcspondmg to bit-state transitiOns m the ninth bm on either side of zero 

4.2 Training Data Generation 

\Ve have ~hown usmg numencal results that there is sufficient differentiatiOn among the 
dctrendcd rcs1dual phase histograms of the three FMs and BPSK. We use only the 
ph.1se histogram as the feature vector to study the performance of the pattern 
rccogmtton based approach. 

Each parameter of each of the four waveforms IS allowed to take on a number of values, 
a~ summanzcd m Table 1 In the table, the frequencies are all in kHz and the phase 
~hi fts 111 degrees The values are given m the form mitial value:mcrement final value, 
with the exceptiOn of the phase angles of the BPSK signal. For each combmation of 
parameter values, 20 signal sequences arc simulated, varymg the Initial phase ¢ 
t ,tndomly f tom ~cqucncc to sequence for each s1gnal sequence, a d1stmct noise 
,cquencc t'> generated and added to the s1gnal sequence. The sum of the signal and 
tw t ~c ~cqucncc:-, ts then processed to produce the detrended res1dual phase l11stogram 
StLJcc there arc '27 parameter combinatiOns and 20 sequences for each combmat1on, 540 
!'c,ttutc \Cctors me produced for each waveform. The four sets of feature vectors arc 
Lllncc~tcnatcd tn memory, g1vmg an array The maximum population m each feature 
drmcn:-,ron, r c , 111 each row, IS dctermmed, resulting in a maximum-populatiOn vector 
f! 1 , 1n, Each fc<tture vector IS normalized by Pmax. I.e., each component of the feature 
\ector t'> drvtdcd by the corresponding component ofrmax· The result IS a normalized 
feature-\ ector matnx, denoted by H. 

5. Modulation Recognition Algorithm 

B,bcd on the decision theoretic and the pattern recogmtwn approach, we propose a 
h; ht td dccrsron tree wh1ch IS able to classify the eight modulatiOn types efficiently In 
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Figure 9· The results at vanous stages of processtng that lead to the detrended restdual-phase and 

sca/ed·frequency htstograms of BPSK modulatton The stgnal parameters are fc = 500kHz, fvsk = 55kHz, 

() = 155" Sampltng frequency f, = 1 SM S/s. "V = 1024 and CNR= l5dB 
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Table 2: Interpretation of the values of the flag output of the modtype functwn 

Value ModulatiOn Type 
1 Noise 
2 Unmodulated CW 

3 Narrow-band FM 
4 Wide-band FM 
5 Triangular FM 
6 BPSK 
7 DSB-SC 
8 AM 

Table 3: Contents of the output array paramest of the modtyp c functton 

Element Parameter 
1 Carner frequency 
2 Amplitude 
3 FM modulatiOn frequency 
4 FM peak frequency deviatiOn 

5 Triangular FM slope 
6 BPSK phase shift 
7 AM modulation mdex 
8 AM modulation frequency 

the decisiOn tree, the decisiOn theoretic approach IS used to separate noise from signals, 
constant-envelope waveforms from DSB-SC and AM, unmodulated CW from the three 
FMs and BPSK, and DSB-SC from AM while the pattern recogmtion approach IS used 
to d1stmguish the three FMs and BPSK. The pseudocode of the decisiOn tree for 
class1fymg the modulatiOn type of a sample sequence Js shown m Figure 10. The 
decisiOn tree IS implemented by the MATLAB functiOn modtype The mput of the 
algonthm IS the complex sample sequence denoted by z. There are two outputs: flag 
and paramest The scalar flag has a value between one and eight and mdicates the 
modulation type accordmg to Table 2 The 1 x 8 array paramest contams the 
estimated values of the signal parameters The contents of paramest are shown m 
Table 3. Different subsets of the eight elements apply, dependmg on the waveform For 
the AM waveform, for example, only elements l, 2, 7 and 8 are relevant and contam the 
estimated values; the other elements are zero For noise, all clements ofparamest are 
zero. Values such as sampling frequency, sample size, threshold settmgs, etc , are 
reqmred by modtype. These values are loaded into global memory by the script that 
calls modtype and therefore become available to It. A dcscnptlon of these vanables is 
given m Table 4. In the followmg, we discuss m detml some of the statements m the 
pseudocode. 
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\'lODTYPE(z) 

I Zero paramest 
2 Generate PSD 
3 Detenmnc no of samples, K, above TI-LNOISE 
4 if K::::;; 1 
5 then flag t- 1 
6 else Calculate PSD centroid frequency 
7 Demodulate z according to this estimate 
8 Determmc envelope samples E(n) & unwrapped residual phase samples 
9 cp(n) of demodulated z 

10 Calculate envelope statiStic R 
II De trend ¢(n) to obtam de trended residual phase samples 6¢( n) 
12 if R < TfLR. 
13 then Calculate ( (t5¢(n)) 2

) 

14 if((5¢(n)) 2 ) < TH_CW 

15 then Update f~ 
16 Store estimates 111 paramest. flag t- 2 
17 else Obtam detrended residual phase histogram 

Normallzc histogram 
Calculate all linear discnmmants 
Dctermmc modulatwn type, type 

s\\ itch 
case type = narrow-band FM . 

Estimate fm , tlf/2 & update Jc 
Store estimates 111 paramest. flag t- 3 

case t ypc = w1de-band FM : 

18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Store amplitude est1mate in paramest. flag t- 4 

30 
31 
32 
33 
34 
35 
36 
37 

case type = triangular FM : 
Calculate scaled instantaneous-frequency samples f ( n )T 
Estimate slope a & update fc 
Store estimates 111 paramest flag t- 5 

case type = BPSK : 
Estimate 0 & update }c 
Store estlmates m paramest. flag t- 6 

chc if Tl-LDSBSCLOW < R < TH.DSBSC.HIGH 
then humate .1, fam & fc 

~to I c estimates m paramest. flag t- 7 
cbc bttmatc m , !am & update Jc 

38 Store estimates m paramest. flag t- 8 
39 return flag, paramc~t 

F1gure 10 The pseudocode ofthe modtypc functiOn 

24 DREO TR 2001-111 



P517628.PDF [Page: 40 of 56]

Table 4: Values m global memory that are available to the mod type functton 

Vanable Name DescriptiOn 
fs Sampling frequency (samples/s) 
T Samphng mterval (s) 
N Sample stze 
n array, contammg 0, 1, ... , N - 1 

freq _vector array, contammg 0, fs/N, ... , (N- 1)fs/N(Hz) 
TH_NOISE Threshold to separate nmse from signals (voltS2) 

TH_R Threshold to separate constant-envelope waveforms from DSB-SC and AM 
TH_CW Threshold to separate unmodulated CW from the three FMs and BPSK 

TH_DSBSC.lOW Low hmtt of threshold range for Identifying DSB-SC 
TH_DSBSCHIGH Htgh hmtt of threshold range for tdentifymg DSB-SC 

phascbc 1 x 20 array of detrended restdual-phase histogram bm centres 
range 1 x 20 array of largest histogram populatiOns of the traming feature vectors 

dscrmnt 4 x 20 array of hnear-dtscrimmant coefficients 

5.1 Parameter Estimation 

After the modulatiOn type ts Identified, the parameters of a waveform are estimated. In 
statement~ 15 and 16, the amphtude of an unmodulated CW ts approximated stmply by 
the average of the envelope samples, < E( n) > The residual camer frequency, 
(f, - },, t), IS estimated by processing the demodulated samples .Z( n) by a 
generalization of Crozter and collaborator's single-tone-signal-frequency estimatiOn 
algonthm [9][ I 0] Thts generalized algorithm IS contained m the MATLAB functiOn 
dmarad The residual-frequency estimate is then added to the first estimate based on 
the PSD. /r .1, to gtve the second and final frequency estimate. Alternately, dmarad can 
be applied to the mput samples z(n) to give the camer-frequency estimate dtrectly The 
camcr-frequcncy and amphtudc estimates arc stored m elements I and 2, respectively, 
uf the paramcst array, and flag ts set to 2. In Figure 11, the fractiOnal esttmatton error 
ufthe cuncr frequency IS shown 111 the top plot, and that of the amphtude IS shown 111 

the bottom plot The 200 sequences are the ones used to produce the classtficatton 
1c~ulh In :-.ect1on 52 below The fractional estimatiOn error IS defined as (estimated 
\aluc- liuc \aluc)/(true value) The etght pairs of vertical hnes m each plot correspond 
to the -.,cqucnccs that are misidentified as noise. In these cases, no estimates are 
returned and the fractiOnal estimation errors are therefore -1 It IS noted that the camer 
frequency fractional CSttmation error IS less than 10--4 

In -.,tatemcnt:> 23 and 24, the amplitude, A, of narrow-band FM is estimated as 
< E111 1 > The slope of the least-squares stratght !me fit to the unwrapped residual 
pha~e I'> ~:-:-1 f, - fc. 1 )T It ts therefore dtvtded by 2n.Y and then added to the first 
e-,umate a~ gi\ en by the centrOid frequency to gtve the camer-frequency estimate The 
dctrcnded 1 csidual phases, J¢( n), arc expected to vary as ( ~f /2fm) sin 2rr f mTn The 
dmarad function can be used to estimate the modulatiOn frequency fm· However, smce 
the 1lcb(n) ~11c teal, whereas dmarad requires complex mputs, J¢(n) are first Hilbert 
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transformed The complex, transformed samples are then processed by dmarad to give 
fm· The modulatron mdex, D./2fm, is estimated by usmg the fact that the square of a 
smusotdal signal averaged over one cycle is one-halfthe square of the signal amplitude 
Applying this to 8¢;(n), the modulatiOn mdex IS estimated asJ2 < (8¢(n)) 2 >.This 
quantity Is then multiplied by fm to give an estunate of the peak frequency deviation, 
b.f /2. It IS noted that tl11S is a relatively crude way of estlmatmg D.f /2. The detrended 
residual phase sequence does not, m general, con tam an mtegralnumber of modulation 
cycles. One can use the estimate f~ to truncate the detrended residual phase sequence 
to an mtegral number of modulation cycles and calculate the mean square of the 
detrended residual phase based on the truncated sequence. The rcsultmg estimate of 
D.f /2, however, IS not much Improved. Hence, at present, the entire detrended residual 
phase sequence IS used m the estimatiOn of D.f /2. The fractwnal estimation errors of 
the four parameters are shown m Figure 12. It IS seen that the camer and the 
modulation frequencies are accurately estimated, the amplitude less so, and the peak 
frequency deviatiOn 1s least accurately estimated. The pcnod1c nature of the 
peak-frequency-deviatiOn plot is due to the loop structure used 111 the gcneratton of the 
sample sequences. Three loops are used: the first (outcm1ost) loop corresponds to 
carrier-frequency vanation, the second to peak-frequency-devmtwn vanatwn. and the 
third to modulation-frequency vanatwn. The five cycles m the plot correspond to the 
five camer-frequency values. Within each cycle. the upward-slantmg hnes show that 
the estimate becomes poorer as the modulatiOn frequency mcreases, but the tact that 
these hnes have a downward trend indicates that the estimate Improves as the peak 
frequency dev1atwn mcreases. 

For wide-band FM, smce a least-squares straight !me fit to the unwrapped residual 
phase rs not a meanmgful procedure, none of the parameters .£.., f m and D.f /2, IS 
estimated In statement 26, only the coarse estimate of the amphtude IS returned m 
paramest. 

In statements 28, 29 and 30, the residual peak mstantaneous frequency, i- J:,I. of 
tnangular FM and the frequency slope, a, are estunated from the scaled 
mstantaneous-frcquency samples f(n)T. These samples can be calculated etther from 
the detrcnded residual phases o¢(n) according to (25) or from the unwrapped residual 
phases ¢(n) The differences between the two sets ofmstantaneous-frcqucncy samples 
arc negligible. A least-squares straight lmc can be fit to enher the first 512 or the last 
511 scaled mstantancous-frcquency samples. It ts found that estunatcs based on the last 
511 samples are better The mterccpt of the least-squares stratght hne IS an estimate of 
Uc- Jc,t)T It ts therefore dlVlded by T and then added to the centrmd frequency to 
give fc· The slope ofthe least-squares strarght hnc rs -aT-, from whtch ri is obtamed. 
The amplitude A IS estimated as < E(n) >. 

In statements 32 and 33, only A, fc and the phase change.(), ofBPSK arc estimated. 
Tbc amplitude 1s estimated as< E(n) > The earner frequency 1s estimated as 111 

narrow-band FM The estimate of the phase change IS gn en by 
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{) = 2J < (6¢(n)) 2 >. (26) 

In statements 35 and 36, the parameter A ofDSB-SC cannot be estimated as< E(n) > 
smce thts ts approximately zero. Constder the square of the envelope. In the absence of 
l101SC, It IS gtvcn by 

(27) 

F10m !27), we can obtain that 

(28) 

and 

2 2 A2 
E (n)- < E (n) >= 2 cos(4n"famTn). (29) 

Thus. the amplitude A can be estlmatcd as 

(30) 

fhe carnet frequency !am ts estimated by the dmarad functiOn. First, the Htlbcrt 
tramform h applted to &(n)- < E 2 (n) >to convert them mto complex values 
Then. the complex samples arc fed to the damard to provtde the frequency estimate 
fu "' Because of the doublmg of fum when envelope-squared samples arc constdered. 
/r1111 :-.hould be less than fs/4 =450kHz in order not to viOlate the Nyqutst samp!tng 
ctttenon The PSD consists of two peaks, correspondmg to the two stdebands; there ts 
no peak at the camer frequency, smce tt ts suppressed. The camer frequency can be 
e:-,llmated as m the narrow-band FM case. However, tt ts found that a more accurate 
estimate can be obtamed by stmply averagmg the frequenctes at the PSD deltmttmg 
potnh a~ gt\'Cn by the sample numbers n1 and n 2 . Hence. fc ts estimated as 

j~ = F(nl) + F(n2). 
2 

where F( n \ arc the frequency values involved in the calculatiOn of the centrOid 
frequency l~ec (14)] 
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For an AM stgnal m the absence of nOise, it is noted that the normalized envelope 
deviation from its mean, e,.,, is 

E(n)- < E(n) > 
e(n) = < E(n) > = mcos(27rfamTn), 

which suggests that the modulat10n index, m, can be estimated as 

m = )2 < e2 (n) >. 

(32) 

(33) 

and that the modulation frequency, !am. can be estimated by the dmarad funct10n after 
Hilbert transfom1mg e(n) The parameter A is estimated as< E(n) >and the earner 
frequency fc IS estimated as in narrow-band FM The fractiOnal estimation errors of the 
four parameters are shown m Figure 13. Of the 200 sequences generated, 22 are 
misidentified as DSB-SC. The parameter estimates for the misidentified sequences are 
meamngless and are replaced by the true parameter values. Therefore the fractwnal 
estimation errors are zero at the misidentified sequences This can be clearly seen m 
plot 2, where 22 mean-envelope errors are at zero. The plots show that the modulation 
frequency IS most accurately estlmated, followed by the carrier-frequency estimate, the 
mean-envelope estimate, and the modulatwn-mdex estimate. The pcnod1c nature of 
plot 3 IS agam due to the loop structure used 111 the generatiOn of the sequences Three 
loops arc mvolvcd: the first (outermost) for camer-frequency vanatwn, the second for 
modulatiOn-frequency variatiOn, and the third for modulatwn-mdex vanatwn. The 25 
cycles m the plot correspond to the 25 combmations of earner frequencies and 
modulation frequencies. W1thm each cycle, the fractiOnal error becomes smaller as the 
modulatiOn mdcx mcreascs. . 

5.2 Classification Results 

30 

For each of the seven signals and nmse, sequences arc generated and then processed by 
mod type to evaluate 1ts operatiOn For notse, 10,000 sequences arc generated The 
noise vanance, d2, IS set to umty for simplicity Each signal parameter takes on a 
number of values The number of sequences generated for a signal is equal to the 
number of parameter combmatwns and vanes from 90 to 250 Table 5 shows the 
parameter values and the number of sequences generated for each signal As m Table 1, 
w1th the exceptiOn ofthe phase change e ofBPSK, each set of parameter values ISm the 
form mtt!al valuc·mcrement·final value All frequencies are m kHz, and() IS in degrees 

The classification results are summanzcd m the confusion matnx of Table 6. The 
probability of false alarm Is 10-6 , and the CNR is 15 dB. All 10,000 noise sequences 
arc correctly 1dentrfied For unmodulated CW, etght of the 200 sequences generated are 
misidentified as notse. This is because the randomly-chosen camcr frequency happens 
to be approximately equal to a multiple of the frequency resolutiOn, Is/ N. The PSD 
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value at that DFT component has the value of (AN)2 (78.2 dB), while the values at the 
other DFT components are approximately zero. Thus only one PSD value IS above the 
noise threshold of 44.5dB, and the waveform is class1fied as noise. 

For the triangular FM signals, of the 10 ~values m Table 5, about 10% of the 
sequences are wrongly classified as narrow-band FM. The wrong classificatiOn occurs 
at the small 4kHz value of~- This is consistent with the discusswns m Sectwn 4.1 
that for small values of the parameter~' the tnangular FM phase histogram can be 
confused wtth that of narrow-band FM. 

For BPSK, 90 sequences are generated and 64 of them are correctly tdenttfied. Of the 
misidentified sequences, 24 are incorrectly Identified as wide-band FM and two are 
incorrectly identified as tnangular FM. The mtsidenttfied sequences all have a phase 
change of B = 155° As discussed in Sectwn 4.1, it is known that BPSK of a phase 
change of 155° can be confused with wtde-band FM or tnangular FM. When 
classificatiOn ts repeated at an mcreased CNR of 20 dB, the phase-unwrappmg problem 
shown in plot 2 of Figure 9 occurs much less frequently, and all 90 sequences are 
correctly identified. 

Of the 200 AM sequences used m the test, 178 are correctly tdenttfied. However, 22 are 
misidentified as DSB-SC As noted m Sectwn 3.3, when the AM modulatiOn mdex, m, 
ts about 0.6, the square-of-envelope stattst1c R ts approximately 0.5 and the AM 
waveform would be easily confused with DSB-SC. This value of m IS mcluded in the 
set of eight m Table 5. 

6. Summary 

In thts report, a method for recogmzmg seven waveforms and nmse IS descnbed. The 
waveforms arc: unmodulatcd CW, narrow-band FM, wide-band FM, tnangular FM, 
BPSK, DSB-SC and AM These waveforms arc encountered m many radars of mterest 
The method involves a combmatwn of decision theoretic and pattern recogmtwn 
techmques. The decisiOn theoretic approach IS used to separate nmse from the signals, 
the constant-envelope waveforms from the varymg-cnvelope waveforms, the 
unrnodulated CW from the waveforms wtth phase mformahon, and the two 
varying-envelope waveforms from one another The pattern recogmtwn approach is 
tramed to distinguish the three FM and BPSK waveforms based on their detrended 
residual-phase histograms. Computer simulatiOns show that nmse, narrow-band FM, 
wide-band FM and DSB-SC are perfectly recognized. Where confusiOn anses in the 
other four waveforms, the reasons are clearly understood Some of the confusiOn can be 
removed If some restrictiOns arc placed on the stgnal parameters or by mcreasmg the 
CNR. 
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fc 6.f /2 fm 6. fpsk () Jam m No. Sequences 
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400:50·600 40. 5: 60 230: 20: 370 200 

400·50·600 11:2:19 0 31:0 02·0 49 250 

300:50:750 4:2:22 100 
600.50 800 45.3:60 90,120,155 90 
350:50 800 160:10:250 100 
400:100·800-
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Table 6: Results of waveform classrficatJOn by the mod type functiOn, CNR= l5dB 

Unmodu- Narrow- Wide- Tnangular 
Noise latedCW band FM band FM FM BPSK DSB-SC 

N01se 100 
Unmodulated 

34 

cw 4 96 
Narrow-
band FM 100 

Wide-
band FM 100 

Triangular 
FM 10 90 

BPSK 26 7 2.2 71 1 
DSB-SC 

AM 
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AnnexA 
Technical and Administrative Frequency List 
Information 

Only technical information for a station with transmit and/or receive capability is listed 
below Admmistrative information (company name, license number, etc.) is omitted. 

a. statwn latitude 

b. statiOn longitude 

c. stte elevatwn above mean sea level (m) 

d antenna herght above ground (m) 

e. antenna effective radiated power ( dBW) 

f. antenna gain (dBI) 

g. antenna beam azimuth (degrees, with respect to True North) 

h antenna beam polanzatwn 

This IS encoded by a smgle upper-case letter Refer to ant_ pol.txt to decode. 

antenna beam elevation (degrees, with respect to local honzontal) 

j. antenna pattern code 

This IS a four-digit code. Refer to the entry with the same code in antpat.txt (after 
unzippmg antpat.zip) for additwnal antenna informatiOn such as Size, beam 
pattern. manufacturer. model number, modificatiOn date. 

k. transmlt and/or receive frequency (Hz) 

I. band\\ tdth 

Note the convention for spectfymg bandwidths· 2K06 means 2.06kH z, 18M7 
means 18 7 iv!Hz 

m. spectrum signature code 

This Is a three-digit code that specifies modulatiOn type and channel capacity Refer 
to sscode-e.txt 

n ITU classificatiOn of statiOn 

This 1s a two-upper-case-letter code. Refer to itiLcls.txt. 

DREO TR 2001-111 



P517628.PDF [Page: 52 of 56]

o. class of emission 

This is a five-alphanumeric-character code. Only the second character is a digrt; the 
others are letters. The first character stands for type of modulation, the second for 
nature of signal(s ), the third for type of informatiOn, the fourth for details of 
signal(s), and the fifth for nature of multiplexing. Refer to emis..cls.txt. 

p. transmitter loss (dB) 

q. transmrtter power (dBW) 

The files anLpol.txt and itu_cls.txt can be downloaded by going to 
http://apollo.ic.gc.ca/english/decode.html. The file antpat.zip can be downloaded 
and the files sscode-e.txt and emis..cls.txt can be viewed by going to 
http://spectrum.ic.gc.ca/tafl/tafindxe.html. 
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