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FOREWORD 
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the Center are provided by military and civil service personnel The technical operations 
function is provided through an Air Force sponsored contract with the IIT Research 

Institute (IITRI). 

This report was prepared as part of AF Project 649E under Contract 

F 19628 70C 0291 by the staff of the NT Research Institute at the Department of Defense 
Electromagnetic Compatibility Analysis Center 

To the extent possible, all abbreviations and symbols used in this report are taken 
from American Standard Y10 19 (1967) "Units Used in Electrical Science and Electrical 
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APPENDIX 

EQUIVALENT LOW PASS FILTER ANALYSIS 

This analysis will consider the effect of a linear time invariant bandpass filter on the 
pulsed interference. The intetfermg pulsed spectrum at the output of the IF filter will be 
symmetrical or unsymmetncal depending upon the input pulse parameters. The Fourier 
transform of the output spectrum will give the output time waveform (references 29 and 
30). 

To determine the output time waveform analytically, it is necessary to show that for 
any given narrowband spectrum of a real signal, the real and imaginary bandpass and low 
pass equivalent can be obtained This will enable one to determine the amplitude and phase 
modulation with respect to a particular frequency within the narrowband spectrum. 

First it will be shown that the impulse response of a symmetrical bandpass filler is a 
modulated signal that can be derived from an appropriately chosen low pass filter. These 
results can then be used to derive the output time waveform for a given symmetrical 
narrowband spectrum. Second, these results will be extended to show that given any 
narrowband spectrum of a real signal, the real and imaginary bandpass and low pass 
equivalent can be obtained. From this the amplitude and phase modulation with respect to a 
particular frequency can be obtained. 

The bandpass filter is defined as a system function whose spectral density has 
significant values only in a region not containing the origin (Figure I la). The Fourier 
transform of the impulse response of a symmetrical filter is defined as the system function, 
Gs(a;). That is: 

GSM /.   gs(t)e ""dt 

X(CL)) + )y(a;) 

(ID 

(1-2) 

AMe"«^) 

Since Gs(tL)) and gs(t) are Fourier transform pairs 

Qslt) -       2* L   Gs(cj)e
>',da; (1-4) 

I 1 
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Considering a system function Gs(u)) as a sum 

G$(tj) =    G;M + G.-(W) 

where 

G: (OJ) =      GJ(CJ)U(U') = A.lcjle   ,H•,l-, 

G.-M =      G$(u;)U|-u) = A:(u)e   ,H''W' 

as shown in Figur« Mb. 

Since g,(t) is a reai function of time 

G$(CJ) ■      G.'l-w) 

and therefore, 

c; |W) ■      G. * M 

where * denotes the complex con)ugate 

If the system function is symmetrical, then 

G,MCJ+U)0)       =      G*'(u!0-u)) 

G, (UJ-CO0)      =       G,*(-u;0-aj) 

where UJ0 is the center frequency. 

Therefore, with 

G.MCJ) =      A^wle-18-"-1 

G,-M =      A, (uJ)e-iS'"J, 

one obtains 

A^ort-uiQ)   =   AJCJQ-G;) 

AJ(Cü-CJ0)  ■   AJI-CJQ-UJ) SJICLI-OJQ)  =   -BJI-COQ-CJ) 

13 
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(15) 

(I-6a) 

(I-6b) 

(I 7) 

(18) 

(19) 

(I 10) 

(I 11) 

(I 12) 

(1-13) 

(I 14) 
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Thus, A,(CJ) and AJICJ) are even functions and 8,(0;) and H:(CJ) are odd functions abouv 

the center frequency CJ0. 

The system function, G,(CJ), for a symmetrical system can be obtained from the 

equivalent low pass function. That is, the impulse response of a symmetrical bandpass filter 

of center frequency CJ0 is given by 

9,(t) 29ks(t) cos CJ0 t (I 15) 

where  g^s(t) is the equivalent low pass filter function. This is easily shown by considering 

the fact that the low pass system function Gkjco) of Figure I 2 is obtained by shifting G[ (u) 

in Figure 12 to the left by CJ0. That is 

Gks(u;) G* (UJ^CJQ) (I 16) 

or 

G;M =      Gß5(w-w0) (117) 

It is also evident that G^lu) can also be obtained by shifting G, (CJ) to the right by u)0. 

G^s(u)) G, (to   c.;c* 

or 

GS(CJ) Gls(cc)+a)0) 

Due to symmetry 

Gfs(-a;) =      G^JICO) 

Using the property of the shifting theorem and Equations 16 and 18 one obtains 

g^lOe'^o'   - -   G:M 

g9s(t)e   '"<" .  

g^lOe^0' + g f!.(t)e ^<" 

-*     G, (w) 

-*   G;M+G, M 

(I 18) 

(I 19) 

(120) 

(121) 

(122) 

(123) 

14 
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tXJt 

a.' (W) ♦ G. (u)   -   G.M - 

therefore 

-   9,(1) 

9,(1) ■ g^J(t)(e'u'<', t-e   ^o" 1   = 2gis(t| cos u;0t 

(124) 

(125) 

The symmetric^1 system is sufficient for handling on tune pulse interference since the 
product of the syrmnetncal system function and the pulse spectrum will produce a new 
function symmetriv-al about u;«. However, for off tuned pulse interference the product of 
the system function and the pulse spectrum will produce an unsymmetncal function about 
the center frequency ui0. 

This can be handled by expanding the result obtained for the symmetrical case. Writing 
G(tij) as m the symmetrical case (see Figure 13) we have 

GM G+(u;) *G   (CJ) (126) 

where G+(UJ) and G_'(u;) are defined by Equation (16). In order to simplify the drjwing 
only the real part of GIUJ) will be shown. If the system is unsymmetrical then there is no 
clearly defined center frequency. u;0, as in the symmetrical case. 

Choosing CJ- as any frequency in the passband one can write the output signal of a 
narrowband waveform in complex form as 

git) RClA(t)el* lit)     aitWa«  ♦   »oM (127) 

where RC means take the real part 

A(t) 

w. 

Or 

slowly varying function as compared to cjgt 

slowly varying phase function as 
compared to u:0X 

carrier frequency in radians 

carrier phase 

Rewriting g(t) in quadrature form gives 

g(t) =      Alt) cos (jiilt) cos (o;0t+Ö0)-A(t) sin 0,(1) sin (cj0t+fl0) 

=      2gCllt)cos l«0t+fl0) -2gC2lt)sin|coot + 0o) 

I 28) 

I 29) 

16 
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Alt) cos [uot + Ö0 + ^(t)] (130) 

(1-31) 

(1-32) 

(133) 

(1-34) 

(135) 

(1-36) 

(1-37) 

Since g(t) is a real time function the Fourier transform of g(t) can be written as 

g(t) ^ ►G(a;)=G+M + G_M (1-38) 

Since g(t) is a real time function, g^(t) and g2(t) are also real time functions whose Fourier 
transforms are given by 

g^t) * » 6,(0;)-G|(o;) + G7(u;) = Gc,(a;-a;0)ei''° + GCl(u;+oJ0)e»flo       (1-39) 

-     g2(t) *  Gjlw) =G5(u) + G2- M= 7[Ge2(clj-üJo)ei''o-GCj(oj+coo)e-|Wo](l-40) 

wh|?re G} 7{o}) and G, 2(Cü) indicate the positive spectrum and negative spectrurns and 
Ög, (CJ) and Gg2 (Cü) are the low pass equivalent of G, (GJ) and Gj (CJ), respectively. 

In order to evaluate G(a)) with respect to some frequency u)0, it is necessary to extract 
G, (CJ) and Gjioo) from G(w) with respect to OJQ. 

In order to evaluate the spectrum at some point other than the carrier, say Aa; from 
the carrier the following is noted: 

where 

2g8,lt) = A(t) cos 0,^) 

2fl£2(t) = Alt) sin ^.(t) 

Alt) = 2[gj1(t) + gg2lt)]
,/3 

"Mt) = tan"1 gkl(t)/gt2(t) 

letting 

;   g, it) = 2gtl(t)cos(cJ0t + ö0) 

9» It) = 2gt2(t)sin(w0t + ö0) 

then 

g(t) = gi(t) + ga(t) 

18 
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G' ^ | c^vAu,   =   GCi^)«"'   = G^-Aw)«". (1-41) 

G*(w) I w-cVA*   =   f Gfe^»*"'  =  f G#
b(-AW>e^ (1-42) 

Without loss of generality 0O can be set equal to zero and the following stated: 

G'(u,)  Iw-Wo+Aw   =   G',(w,|W.Wo-AW 

G*(u,, Iwwo+A«   "-G^M l^.^.^ 

This states that the positive frequency content of G,M is symmetrical or has 
conjugate symmetry about CJ0, whereas 62(0)) is unsymmetrical or has anti-conjugate 
symmetry about UJ0 as depicted in Figure 1-4, a and b. G|M is the real part of GM and 
G*(CJ) is the imaginary part of G(Cü). Therefore, G|(u)) and G* (co) can be obtained by 
performing the following: 

(1-43) 

(1-44) 

GlM I .A      =   %G+(u) 
Uz-CJ 

U;=CJ 

also 

Gt'M A      =   %G+#(u;)     _       A     + %G+(c>;)    ,„,, 

= G|M 

+Au> 

u^=a;0+Ac*; 

Gt*(w) A       =   %G+*(u)) A     -'/^(tj)      ,,_,, 2 w=ciJ0-Au; uj=a;0-Auj w-to ,+Aa; 

-GJM 
GU>=ü;0+ACI; 

Define 

G7(a;)   =   Gl* (-w) Gr (w) = G^ (-w> 

G^w)    «   G|(a;) + G7(u;) .     Gj(a;) = Gj(o;)+GHw) 

-45) 

1-46) 

(1-47) 

(1-48) 

(1-49) 

(1-50) 

9 
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From Equation (I 41) and (I 42) one cbuins; 

2G^1(u) = G, (OJ+CJ0) + G7lu-tJ0t 

2G^2(UJ)   =   G2(tj+oj0) - G^W-WQ) 

11-51) 

11-52» 

Thus, G^lu) and G^2(OJ) are spectrum ot real signals with G^ (u) corresponding to the 

modulation on cos cJ0t and G^2(u) corresponding to the modulation on sin u;0t. 

Therefore, given any narrowband spectrum of a real signal, one can obtain the real and 
imaginary bandpass or low pass equivalent which will give the amplitude and phase 
modulation with respect to ?ny frequency within the narrowband spectrum. The general 
equation for the time waveform of the narrowband spectrum is given by Equation (I 30) as: 

g(t)   -   Alt) cos lcjot+0o +«.(t)] 1-53) 

where 

A(t)   =   amplitude modulation 

0. (t)  =   phase modulation 

When the spectrum is even GJCJ) and thus G^M are equal to zero and this gives an 
output time waveform of the form; 

g(t)   =   2g9l(t)coscl;0t 54) 

where 0o, the carrier phase angle, has been assumed equal to zero This is the same form as 
Equation (1-25) which was obtained for the symmetrical system function. 

1-11/1-12 
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APPENDIX II 

DETECTOR ANALYSIS FOR AM RECEIVER 

INTRODUCTION 

The analysis will consider the effects of a linear envelope detector on pulsed 
interference and band limited Gaussian noise. The envelope detector is assumed to be ideal 
in that it responds only to the amplitude variations and not to the phase variations. The 
appendix is divided into two sections. The first section discusses the derivation of the AM 
detector equation used in the computer simulation model. The second section discusses the 
derivation of a series expansion form of an AM detector output for a large interfering 
carrier to-noise ratio. 

COMPUTER SIMULATION DETECTOR MODEL 

The computer simulation model obtains the desired signal at the detector input by 
taking the inverse Fourier transform of the low pass equivalent IF filter transfer function, 
H(u;), multiplied by the IF input low pass equivalent of the desired signal spectrum, Vs(tj). 
It can easily be shown that the lowpass equivalent of the desired signal at the detector input 
is given by: 

X$(t) 'y      H(u;)Vs(a;) 

XJtl + jX.lt) 

(IM) 

(IMal 

where 

XR(t) 

x.w 

As[1 +Mscos(tl;st+ ^)] (ll-2a) 

(112b) 

and 

As The amplitude of the desired signal at 
IF output 

m. The desired signal modulation index after 
IF filtering 

^^^mmm 
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w. The frequency of the desired modulating tone 
in radians 

The phase shift of the information after 
IF filtering 

The desired bandpass signal (reference 31) is given by: 

Re {^B'1' *ixi<t)l  |cosu)0t +jsinu)0tl| 

X,, (t) cosu;0t 

where 

wr 

A$ (1 + Mscos (u;sl + i^ll cosu;0l 

The desired signal carrier frequency 
in radians 

(I* 3a) 

(II 3b) 

(II 3c) 

(II 3d) 

The computer simulation model obtains the undesired signal at the detector input by 
taking the inverse Fourier transform of the low pass equivalent IF filter transfer function, 
H(CJ), multiplied by the IF input low pass equivalent of the pulsed interfering signal 
spectrum, V^u), plus the noise spectrum, Vn(cj). It can easily be shown that the low pass 
equivalent of the undesired signal at the detector input is given by 

l+N (t) T' H(w)[V|(u>)+Vn(w)] 

Yq(t) + jY|(t) 

The undesired bandpass signal is given by 

VN'*) *      Re^HN^e^0'} 

Re/[ YR (t) ♦ jY, (t)]  [cos a;0t + j sin w0t]j 

YR(t)cosu)0t - Y^t) sincL)0t 

(ll-4a) 

(ll-5a) 

(ll-5b) 

|ll-5c) 

112 
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Since YR(t) and Y((t) represent real and imaginary time dependent vectors in a rectangular 
coordinate system, they may be written in polar coordinate form as 

Vti 

Y^t) 

A(t) cos<?(t) 

A(t} sinp(t) 

where 

Alt) >/Y^(t) +Y^t) 

Therefore, the undesired bändpass signal is given by 

l+N It) A(t)[co$ <?(t) cosuJ0t    sino(t) sin u;0tl 

Equation (118) may be rewritten as 

VN»1» = A(t) cos [u)0X + Olt)l 

where 

m ■ Ätjt+ÖQ+Öjlt) 

e\{x) m ^(tl-Awt 

and 

Alt) 

Au) 

H 

0,1t) 

The undesired signal amplitude modulation 
after IF filtering 

The frequency difference between the desired 
and undesired carriers in radians 

Phase difference between desired and undesired 
carriers after IF filtering (phase angle of 
desired carrier = 0°) 

Undesired signal phase modulation after 
IF filtering 

(11-6) 

(11-7) 

(11-8) 

(119) 

11-3 
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Therefore, the undesired bandpass signal is an amplitude and phase modulated signal. 

The  desired  plus  undesired  signal at the detector  input  is obtained by  adding 

Equations (II 3d) and (ll-5c), and is given by 

V(t) =      Vs(t)>VKN(t) (II lOa) 

-       lXH(mYR(t)i cosu;0t-Y^tlsmu^t (1110b) 

The output of the linear detector will then be the envelop« o< V(t) and is given by 

Vd(t) =       | [XR(tM YR(t)l
J+Y;(t)\ Ill-Hal 

| (Aji 1*M$co$(u;st* C')! ♦ A(t) cosc>(t)l 

♦ (Alt) sin-Xtl) *} 

SERIES EXPANSION OF DETECTION OUTPUT 

II 11b) 

In order to obtain a better understanding of the degradation caused by the pulsed 
interference. Equation (II 11) should be m a form that separates the pulsed interference 
components from the desired signal components. This can be accomplished by considering a 
large interfering carrier to noise ratio so that noise may be neglected and arranging the 
detector output equation in a form that can be expanded in a series for Ag > A | and A | >Ag. 

For AQ> A| 

The equation for the interfering signal at the detector input is given by 

V,(t) 

where 
Alt) 
A, 

p(t) 

A(t) cos  [cii0t+ ölt)] 

A, p(t) 

(II 12) 

The amplitude of the interfering signal at 
IF output 

The amplitude modulation of the pulsed 
interfering signal plus the amplitude 
transients caused by the IF filter 

11-4 
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/ 

Expanding V|(t) and adding th« desired signal given in Equation (II 3d) gives 

V(t) = V$(t) ♦ V|{t) -- 1AS 1 vM5cos (Ujt + v^i + A|P(t) cosc>(t)) cos LJ0t 

lA|p(t)sinp(t)) «ncj0t (11-13) 

The output of the linear detector will then be the envelope of V(t) and is given by 

Vd(t) = <j(AsiUM$cos(u;$Uw)    * A^lt) cos 0(1)1: + lA|P(t) sm(j.(t)|3 I (II 14) 

Multiplying Equation (11 14) inside the square root by 

2 
Ai!UMicos(u^t+ v 1 

Vnlt) 

As[1>Msco5(u;st+ v)l 

A$(UM$co5(u;st*ir')l < 

A,pit) sm 0(t) 

Jives 

A|P(t)cos0(t) 

1 

1 + i 

L 
As|1-tMscos(uJst +»//) 

A-[1»M.cos(uJtt *4*)  ' 
L    T. i > j 

(II 15) 

Equation (II 15) can be expanded ma power series in (A1/A5) and the higher order terms 

neglected since we let Ag > A|. The Taylor expansion ol the square root term of V^d) 

can be represented as 

:vj v b^x 
[(UaxH + tfxM ■' =   Uax> " 

2 

Therefore, V^d) becomes 

Vnlt)   *  AJUMecos(u;ct+w)l    <   1 * 
A,p(t) cos«(t) 

A$[1+M$cot(Wjt+^)] 

+ % 
A|P(t) sin Oft) 

As(1+Mscos(uJst +0)] . 

(II 16) 

(M 17a) 

II 5 

^^^MaM mmmm^imt MMMMBMBH 
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And: 

Vrflt) As[UMscos(u;$t+v)] ^A.pdlcos 0(t) 

A?p2(t) 

2A 

sm p(i) 

s       l 1*M$cos(u;st+^) 

The thtrd term of Vd(t) can be expanded usmg a 

(II 17b) 

idenlties ng d powwer series and the following tngometnc 

l-M-coslu-^t ♦w) + M^cos2 (cj^t+w) + • • ■ UMscos(wst+w) s s s s 

$in20(t)    ■      VJ - V, cos2c(t) 

cos2(ust+^)   =   ,/j+,/Jco5 2(u;st ♦w) 

cosXcosY   ■   Mcos(X + Y)+ cos(X   Y)i 

(II 18a) 

(II 18b) 

(II 18c) 

(II 18ri) 

Applying the power series expansion and tngometnc identies listed above the third term 
hernmp« becomes 

VP'^    / .   /, .   M ' 
2A, 

%     1 + <:■/, Y   co$|wst+^)   4   -_J_   cos2(wst+^) 

1 + 
M. M 

cos2o(t)  + -S   cos[20(t)MuJct^)] 

+   f cos(2«(t)-(w$t^)]   -  ,^cos2[0(t)Mc.st^)] 

M,3 

-g-  co8 2[0{t) - (wst+^)] 

Normalizing V^lt) by Ac and substituting for ö(t) the detector output equat 
ion becomes 

V^t) 
A        *    f1+M

scos(a;st+^)l  *R|P(t)cos [Awt+Bc+(j (t)) 

116 
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^ K  ,^ 

M,2 

♦ —*-   cos2(cjst+^) -   V* 
4 

M. 
COS (Cjjt + ^l 

1 ♦ —S- , cos 2lAuJt+«0*a'1
,(t)] 

M 
♦   -J  cos l2!Au;t+e+(?1'(t)i +(u)st+4')l 

+   —>  cos 12i AojUfcM-O.'U)! - (usl+^)] 

M : 

♦    -A cot2liAwt+e^1
,{t)i ♦(wst+^>] 

8 

M 2 

*   -^- cos21i Awt^+O/It)!  -   (u;st+^ll 

where R| ■ A|/A<j 

For A| > Ag 

/ 

(II 19) 

In order to get the detector output equation in proper form for power series expansion 
in A^/Aj the desired signal equation must be written as 

Vs(t) =       As(UMscos(u;st+v)l cos [u;0t + Olt)     <Mt)l 

The undesired pulse signal is given by 

V^t) =       A|p(t)coslu;0t+(>(t)l 

Expanding Vs(t) gives 

\/s(t)        =      AjM+MjCOslcjjt+^tl  <| cosO(t) cos iw0t-HMt)] 
L 

♦ smo(t) sin [cj0t+<Mt)l 

The desired plus undesired signal is given by 

(II 20) 

(1121) 

(II 22) 

r 
V(t)   =   V8(t) + V|<t) -   YAlp(tl + As(1+Mscos(ajst +^^ cos^t)}   coi (w0t 4^(t)] 

+ As(1+Mscos(a)st+^)] «n «(t) «n [u0t + ^(t)] (11-23) 
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The output of the linear 

Vd(t)       = 

detector will then be the envelope of V(t) and is given by 

| [A|pU) + Asi1+M$C08(w8t+^)l cos0(t)] 

+ [Asi1+Mscos(wst+^)i sin0(t)]2j> 
(1124) 

M 

A|P(t)|   2 

ultiplymg Equation (II 24) inside the square root by (t) 
gives 

VHU) A,p(t) 
Ac[1+M<;cos(u;st+ *)] cos0(t) 

+   —S ä « ■ 
A.plt) J 

AJ1+M,cos(u)st+ ^1 sin0(t) 
"s^ s 

A|p(t) 

2      n 
(11-25) 

Equation (II 25) can be expanded in a power series in (A^/Aj) and the higher order terms 
neglected since we let A| > Ag, The Taylor expansion of the square root term of V^t) 

can be represented as 

b2x2 

[(1 +ax)2+b2x2lyj   =    l+ax + -^-   +  ■  •  • 

Therefore, \/d(t) becomes 

A [1+M^cos(cJst + \i>)] cosO(t) 
Vd(t)        -      A|P(t)       1+^ ^f 

+  % 
As[HMscos(^t-t- 4/)] sin0(t) 

A|P(t) 

(11-26) 

(11-27) 

And. 

Vd(t) *     A|p(t) + As[1+Mscos(o;st+^)cos<J)(t)] 

+   __^i_ [11+1^0)5(0^ +1^)1 2 sin20'*)] 
2A,|:(t) s 

(11-28) 
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Equation (I' 28) can be reduced using the following trigometric idenities: 

COS (cjjt + 4/) COS0(t) = v^cos [(cü$t+ ^) + 0it)] 

+ cos ((w$t+ 4/) -Mt)] } 
cos2 (CJst + ^)   =   '/a + Vj cos 2 (oj$t + i^) 

sin2(>(t)   ■   VJ-'/JCOS   2o(t) 

Appendix II 

(1129a) 

(ll-29b) 

(1129c) 

(Il29d) 

Then: 

Vnit) 
r Mt 

*      A,p(t) + As ^coso(t) +   ^ cos l(cjst + ^)+ <?<t>] 

+ —» cos [(wst+ (//) - 0(t), 

2A|p(t)   |   • 1+   -^-   +Mscos(wst + ^)4   -*- cos2(a;st+i//) 

/ M = \ Mc 
y3 

1 + ^-     cos 2«(t) - -S cos [(wst +i//) + 20(t)l 

M. ,                               ,       Mc
2 

-f cos [(w.t + i//)- 20(t)] S_ cos 2 [(a, t +i//) + 0(t)] 2 s                                 8 

M, 
cos2[(tJst+^)-0(t)] '} (II 30) 

Normalizing  V(j(t)  by  A|   and substituting for 0(t)  the detector output equation 
becomes 

Ml r M 
*     p(t) + Rs <^ cos [Awt+B0+(J)|

,(t)]   + -S   cos [(cost+!//) +(AüJt+eo+0(
,(t)] 

+ — cos[(clJst+^)-(Aojt+0o+01(t))]| 
Ms 

2 
Rs2 

2p(t) 

M,2 

v        1 + -^- + Mscos(uJst + 4/) 

/ M 7 \ 
- —*-   cos 2 (cjst +>//)-%      1 + -A-    cos [Awt +e0+ 0,' (t)] 
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Mr 

■y    cos ((Qft + ^) + 2 (Awt +e0+ 0,' (t))] 

- -f cosKwjt + ^j-auwt+eo+^Mt))] 

-^- cos 2[(w$t + ^) + (Awt +e0+ 0,' (t))] 

M 2 -l 
-^- cos 2[(wst + M - (Awt +B0+ 0,' (t))] S 

Appendix II 

(11-31) 

where R   = _5. ] 
A, R. 
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APPENDIX III 

BASIC AM PULSED DEGRADATION DATA 

This   appendix   documents   the   basic  pulsed  degradation  data  obtained  in  this 
investigation. Table 6-1 summarizes the data parameters and the figure numbers correspon 
ding to their location. 
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APPENDIX IV 

DEGRADATION MEASURES 

GENERAL 

The toltuwnng is 4 diKxiUion ot hot* the baseband output (desired and undesired 

uqnals) tt measured to evaluate peHormarKe degradation ot voice and digital systems 

Reference 32 contairn a general diwussion ot this topic 

This report »pecitiC4!iy consider^ AM receiver degradation tor voice systems However 

the receiver  wmtilation model  includes  the  banc structure   through the baseband tilter 

required tof any AM system subiected 10 pul»d mterterence   It is, theretore, necessary to 

only add appropriate distal artd ar alog degradation measures (to the simulation model) to 

evaluate the AM receiver with digital and anaiug modulation 

The "complete' mathematical modeling ot a system's pertormance is the end ob)K<:tivij 

of a prediction analysis Hoi^ever, tfwre does not emst one complete mathematical 

operation for araly/mg «il types of system performances and tlie liest that can lie 

accomplished is to use the measures that are most appropriate to a particular system (i.e , 

mean square maasurev probability measures etc I The basic difficulty is to determine what 

exact type of evaluatim should be associated with interference degradation Although 

considerable research has been conducted on performance degradation evaluation the 

desired outputs for receivtnq systems sMI reduce to a few basir types In particular, tor voice 

systems. Articulation Score ithe percent of words correctly received) is still used as the mam 

intelligibility standard For dnytai systems the probability of detection and probability ot 

false alarm are desired For analog signals the mean square error (or the RMS error) is 

usually desired 

The following discussion will specifically examine the performance measures ot 

articulation score, articulation index. CORODIM and minimum interference thresholds tor 

voice systems Performance degradation ot digital systems will be examined in terms ot error 

probabilities as an examole of how to extend the model developed in this report to other 

types of modulation 

ARTICULATION SCORE 

The basic measure of the intelligibility of a von» system is in terms of the percent ot 

words correctly understood over a channel perturbed by interference. This mMeure has been 

IV 1 
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~ • ... ~lation ICOie (A$) and is usullll conducted wim specific types of 
WOf'dl 01 sy llabi~ • • specific svttem .,.-.meten. In an attempt to define me main 

voice '*~' that ate i o'wd. workers m the ' ld conducted experiments by 
varying ( t auci o fr ) the word content, bMldw.dth, d io IS/N I and me type of 
talken and tstener' that olved. Through the xpenment . articulation ICOf s 
~e been obtained • tu of t and, as on would expect. me scores 
tocrea.ed witt\ ng · idtft. numbef" of syll le$ tn the words. speak r-listener 
tam1liarir; , and · t t. 

If the , I 11\g ' 

AS may then be drtetm• 
typteal AS CUI'Yft f 01 d s H 
mw1er 

The 

f distort• n r m sk ing ndit ions the 
m te.rl mg oodttton. f igu IV·1 p etent 

t lv ba6 I word groupings m which the 
• s bendwtdlhs ( t 331 . White noi . which 

" of IIP"Ch and 

n stand rdi7ed. 
•"9'. t 1 v• ld variabl result in 

n 1 t k n. 11 is gener lly necessary 
ltl l tstt lly me nttlgful results. Proper 

Tl rtuat•on i aggravated by the 
ltmtnat t •mprovement noted 

. the matJ rial that is uled. as well 
.., p r of detired and undesired 

Newrthefess. the 
the intell igibi lity of 

ts pr 1 most valtd objectrve method BV•ilable for evaluating 

c refu lly 01 ized, t 
rnu at•oo oomponen or systems. When the AS te1t1 are 

an repatab 68% of the t ime within a 2 dB data .,react. 

This test U!ed • the t.ic st.anct.rd of inteHtgibHity for this study. However, since 
this rMthod cannot be mechanized, it rs Mfv81lt.geoul to u• other techniques that allow 
YN~Chine computation. A number of 1hele ~ w;u be ~enttv diiCUIIBd . 

.-£CTRAl APPROACH£$ 

n.re .-e • number of ~ that obtain a meaure of the effects of undesired 
ligNis on ~ communications sysUms by catculation .-d/or instrument.tion of a 
criWion ,_,.in e.:t1 of a numt.r of bends"' the tiP8fJCh frequenty IPB(ttrum. tnctuded 
within the ~. betidn the bet1ef known .-ticulation index (At), are formant 
intelligibility and .. ttefti c:ouetpondera tndD (Pet) . 
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AU U.. memodl op«ate on the shon-tef"m power ~P~~Ctrum t.o obtAin 1 perform80Ce 
,._,,. of IIJIIIICft. Bllic* v. the procedures stem from the original WOf"k of french and 
S-.inburg tfat led to the conoept of arttwlat6on 6ndex AI) (reference 34L This effort, 
...,.tiaJty , detetmine.d mat one C¥1 di ide the speech $p8Ctrum into N contiguous blinds 
which contribute equ_.y to int< ligibi lity (in terms of AS) . The method idNIIy estUmeS 

there •• necj i9ble eff-.-u on inteJ l"gibil tv due to the tpeeeh soonds from one blind 
malkino, or 1n some 'fiiWti ffec ting. fOUnd OCifnPOI*lts of another blind. Effects of noi• Met 
other filttori (interl • dtstort.ion) pte\lent thele blinds from making their full 

contribution to intet l btl The ntens~tv of speech vanes according to the band. for 
these and ottwr r-.on1, ~ung f t must be ncluded for ach '*'d In recognition of 
the f~et tNt tome binds do not their maKtmu m poutbl contribution to the IPMCh 
tnttUi9billty. The wtt~tJ f band ing to the ratio of the IPMCh 
tnetgy (ln tNt t.nd) tot threshold When the nergy level in me band is 
30 dB or more ~ t ttv tnbutes tts ma••mum value and~ has 1 

9V I I is be n 0 and 30d8 move the 
proporuon t ttl mlkimum • ts I I is to 30 dB . 

When the tner ttw d t '' no cont-rtbution and the weighting 
t Ot'\ add t• nd tum c n be uted with empirical 

cuNet to dlttermt lation 

The Frwnch '" method ' ' · ~r. sttll fa irly comph~• and hence timpler 
methods ~ ~ t procedu to be d itcuaed , me tonal method, 
-.rts tNt the • n~ l'9btle ty o f h ~.cfs, not on the absolute magn itude of tpeeCtt 
lnd undlsirwd si tnfeoJitl • but rather on the amount by whictl the ~P"Ch e•ceeds the 
a~ditory thrftho'd t f fOf a J*'l tcui• type of no' . This perception level is determined in 
eech of 20 ~·" contn buting bends covering 100 to 10,000 cps for standardized speech 
lnd pert tcular undesired . · s. The tonal method, " Formant intelligibil ity" (reference 35) 
hes the property of additivl tud'l that the c:Mnfl intelligibility is the tum of the 
contributiorn from -=t1 benc:t. 

The formant intef licJbi lity cwoc:ess is reldily autom.ted by feeding pure tones from an 
artifici.t voice IOUra!, one at 1 time. to eactt of the n ch8nnels. Listeners then meiiUre the 
ucesa noi• in ..ch t.1d by attenuating the~ test signal until it is barely audible. 
1lw fof"*"t intefligibWtv CM"' then be related to tvtlabic intelligibility by empirically 
obtained curws.. The impofUnee of this method is thlit it elimina11!1 most of the v•iabilities 
-.:iated with ttw ba•smitlton proce~~ and efimine1el the AS ICOf'ing procedure. It does 
not, ho--.r. e4imiNte the lrlb!nef • the end lllb;ectiwe ev•uator. 

Odwr n.-thodl hlwe tt.efore tan dlueloped whM:h rneaM~re the effacts of the 
undllirld si9*1 witttout tub;ectift listener evalu8tion. Two of thee other methods hwe 

IV-4 
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llld to ow dtwlCJ~NN"t of .One INd\_ines by C. .... E&eetronics Ubi (GEL) b.-d upon 
OW -.mplion tNt ll*d't · nc.~tigibjJity ,...pri ..... ty in the~ time tPKtrum. 

Ttw fim mii:Nne meaares 1 number c.ll'-d ttw ~nem COf1'eti)Ondenc mdex (PC I) 
CN..,_tee 31). TNt number is an index of me c::on•pondence ·Of the tpeetrum ~ttems of 
ttw inwfer.d lfld non-inllrlend caea. The PCI is acwa&tv obtained by Ulking the wer~~g~ 
ditter.a t.~ween ttw• ~did -'18neel lnd the tnntmined interfered •ntenon. The 
PCI, Uwotetic81ty, hM 1 monotonic re&ationthip to .niwl t ioo tcOre .net lhould be 
c.aibf.-d c. t8IUd fOf' specific types of undetired ~Is. The device has. at IelSt, been 
calibf.ud fat wni• noi•. It it poi1Uta.d 1Nt this cur'\4 Of type of curve ., uni\Htrul as 1 

function of sipi-U>-noi•. i~t of the type of mterl . If AS versus noi• 
CUIWI 11e .,.~ fOt the paniaJI¥ ~red I being investigated, I direct 
tr...aM!on t.tween PCI and AS ein bl rNde This miiC:ht u eut orrelation me.auf'l 
of W dnired ~~ and the corrupted OU'PU Tlwftfat , xoept tor poll bl med\anic.l 
dlficiencia INs IIC'CWC*h is adequate 01' nadeQua deptnd ng on how opttmum th 
,...,,. it tc. the Plf16Ci.illl •nt et bl ng c;:on&ao_ rMnwt 

Ttw other mKhine. ptodllced b; GEl to mect\antctiiV me.ure vo• intelligib I tv . is 
ailed tt:e Voice ln•H~blhtY ANI'f'rt S.t (VI AS) { ref 25 aod 37). This devi~ 8110 

opw ... on the princ•P't. P'WtOUtl dl'lc1-•btd of d1vld•ne the trum nto 1 nu~r of 
u,_,.. bendwtdttw ( 14) and mtaJnng tt. r au red t undeJtf"11d ~tgnel rat o relative 
to IN hearing ttnthofd The - m of rt. contr •bubont from ech btnd 1 men IN regtd ewe 
all 14 t.d to proGice thl c.~ A I. 14 VIAS frequ ncv ~~ere lhown In 
Fi.,re IV-2 end thl c.alcullta of AI 11 dip ted ~~teallv tn figu IV·3. In order to 
perform tNt besic alcul•t•oo. 1 wnttwts- desired lqlal , which on 1st of a triangle 
rncdll.-t 160 cycle tone. 1s tr n.d owe-r the test cn.nnel ~ 1 then menured by the 
ntcOtclng portion of me dlvice, lO OfcWr to drterm 'ne reprnentative speech levels in the , .. 
t.d. The IWtlgll power (owr 1 17 tee penod o1 the undesired signal in the 14 bends Is 
ttwn meeeured end from knowtedgt of ttw ~• dnired sipl in tl\at ~, the desired to 
undllired ..,.. ratio is c:ompuw.d. n. 8ttiaJlat:ion index ' men computed by .. mming the 
contribution from eectt of me 14 bendl. VIAS iucorpora1es empirically derived correction 
1K1ars to .:count fof the upwwd tpWM'I of rM!king.. This is the phenomenl in whictt 
in•t.r•a-' • low frequency rNib a h9* frequency portion of the vofc! tpeetrum. 
CorrKticn '"'"' -.o be it.,-.t8d for the receNer's frequency .c:Nr8C1erilticl. The degree of 
c:orf'K1ion mus1 t. dnwmined by ,.._,,emeut on the sy1tem and then intet ted rNnUalfy. 
Ret.• a 25. Appendix I 1. citc::UaS !hit correction factor in detail. The imporUnt 

clffwnla beh••• ttw AI mEhtMS and the tonal method is the simpliffc:ation to one 1111t 

liP lnd thl efiminetion of tfw IUb;ective evatu.tion. This method impt;es that interfering 
-'fats .. iudiP•M~ht and ~tly 8dditiwe. This last sutement is etpecially critical 
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since the use of a number based on this technique even for the simplest use (i.e., that of 
system comparison and not performance measurement) requires validation for situations in 
which the noise is not additive. 

Another device that automatically calculates the Al, in a slightly different manner, is 
the Speech Communications Index Meter (SCIM) produced by Bolt, Beranek and Newman, 
Inc. (reference 38). The basic difference between this device and VIAS is the manner in 
which the synthetic voice signal is generated. In the SCIM machine, a noise spectrum is 
transmitted that has been frequency filtered or shaped to correspond to the average voice 
spectrum. This signal is then filtered into nine frequency bands and used to compute the 
desired to undesired signal ratios. This, therefore, ideally has an advantage over VIAS in that 
the actual synthetic signal power in band N is used and not an extrapolation of that signal, 
The SCIM machine also takes into account the upward spread of masking effect. 

A new version of the automated Al calculator is the PSI/COMP machine. The 
performance of this machine should be very similar to the SCIM machine since it employs 
the same basic signal processing. 

Degradation measurements involving a large number of parameter variations (PW, PRF, 
etc.) were desired for this investigation. Because of the time involved in testing AS with all 
these parameter variations, it was desired to use an automated measure. The VIAS Al 
scoring machine was subsequently chosen for these measurements. This device was chosen 
because preliminary investigation had shown that the PSI/COMP machine (and probably 
SCIM, since they are very similar) did not appear to respond correctly to pulsed 
interference. 

Another concept called CORODIM (Correlation of the Recognition of Degradation 
with Intelligibility Measurements) has recently been developed (reference 39). This 
technique is similar to the previous methods in that the baseband power spectrum is again 
used as a basic measure. It differs from other automatic intelligibility measuring techniques 
in that it transmits a test signal composed of speech-like sounds representative of phomeme 
consonants. The degradation manifests itself as an "effective noise spectrum" which is 
measured and matched to one of a library of reference noise spectra. For each reference 
spectrum, data are stored relating phoneme recognition prob^bility to speech to-noise ratio. 
Thus, by means of the spectrum matching operation and a measurement of signal to-noise 
ratio, each component sound of the test signal is assigned a probability of recognition. These 
values are weighted by phoneme probability of occurrence factors, summed and normalized 
to obtain a score representative of word intelligibility based on either initial or final 
consonant recognition. CORODIM evaluates scores for both the initial and final consonants 
and takes their product for the overall word intelligibility score. 
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The scores obtainable from CORODIM are directly comparable to listener panels, 
according to Philco, the developer. If sufficient audio spectra have been pretested, the AS 
results from CORODIM should also be valid for most (but not necessarily all) interfering 
signals. This technique, therefore, has an important theoretical advantage over all previous 
automated scoring techniques. 

This technique was not used in this investigation and has been discussed because of its 
potential use in future voice degradation problems. In particular, it should be apparent that 
it is only necessary to couple the CORODIM process with the simulated receiver output to 
obtain simulated AS scores. 

MINIMUM INTERFERENCE THRESHOLDS 

RH 

7 

/ 

A degradation threshold level is by implication the level at which the interference is 
first observed. For the audio case being considered, the minimum interference threshold is 
the level at which the pulsed interference is first heard. Since this level is obtained through a 
subjective evaluation there is an inherent variability due to the human observer and also one 
due to the manner in which the threshold is defined to the observer. In particular, the 
threshold level can be determined by decreasing or increasing the interference level relative 
to a fixed desired signal level. In the first case the test begin« with very noticeable 
interference and stops when the interference is just perceptible In the second case the 
interference is increased until the subject records that the interference was first heard. The 
first method is more repeatable than the second, although care must be taken to insure that 
the level recorded is indeed the last level that can be heard. This is easily implemented by 
allowing the subject to adjust the interference level plus and minus the threshold level to 
definitely determine that the interference was and was not heard. 

The test can also be made without the presence of a desired signal. This type of test 
would be used for high fidelity, TV, or stereo systems where the presence of interference 
during the time the desired signal is absent may be unacceptable. A lower threshold 
interference level would be required for this case than if the desired signal were present since 
the desired signal aids in maksing the presence of the interfering pulse. 

The validity of this type of measurement is shown in Reference 40. Two separate 
listening crews were used to determine the threshold of perceptability (minimum 
interference threshold) for speech masked by noise. One crew contained three experienced 
listeners and the other contained eight inexperienced listeners. The signal (speech) to noise 
ratio (S/N) was then adjusted by each listener until he obtained the threshold of 
perceptability. With the exception of one individual in the crew of eight, the maximum 
variation in the S/N ratio required by each listener was 3 dB. The average difference in S/N 
between the two crews was less than 1 dB. 
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The menemum interference threshotd IPPf'Oach · was also used for this pulsed 
.... tion investigation because it is repeatable and because it defines the region between 
no interference and sli~t interlerence. 

ERROR PROBABI L1 TIES 

The evAluation of digit I performance me sures basically onsists of computing error 
probMMiities. In a general sense this consists of~ luating th categories of false accept nc 
and false dismissal . In the stmplest t pe of de t ion p bl m (singl lternative decisiont. 
false acceptance is equ I to the probabil et of f I I rm whil th t of false dismissal is 
equal to the quantity minus the pr bt llty of det t ion . These can be considered by 
simply examining the ~robabelttv densit• s for noise alone and for sign I and noise at the 
receiver output (see Figur 4-22). In th is figur Qn(x) refers to output noi distribution 
densi!'f while P n (x) is the output distrebutton density when siW'al , noise and interference are 
present. The false alarm pr babt li tv a· is the ¥ of <lo(x) above the decision threshold K'. 
The area ot P n(•) above t threshold K • is th probabili ty of detection . One minus this 
value or the area of Pn(x) betow the threstlold K' is the f I dismi I probab' 1t {3' . These 
quantities QO be st ted '!"~them t•c II as 

a· 

= 

f On hd dx 
K' 

K' 
Pn (x) dx 

(IV-1 t 

(IV-2) 

Both Pn(x) and Qn(x) are output probabtl ity densities obtained by operating on the 

inpuJ· probabi li ty densities with the receiver system structure. If, as an example, the receiver 
has an envelope detection-threshold type of structure the envelope of the input probability 
densi!'f distribution must be obtained in order to obtain Pn(x) or <lo(x) before the falte 

~ or false dtsmissal probabilities can be calculated. This operation is, in general, 
nonlinear.' 

The calculation of <ly,(•) and 'nbd for specific a priori interference and noite 
-..mptions generally involves untractable analysis probtems. However, the modeling of the 
receiver structure .,d the simulation process detcribed in Section 4 readily allow error 
prot.bility ev .. uation. In ~icul•, it is basically only necesary to count the number of 
undesired respontn lbove a desired threthotd (K') in the simulated receiver time amplitude 
output responte to obtain falte al•m problbilities. It is. of coune, also necenaty to 
~V r.ndomize the input v•iables to obtain the desired output deMity function for 
tt.. c:alallations. The falte dismi•l problbilities can also be obtained in a similar m.,ner. 

IV-10 
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Figure IV-4.        System Probability Density with 
Decision Regions 
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SUMMARY 

This Appendix has discussed vdnuus degradation measures that are applicable tu voice 
and digital systems The measurements and analysis, discussed in thii report, concentrate on 
voice modulation. In the voice area AS measurements are required as the basic intelligibility 
measure. However, when an investigation involving numerous parameters is to be 
undertaken an "available automated" measure such as. the VIAS Al measure must be used to 
complete a testing program in a reasonable time. In addition, it is also desirable to 
subjectively measure the just preoeptibie "threshold" o< mterierence since neither the Al or 
AS can accurately measure interference in this region. It is, therefore, required (because ol 
the lack ol a general measure) to use AS, Al and threshold measures to solve voice 
degradation problems It is also apparent that in general further investigation should be 
made of different automated measures of voice degradation. It appears that if it is desired to 
generally model voice intelligibility degradation the CORODIM and the PCI technique 
should be further investigated 

The application of the time waveform simulated output digital modulation was also 
discussed. In general, the solution to other types of degradation measures involves the 
appropriate operation on the output time waveform signals to obtain the degradation 
measure. 
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