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FOREWORD

The Electromagnetic Compatibility Analysis Center (ECAC) 1s a Department of
Defense facillity, established to provide advice and assistance on electromagnetic
compatibility matters to the Secretary of Defense, the Joint Chiefs of Statf, the military
departments and other DOD components. The Center, located at North Severn, Annapolis,
Maryland 21402, 1s under excvcutive control of the Director of Defense Research and
Engineering and the Chairman, Joint Chiets of Staft or their designees who jointly provide
policy guidance, assign projects, and establish project prionties ECAC functions under the
direction of the Secretary of the Air Force and the management and technical direction of
the Center are provided by military and civil service personnel. The technical operations
function s provided through an A Force sponsored contract with the |IT Research
Institute (HHTRI).

This report  was prepared  as part ot  AF Project 649 under Contract
F-19628-70-C G291 by the staff of the 11T Research Institute at the Department of Detense
Electromagnetic Compat:bility Analysis Center

To the extent possible, all abbreviations and symbols used n this report are taken
from American Standard Y10.19 (1967} “Umits Used m Electrical Science and Electrical
Engineering’ 1ssued by the tUnited States ot America Standards Institute.

Users of this report are mvited to submit comments which would be useful in revising
or adding to this material to the Director, ECAC, North Severn, Annapolis, Maryland
21402, Attention AC X
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Project Engineer Director of Technical Operations
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— »

~G. 0. NICHOLSON "Clarence E. Apple

Colonel, USAF Lieutenant Colonel, USA

Director Deputy Director
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APPENDIX |

EQUIVALENT LOW PASS FILTER ANALYSIS

This analysis will consider the effect of a linear time invariant bandpass tilter on the
pulsed interference. The interfering pulsed spectrum at the output of the IF filter will be
symmetrical or unsymmetrical 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 10 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 filter 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 wavetorm 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-1a). The Fourier
transform of the impulse response of a symmetrica! filter is defined as the system tunction,
Gglw). Thatis:

-

Gglw) = [, ggitie omdt (1-1)
= X{w)+ jylw) (1-2)
= Alw)e?slw) (1-3)

Since Gg(w) and g,(t) are Fourier transform pairs

1 .
gglt) = ¢ 1. Giwle*'dw (1-4)

i
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Considering a system function G¢(w) as a sum

Gglw) = Gllw)*+G,(w)
where
G} (w) = GglwlU(w) = A (wle '

"

G, (w)
as shown in Figure |-1b.
Since gq(t) 15 a reai function of ume

Gglw) = Gy l-w)
and therefore,

G, (w) = G, (W)
where ° denotes the complex conjugate.
If the system function is symmetrical, then

G, " lw,—w)

G. (wrwg)
G, lw—wg) = G, (~w,—w)
where w, is the center frequency.

Therefore, with

G, (w) = A {wle 18w
G, (w) = Ajlwle 18t
one obtains
Ajlwtwy) = Ajlwy—w) 8, {wtwy) =
Ajlw—wy) = Ayl—wy—w) 0, lw-wy) =

-3

Gs(w,u(—u) = A:(w’e »]U,l\.‘)

-—9, (‘—wo- (4))

-‘82 (—(4)0—‘(4))

(1-5)

(1-6a)

{1-6b)

(1-7)

(1-8)

(1-9)

{1-10)

(1-11)

(1-12)

(1-13)

(1-14)
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Thus, A, (w) and A, (w) are even functions and 6, (w) and B, (w) are odd functions about
the center frequency W

The system function, G,(w), for a symmetrical system can be obtained from the
equivalent low pass function. That is, the impulse response of a symmetrical handpass filter
of center frequency w, iIs given by

gg(t) = 2g¢4lt) cos wy t (1-16)
where gy (1) is the equivalent low pass filter function. This is easily shown by considering
the fact that the low pass system function G, Jw) of Figure | 2 is obtained by shifting G; (w)

in Figure 1-2 to the left by w,. That s

Gyglw) = Gllwrwg) (1-16)
or

G, (w) = Gyglw-wg) (1-117)
Itis also evident that G (w) can also be obtained by shitting G, (w) 1o the right by .

Gyglw) = G, (w-wg) (118)
or

G {w) = Gyglwtwg) ~(119)
Due to symmetry

Gel—w) = Ggglw) (1-20)

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

gegltle!wo® « —  GJlw) (1-21)
ggglthe 1ot < + G, (w) (1-22)
Ggle™or + g o (tle ot ¢ > G} lw)+G, () (1-23)

B




ESD-TR-70-207

i
:
:
i

~ 0
7" FREQUENCY (RADIANS)

Equivalent Lowpass Filter System Function

I-5




ESD-TR-70-207

but
G; (w) *+ G, (w) = G,(w) gs(t)
therefore
glt) = ggglth[@~ot + e 1wot ] = 29 (1) cos w1 (1-25)

The symmetrica! system is sufficient for handling on-tune pulse interference since the
product of the symrnetrical system function and the pulse spectruin will produce a new
function symmetrical about Wg- However, tor off-tuned pulse interference the product of
the system function and the pulse spectrum will produce an unsymmetrical function about
the center frequency w,.

This can be handled by expanding the result obtained for the symmetrical case. Writing
G(w) as in the symmetrical case (see Figure 1-3) we have

GHw) + G (w) (1 26)

Glw)

where G*{w) and G™{w) are defined by Equation (1-6). in order to simplify the drawing
only the real part of Gl{w) will be shown. If the system 1s unsymmetrica! then there is no
clearly defined center frequency, wq. 35 1N the symmetrical case.

Choosing wg 3s any frequency 1n the passband one can write the output signal of a
narrowband waveform in complex form as

g(t) RQ[A(t)e'o”” el(uot‘ 00)] (| 27)

where R¢ means take the real part

Alt) = slowly varying function as compared 10 wgt
ot = slowly varying phase function as
compared to wt
W = carrier frequency in radians
0o = carrier phase

Rewriting g(t) in quadrature form gives

glt) A(t) cos ¢, (t) cos (wat+0,) — A(t) sin ¢ (t) sin (wt+8,)  (1-28)

29, (t) cos (wet+6,) —2gg, (1) sin (w,t+0,) (1-29)

ek G e

T
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where
2gp, (1)
29y, (1)
Alt)
(1)

letting
g, (1)
g, (t)

then

g(t)

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

A(t) cos [wut + 64 + o (1)]

A(t) cos ¢, (1)
A(t) sin ¢, (1)
2(g}, (0 +g}, (1) '/

tan™! gy, (t)/gg, (1)

29, (1) cos (wot + 00)

2ng(t) sin (wot + 00)

g, (t) + g, (1)

g(t) «

Glw) = Gt {w) + G (w)

Appendix |

(1-30)

(1-31)

(1-32)

(1-33)

(1-34)

(1-35)

(1-36)

(1-37)

(1-38)

Since g(t) is a real time function, g¢(t} and go(t) are also real time functions whose Fourier

transforms are given by

91(t) «— G,(w) = G} (w) + GT (w) = Gy, (w—wg)e + Gy, (wtwgle?s  (1-39)

1
gz(t) — Gylw) = GHw)+G;5 (w) = j_[GQ;(“’_wo)e'(’O—GQQ(w*wo)e‘"’°](|'40)

‘;\('vh-g;e Gt,z(w) and G, ,(w) indicate the positive spectrum and negative spectrurns and
Gy, {w) and Gg, (w) are the low pass equivalent of G, (w) and G, {w), respectively.

In order to evaluate G(w) with respect to some frequency wg, it is necessary to extract
G, (w) and G, (w) from G(w) with respect to w,,.

In order to evaluate the spectrum at some point other than the carrier, say Aw from
the carrier the following is noted:
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+
Gy (w) I W wotiw

+
G; (w) I w=wotAw

+ . ot
Gi (w) I wewotdw G/ (w) |w=w°—Aw

+ -t
G; (w) I w=wotdw Gz (wl |w=wo—Aw

performing the following:

Appendix |

= Gp,(Awle’s = Gy, (—Awles

1 e :
1 Gy, lawies = = Gy (~Bules
J

Without loss of generality 6 , can be set equal to zero and the following stated:

i = Y + ] +*
G {w) |w=womw %G (w) l wmgrae * HOT 1) |w=wo_Aw
g ~ 1 + \ +0
G (W) | fugy +80 = %G (w)l wrwgraeo " WG | e
also
8 = uott vt
G, (w) |w=wo—Aw = %G" (w) ‘w=w°—Aw + %G (w) |w=w0+Aw
- +
= G,(w)l wmwgtAw
+. - A +. _1 +
Gt (w) |w=wo_ do = GO | oy a6 [ereas
- +
= —Gz(w)l“’:“’o*’m"
Define
Gy (w) = GI° (-w) Gy (w) = G} (—w)

Gi(w) = Gt (W +G7(w), G3(w) = Gi(w)+ Gy (w)

(1-41)

(1-42)

(1-43)

(1-44)

This states that the positive frequency content of G,(w) is symmetrical or has
conjugate symmetry about w,, whereas G, (w) is unsymmetrical or has anti-conjugate
symmetry about w, as depicted in Figure I-4, a and b. Gf(w) is the real part of G(w) and
G;"(w) is the imaginary part of G(w). Therefore, Gf(w) and G'{ (w) can be obtained by

(1-45)

{1-46)

(1-47)

(1-48)

(1-49)

(1-50)
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From Equation (1-41) and (1-42) one cbtains:

2Gg, (W) = Gl(wrwy) + Gy (w—wg) (1-51)

2Gg,(w) = Gilwtwgy) — Gilw-w) (1-52)
Thus, Gy, (w) and Gg, (w) are spectrum of real signals with G, (w) corresponding 1o the
modulation on cos wyt and G, (w) corresponding to the modulation on sin wqt.

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 any frequency within the narrowband spectrum. The general
equation for the time waveform of the narrowband spectrum is given by Equation (1-30) as:

glt) = A(t) cos [wot+0,+o (1) (1-63)
where
A(t) = amplitude modulation

¢,(t) = phase modulation

When the spectrum is even G, (w) and thus Gb(w) are equal to zero and this gives an
output time waveform of the form:

glt) = 2gg, (t) cos wyt (1-54)

where 00, 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 furction.

-11/1-12
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APPENDIX |1

DETECTOR ANALYSIS FOR AM RECEIVER

INTRODUCTION

The analysis will consider the etfects 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 MNDEL

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{w), multiplied by the IF input low pass equivalent of the desired signal spectrum, Vs(w).
It can easily be shown that the lowpass equivalent of the desired signal at the detector input

is given by:
Xsit) = F ' HwVgw) (1-1)
= X {+jiX (1) (M-1a)
where
X, (1) = A1 +Mgcos (wet + Y] (11-2a) |
1
X, (t) = 0 ' (11-2b)
and
A, =  The amplitude of the desired signal at |
I|F output :
mg = The desired signal moduliation index after

- IF filtering

] 11
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Wy = The frequency of the desired modulating tone
10 ‘radians

y = The phase shift of the information after
IF filtering

The desired bandpass signal {reference 31} is given by:

V() = R, {x,(z)ewb'} (1i-3a)
= Rg {[X“(l)*jx,(t)l [coswyt +jsin wot]} {11-3b)
= X (thcos wt (11-3c)
= Ag[1+Mcos (wgt + v)] cos wit (11-3d)

where

W = The desired signal carrier frequency

in radians

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{w), multiplied by the IF input low pass equivalent of the pulsed interfering signal
spectrum, V {w), plus the noise spectrum, V(w). It can easily be shown that the low pass
equivalent of the undesired signal at the detector input is given by

=1
Yian(t = T MV @V (11-4)

Yo () +jY (1) (11-4a)

The undesired bandpass signal is given by

¥
Vien(t = R {YHN(t‘e"""'} L (11-5a)
= Re{lY, 1) +jY (1) [cos wyt + j sin wot]} (11-5b)
= Y, (t)cos wpt — Y, {t) sin wt (11-5c)

-2
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Since Y (1) and Y, (1) represent real and imaginary ime dependent vectors in a rectangular
coordinate system, they may be written in polar coordinate form as

Yalu = Alt) cos (1) : (11-6)

Y (1) = Al sin oft) (n-7)
where

Al - VYl

Theretore, the undesired bandpass signal i1s given by

Vientt = Aftj[cos ¢ol(t) coswyt - sINe(1) sin wot] (11-8)
Equation (11-8) may be rewritten as
Vien(t = Alticos [wyt + oltl] (11-9)
where i
olt) = Awt+8 40! (1) _fi
: ]
0,(1) = ¢ {th—Adwt :
and ]
Al(t) = The undesired signal amplitude modulation
after |F filtering
Aw =  The frequency difference between the desired
and undesired carriers in radians
90 = Phase difference between desired and undesired
carriers after |F filtering (phase angle of
desired carrier = 0°)
¢,(t) = Undesired signal phase modulation after

iF filtering

-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 (11-3d) and (I1-5¢), and is given by

vit) Vi) + VNt (11-10a)

(X (Y (1] coswgyt = Y (1) sinw,t (H-10b)

The output of the linear detector will then be the envelope of V(1) and is given by

Vg4lt) = { (X (Y, (t)l’*Yf(t) }% (N-11a)

- { [Ag 1+ M cos (wt+ ¥) 1 + Alt) coselt)]?
+ [Aft) sin ‘)(t)]’}‘” (11-11b)

SERIES EXPANSION OF DETECTION QUTPUT

In order to obtain a better understanding of the degradation caused by the pulsed
interference, Equation {11-11) should be in 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 2 form that can be expanded in a series for AS) AjandA, >As.

For AS > Al

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

V() = A(t) cos [wot+ olt)] (11-12)
where
A = The amplitude of the interfering signal at
IF output
plt) = The amplitude modulation of the pulsed

interfering signal plus the amplitude
transients caused by the IF fiiter

-4
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!
Expanding V(1) and adding the desired signal given in Equation (I1-3d) gives ‘
VIt = V() + V() = [Ag 1+ M cos (wgt + vl + Aplt) cos ¢(1)] cos wyt i
[Ap(1) sin o(1)] sin wgt (1113) ]
The output of the linear detector will then be the envelope of V(1) and is given by
A Va
Vg4l = {[As' 1+M; cos (wgtrv) + Applt) cos o)) * + [Ap(1) sine(t)) 2} (11-14)
Multplying Equation (11 14} inside the square root by
1
r ]2 1
| Ag[1+M coslwts v i
L - '
| 7 Ap(1) cos o(1)
Vglth = A1+M ARV IO I e 1
gt sl 1+Mcoslwet+v)] 1 1+ A [1+M costesgt 19)
r - ?\-1 1
App(t) sin oft) N ]
1 et AR ? (11-15) '

‘LAS[ 1+M cos(wt +v)
-
Equation {11 15) can be expanded in a power series in (A;/Ag) and the higher order terms

neglected since we let AS > Ay. The Taylor expansion of the square root term of Vd(t)
can be represented as

. b2x2
[((T+ax) i+ x?] ? = 1+ax+ ; o (1t-16)

Therefore, Vd(t) becomes

.
‘ A ,p(t) cos ¢(t)
Vglth = A [1+M coslw t +v)] w 1+

A [14M cos (w,t )]

.Y (11-17a)

Aplt) st o(t) ] 2

A [1+M cosiwet +Y))
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Appendix 11
And:
Valy = ¢ AJl1+M cos (wgt +y)) + Ap(t) cos (1)
2 2 2
, AlpT(Y fsino( (11-17b)
Z’A\s I*Mscos(ust +v)

The third term of V

d(t) can be expanded using a power series and the tollowing trigometric
idenities.

1

W—ﬂ = 1-Mcosfwgt +y) + M,? cos? (wgt +y )+ . (11-18a)
sin?olt) = % — % cos2e(t) (11 18b)
cos* (Wt +¢) = %+% cos 2wt +y) (11-18c)
cosXcosY = Yi[cos(X+Y) + cos(X. Y}] (11 18d)

Applying the power series expanston and trigometric identies listed above the third term
becomes

1n2 M:?
Alp(t) ‘/;(H—L
2A 2

M BV
“_21 €os {wt+y) + ~—45— cos 2(wt +y)

M2 M
- % |1+ —25— cos 20(t) + -35 €os [20(t) + (w,t +y )]

M M ?
+ -4—5 cos [26(t) — (wet +y)] — —g— €os 2[6(t) + (wet +y)]

2

= —85— cos 2[¢(t) — fwgt ‘u’/)]}

Normaliz_ing Vd(t) by AS and substituting for &(t) the detector output equation becomes

Vd(t) g

B [1+M cos (gt +)] + Ryp(t) cos [Awt +6.4 0, (1))
S .

-6
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Rpl(t ‘ M2 M
+-—J———;” % 1*—;—) ——?ﬁcos(wst‘*\l/)
M1 | M2
+ —45— cos 2Awgt+y) - % |1+ ——%—]cos 2lawt+@ e, (1)
\

M
—zi cos (21 Awt+Be ' (1)) + (wet +y)]

+

+

M
—35 cos (21404829 ' (1) — (wgl +¥)]

+

M2
—BL cos 2[1Awt+87¢ ' (1)) + (Wt 1]

-

M 2

—-BL cos 2[1 Awt+Bpe, ' (1)) (wsuwlj (11-19)
where R| = A|/As

For A > Ag

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

V(t) = AG[1+M coslwgt +0)] cos [wqt + olt) - olt)] (11-20)
The undesired pulse signal is given by
V,(t) = Applticos[wyt +o(t)] (1-21)
Expanding V(t) gives
Vit = A [1+Mcos(wgt +un! {cos olt) cos [wot +a(t)]
+sin olt) sin [wyt +o(t)]} (11-22)

The desired plus undesired signal i1s given by

Vit) = Vgt + V(1) = {Aup‘”*As“*MsCOS‘ws“W °°W“’} cos [wot +6(t)]

+ A14M cos (wet +¥)] sin ¢(t) sin [wot+ 6(t)] (11-23)

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

Vgiy = [Ajp(t) + Agl 14Mg cos (wgt +y)i €OS o(t))?

+ [Ag 1+Mq cos (wgt + V) sin ¢(1)] 2

Y (11-24)

Aplt) ?
Multiplying Equation (11-24) inside the square root by [I\—l—%((-t—ﬂ gives
|

AS[ 1+Ms cos (wet +

vait) = Applt 1+
d L [ Aplt)

v) cos é(1) }’

1

N {AS[HMS cos (wet + V)] sin olt)

A|p(t)

Equation (11-25) can be exp

2x‘.’

({1 +ax)? +b2x2]'/2 = J+ax+

Therefore, Vd(t) becomes

AS[1+MS cos (wet + V]

2 Va
] (11-25)

anded in a power series in (AS/Al) and the higher order terms
The Taylor expansion of the square root term of Vd(t)

V4t ~  Applt 1+
d() 1Y ) Alp(t)

. T As[‘l+MScos(wst+ Y] sin
A|D(t)

And:

Vg4it) ~ Aplt)+ AS[1+MS cos {wgt + ¥) cos ¢(t)]

A2
+ —S [11+M t+yn?
2D [ s 08 {wg V)

-8

(11-26)
)] cos ¢lt)
2
ol } (11-27)
sin?¢/*)] (11-28)
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Equation (I'-28) can be reduced using the following trigometric idenities:

cos (wet + ) cos o(t) = % {cos [lwgt + ¥) + ol1)] (11-29a)

+ cos [{wgt+ y) — o(t)]} (11-29b)
cost{wgt + Y} = Y2+ %2cos2 (wgt+ y) (11-29¢)
sin?o(t) = % - Y%cos 201) (11-29d)

Then:

M
Vglth = Aplt) + Ag {cos olth + —25 cos [{wgt + ¥) + (1)

M
+ 5 cos [wgt+y) - o(t)}}

A 2 f 2 2
ol 1 I , M M
+ 28,10 {‘,/; [14 —25_)+ Mscos(wst + )+ —‘F— cos 2 {wgt +y/)

M? M
Y ( 1+ ~2L‘ cos 2¢(t) — —2-5 cos [{wgt + ¥) + 2¢(1)]
/

M M?
= —f cos [{wgt + ) — 20(t)] — —85— cos 2 [(wgt + ¥) + (1)]

M2
= —85— cos 2 [(wst’f vl C)(ﬂ]} (11-30)

Normalizing Vd(t) by A, and substituting for ¢(t) the detector output equation
becomes

Vd(t)
A

14

M
p{t) + R {cos [Awt +6+ ¢, ' ()] + —25 cos [(wst +y)+ (Awt +84 ¢'l (1]

M
+ —2——5 cos [(wst+w)—(Awt+Oo+¢,(t))]}
R M
+7;W Y (n__g_) + M, cos (wgt + ¥)

2

M? M
+ —45— cos 2 (wgt + \p)—‘/,( 1+—25— cos [Awt+0,+ ¢, (1)]

-9
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As
where Rs = —=

olE SLE

=

AN

cos [(wet+ ) + 2 (Awt +64t ¢, (1))]

cos [{wgt + ¥) — 2(8wt +8+ ¢, ! (1))]

€os 2[{wgt + ¥) + (Awt +0¢ ¢ 1 (1))

€os 2[{wgt + ¥) — (Awt +6,+ ¢, ! (t))]}

1-10

Appendix ||

(11-31)
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APPENDIX 11l
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.

-1

T ——————
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