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// 
ABSTRACT 

Methods for calculating the audio frequency output of amplitude 

demodulators when the input signal is the linear sum of two amplitude 

modula led uariiers are described for the envelope detector, square-law 

demodulator and product demodulator. Defining the larger carrier as the 

desired signal, various audio frequency terms which result from the 

presence of the Interference can be calculated. It is concluded that 

the carrier, which itself conveys no information, contributes greatly 

to the interference. Other questions concerning the significance and 

usefulness of these calculations and some -elated topics are sunmarlzed. 
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I« INTRODUCTION 

The problem considered here is the calculation of audio output 

from various demodulators when the received signal consists of an 

amplitude modulated carrier and an interfering signal. The interfer¬ 

ing signal is assumed to be amplitude modulated: several other kinds 

of interference could be represented as special cases of the ampli¬ 

tude modulated interference considered. 

The received signal at the input to the demodulator has the form: 

V = A(t) cos + B(t) cos * 

The first term will be defined as the desired signal and the second as 

interference. In general and are different frequencies. 

The significant output parameter is audio-frequency power. The 

power output of the demodulator corresponding to the desired signal 

and to other audio-frequency signals is of interest. The ratio of 

power in the desired signal to total interfering power is a rough 

measure of the quality of the demodulated signal. 
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II. CONCLUSIONS 

The amount of interference produced between two amplitude modulated 

carriers is primarily dependent upon the ratio of the Interfering carrier 

to the desired carrier. The degree of modulation on the interfering 

carrier is of . .condary importance. In all three types of demodulators 

considered here, the total Interfering audio power becomes equal to e 

desired audio power when the carrier ratio K <- approximately equal to^ 

the degree of modulation of the desired signai. Most of this interfering 

power is in the carrier beat tone and relatively little is in the demodu- 

lated interfering signal. 

a. Swaevo V íc 1 «aç than One« th© <ÍefflOdulared In an envelope detector when K is less tna,. one, 
t n«.» a.Kan \t would be if demodulated alone by a interference is smaller than it wouxa 

factor of approximately K/2. 

In the product demodulator and the square-law demodulator with 

e-hanced carrier, the total interfering audio P™»r is proportional 

to the total power in the interfering signal. . total desired audio 

power is proportional to the power in the side‘ the desired 

signal} the transmitted carrier contributes not... u idirectly .0 

audio output. 

These results leod to the conclusion that in these cases, the 

power transmitted in the carrier is essentially wasted and that, in the 

case of the interfering signal, thejnterfer^nr.,. would be sian,U_-.lJ^ 

.oed ,f the carrier ^ 
solely on the consideration of mutual interference between two signals. 

It is assumed that the sideband power remains the same with or without 

the carrier. The practical problems cf regenerating a carrier at the 

receiver are not considered to be a factor in this discussion. 

- a “ 

..^ ''■•f«» - ■ 
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III. R E COMM E NDA TIONS 

The results described in this Note leave several questions unan- 

swered. The use of signal and interfering audio power as a measure of 

performance leaves much to be desired. The principal merit of this 

approach is that these quantities can be calculated in several cases 

of interest. The ultimate measure of performance for a voice communi¬ 

cation system is the intelligibility of the received signal} this is 

normally measured with articulation tests. The effects of interfering 

signals could be predicted In a more meaningful way if interfering 

power, such as might be calculated using the results of this Note, 

could be related to Articulation Scores or intelligibility in a reason¬ 

ably direct manner. 

The analysis of the envelope detector is valid for only a limited 

range of relative amplitudes of the two signals. When the effective 

modulation index of the sum of the desired and interfering signals 

exceeds unity, distortion of the envelope results. This probably would 

cause discontinuities in the slopes of the curves of Figures lr 2, and 3. 

It would be desirable to study this effect experimentally to indicate 

if some kind of linear or nonlinear extrapolation of the calculated 

results is reasonable. 

The analysis of the envelope detector is .imited to simple tone 

modulation of each carrier. Experimental evaluation of the usefulness 

of this analysis for calculating the output of a system using complex 

speech waveforms and other kinds of interfering signals seems desirable. 

If suppressed carrier transmission is considered (for the purpose of 

reducing mutual interference), then the problem of regenerating s carrier 

at the receiver cannot be ignored. This may require a receiver local 

oscillator with Automatic Frequency Control (AFC) which is itself subject 

to some degradation by the effects of interference. Then the behavior 

or the receiver KWQ in the presence of interference must be evaluated. 

- 3 - 
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iv. DISCUSSION 

A. Envelope Detector 

The received signal can be represented as: 

V = A cos + B cos (cj^ + r)t 

where 

= V cos(u^t + cp) 

-J A2 + B + 2AB cos yt 

The angle cp is also a function of Af and y, but is not needed in 

the following analyses of AM demodulators. 

An ideal envelop# detector produces an output signal which is 

a faithful reproduction of the envelope of the input signal. Thus, 

with an input voltage 

vi = V(t) cos (o^t + q>) 

the output should be 

ï *. »•-' ■ % 

ii- • « 

m 

■& R 
a#*1. 

# *> 

vo = a V(t) > 

where a is a constant, assumed hereafter to be unity. The problem 

is then to try to find a spectral analysis of V(t) in order to identify 

the various audio terms in the output. 

No general solution for the spectrum of V(t) is known. However, 

several methods are available for use over limited ranges of the signal 

amplitudes. Peihaps the most useful for the present purposes is 

described by Aiken. 

K 
C. ii, Aiken, “Theory of the Detection of Two Modulated Waves by 3 

Linear Rectifier,* Free IRE 2), óOi (1933). 

- 4 
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Aiken's equation (62), which is summarized in the Appendix of this 

report, makes possible the calculation of the d-c term and the ampli¬ 

tudes of the two modulating frequencies, the carrier beat frequency, 

and several harmonics and intermodulation products of these three 

frequencies. Using this equation and the equation for total envelope 

power developed below, the audio terms of interest can be found for a 

limited range of input signal amplitudes. 

The amplitudes of the two compenents of the input signal are 

A(t) " fi(l + M cos Pt) 

and 

B(t) = e(l + m cos pt) , 

The voltage output of the envelope detector is 
• ....■■■■.. m ■» 

V(t) = V A"' ( t ) + B“(t) + 2A(t)*B(t) COS Yt , 

The power output of the detector is V^{t). The "instantaneous 

i: ^wer” varies as the square of the instantaneous amplitude. The 

average power is the constant term in the expansion of V¿(t). This 

can be calculated from the above equations: 

V2(t) = A^(t) + 32(t) + 2A(t)‘B(t) cos vt . 

The third term gives no constant terms except in the trivial case 

where two of these frequencies involved are equal. Squaring A(t) and 

B(t) and collecting constant terms, the result is 

1,2 „¿z . 1 2,.1 2x 

rs 

Power is proportional to V ; the constant of proportionality will 

be taken as unity. The carrier ratio is 

X = e/E » 

With these definitions, 

total - e2[(i i M2} t K ( 1 + 
1 
7 

2,-1 
IT* )] 
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This total power includes the po**ar du« to the average d-c 

component of V(t) as well as the various audio power terms of interest 

B/ using Aiken’s equation to calculate the d-c power and audio power 

at the desired frequency and some interfering audio frequencies, the 

total audio power, total interfering audio power, and a partial orea«- 

down into specific interfering terms can be found. This procedure is 

illustrated by the following example: 

Example 

When M - m = 0.3 and K = 0.2 the total envelope power is 

i. 

= 1.0868 

Using Aiken’s equations the voltage terms of interest are. 

V , = 1.01102 
dc 

Vp = 0.29658 

V = 0.00634 
P 

VA = 0.19869 

The d-c power is and the a-c power is, in each case, 

Thus 

P, = 1.02217 
oc 

pp = 0,04400 

p = 0.00002 

PA = 0.01974 
a 

The total audio power is 

p = 1.0868 - 1,0222 
audio 

= 0.0646 

- 6 - 
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t. 

The audio power terms of principal interest are the desired 

signal Pp and the carrier beat P¿ . The total of these two i* O.C6374. 

The total remaining audio power is then 0.0CO86. This includes the 

demodulated interference and the harmonics and many suffi and difference 

frequency terms. 

In this example, the desired signal contains 68 per cent of the 

total audio power, the carrier beat note 30.6 per cent, and all ether 

terms a total of 1.4 per cent. 

Curves showing the variation of the more significant audio power 

terms with carrier ratio K are plotted in Figures 1, 2 and 3. In each 

case, the calculations on which the curves are based are valid only for 

the range of K indicated on the Figures. 

Several observations can be made from an inspection of these 

curves. Perhaps th° most striking is that the total interfering audio 

power is only slightly greater than the power in the carrier beat tone. 

It is also apparent that the amplitude of the desired signal decreases 

as the interfering carrier is made larger, and that the interfering 

audio power becomes equal to the desired signal power when K is approxi¬ 

mately equal to M. These observations can be verified by a close 

inspection of Aiken*s equations in the Appendix. 

Another effect which can be pointed out is the de-emphasis of 

the interfering modulation due to the presence of the larger signal. 

The amplitude of the demodulated interfering term is reduced by a 

factor of approximately K/2, In the numerical example above, V is 

0.00634. If this same signal with carrier amplitude K and modulation 

index m were demodulated alone in a clear channel, the V would he 
^ K 

Km = 0.06 . In this case it is slightly greater than 0.06 * | , 

The fact that 
,. . Km 
V = —T* 
P ^ 

can be verified by manipulating Aiken's results 

- 7 - 
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Figure i. Audio Frequency Power Versus Carrier Ratio. 
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An amplitude modulated signal of the form 

V ~ A(t) cos u^t 

2 2 
is applied to a square-law device which generates v . This v 

includes the desired envelope function and also some d-c, r-f and 

audio-distortion terms. 

Let A(t) be represented by a cosine series. Then 

and 

\ i 
v = E(l + } m, cos P.t) cos u,i , 

Y J 3 1 

2 2f ^ \n n ,v2 2 
v = E (1 + / m. cos P.t) cos u.t 

Lj j j i 
j 

= £^{1 + 2 ) rru cos P^t 

+ ') 
Lj ¿L^ mjmkCc°s(Pj+ + co&(pj - pR)t] 
j ,r 

+ 5 L mj2(i + cos 2Pjt)}(^ + 4 cos t) . 

After the d-c and r-f terms have been filtered out, there will remain 

2/2 r* 
2v /e = 2 ) m. cos P.t 

Lml 
3 

j 

r ^ 2 
+ / m. cos 2P,t 

IV 2 
+ n / m. ccc 2P4t . 

ï J 

The first term represents the desired A(t) ; the others repr sent 

distortion generated by the demodulation . 

11 
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The amplitude of th_ desired signal components are oroportional 
Ö 

to the ni± , The distortion terms are proportional to rn^ or ; 
“j fk 

they are of the order of m* 

th^ distortion terms will be negligible in comparison with che signal. 

Then if the m.'s are all very small, 

The m.'s can be made very email by artificially boosting the 

carrier amplitude in the receiver before demodulation. The effective 

m's at the demodulator can thus be made small enough to avoid signi¬ 

ficant distortion. This is a more or less well-known technique, 

known as an "enhanced carrier" demodulator. Jt is shown in the fol¬ 

lowing paragraph that enhanced carrier demodulation is also useful for 

reducing some effects of interference. 

2, Effects of Interference 

Now let us calculate the output of a square-law demodulator 

whose input v is the sum of a true signal and an amplitude modulated 

interfering carrier; 

v = A( t) cos unt + B(t) cos u9t . 

In order to keep the equations reasonably compact, the envelope 

functions will be kept simple. After developing expressions for this 

simple case, the results for more general envelope functions will be 

stated without reproducing the complete development. For this purpose 

let 

A(t) E{ 1 + M cos Pt) , 

b(t) “ e{1 + m cos pt) . 
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ihe square-law demodulator will ger.ercte the following audio terms: 

= 2M cos Pt + ^ M" cos 2Pt) 

+ 2K^m cos pt + ^ cos 2pt) 

+ K cos At 

+ ^ Km[cos(A + p)t + cos (A - p)t] 

+ ^ KM[cqs(A + p)t + cos (A - P)t] 

+ 3 KMm[cos(A + P + p)t + cos(A - P - p)t 

+ cos(A + P - p)t + cos(A ~ P + p)t] , 

where A = - u2 

and K = e/E 

This includes all of the audio terms* depending on the values of 

A, P and £, some of these terms may fall outside the audio band of 

interest, 

^ use an enhanced cairier, we make E very large. Then M and K 

become small* m is not affected. Every term in the expression above 

has M or K in the coefficient. Those terms with K2, or MK are 

negligible in comparison with terms with first order coefficients in 

M and K, The significant audio terms are t! an 

■’(t) = V cos Pt + K cos At 

■+ À Km[çds(A + p)t + cos (A - p)t] . 



■ 
rr
5
 

i 
%■ 

h.zszlm Techrl;^^ Report ho, >» .r^QJy.Sl.»¿L^AzJâ2 

This expression includes the desired signal and an interference 

term for each frequency component of the interfeiing signal. In each 

case, the term due to interference has amplitude proportional to the 

appropriate frequency component, and audio frequency equal to the dif¬ 

ference frequency between the interference and the enhanced carrier. 

The signal power Pp and the interfering power in the audio 

output are easily calculateds 

pp = 

P1 ~ I K2(l + ^ m2) . 

When A(t) and B(t) are represented by the more general expressions 

A(t) = 1 + ¿ Mj cos Pj^ 
3 

B(t) = + ¿ mk cos Pjc1" ’ 
k 

the equivalent results are as follows. The audio output of the enhanced 

carrier demodulator is 

V(t) ™ ) M, cos P,t + K cos At 
i~j 3 3 
j 

+ ^ K ) mk[cos(A f pk)t + cos(A - Pk)0* 

k 

It is interesting to note that the total signal power is proportional 

to the total sideband power in the modulated carrier» the manner in which 

this power is divided among the various sideband-pairs makes no difference. 
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Similarly, the interfering power due to sidebands of the interfering 

signal may be in one sideband-pair or distributed over many with the 

same result. 

C, Product Demodulator 

In the product demodulator, or synchronous detector, the received 

signal is multiplied by a locally generated carrier, ana the audio 

terms which result are removed by filtering. Using the same notation 

as before, let 

V = A(t) cos u.t + B(t) cos unt , 
X 

a( t) = s( i+ 2j Mj cos 

k 
3( t) = e(i + 2, mk cos ’ 

k 

The local carrier is E cos unt« The audio terms in the product 
c 1 

V X E cos u,t are 
c X 

A E E ) M, cos P.t e E cos Xt 
¿ c C_i j j ¿ c 

+ i e £c Z rnk^cos^Â + PrH + cos^à * Pr)1] • 
k 

Normalizing, this can be written 

V(t) = } M. cos P.t + K cos At 
L~¿ j J 
j 

+ K £ m^[cos(A + pk)t t cos (A - Pk)t] > 

k 

which is exactly the expression derived for the enhanced carrier 

square-law demodulator;. 

The square-law and product demodulators considered are two ways oi 

using a locally generated carrier to demodulate the received signal. 

cm r'.ra they g ^ vm Anui va 1 ent resulta, the choice between them can b<# made 

on the basis of corvepience, or other secondary considerations. 

- 15 - 
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* , APPE’,ÜIX 

Notes from ’’Theory of the Detection of Two Modulated laves . >• 

a Linear Rectifier," C, H. Aiken, Proc IR£ 21 601 (1933). 

The following is a summary of one of the results from Aiken's 

paper. N* °ffort is made here to reproduce or summarize the logical 

stops of the development of this result. It is presented solely to 

provide s me ¡.hod or calculating the spectrum of V( t). For the more 

complete equation and for the development of the equation, reference 

should be made to the original paper» 

Using the notation introduced in Section IV, the two waves are 

A - E(l + M cos Pt) cos u t 

B = e(l -t m cos pt) cosiu, ^ y) t . 

The envelope function V will be 

,-, 

V = V A“ * - 2AB cos M 

where Û is introduced in place of y so as to make the last term negative. 

This has no effect on the result but is a convenience in the development. 

As before, K is the carrier ratio. The principal iimitatior of 

Aiken's result is 

K = e/E < M 
1 + m 

ihis limits K to small values it either wave has a large modulation 

index. 

Aiken's equation (62) may be described as follows: 

17 - 
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V 
E + Vn cos rt + V COS pt - y. COS út + de P p u 

V , = 1 + de 
K G,:OnJ. K G4oa:o K6 G 

60 oO + 
4x2x2 64x2x2 256x2x2 

V„ = M + 
K2G„, a 

4 
K G_a K6G,.-3. 

2P-...U + _SLii + ,_60 pl + 
4x2 64 X 2 256 X 2 

KZG„,a 4 ,6 
2TiO K G4la30 + K G6ia50 + , . „ 

4x2 64 X 2 256 X 2 

V. = K K G30á20 K5 GMa40 5K 
U70 a60 + , 

8x2x2 64x2x2 1024 x 2 x 2 

Aiken's paper also gives amplitude equations for some of the harmonic 

and intermodulation frequencies. Thtse terms are not needed here. 

The a and G ^ of these equations are tabulated below: qn qn ^ 
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