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S i n c e R F „ s igna l s h a v e b e e n u s e d for c o m m u n i c a t i o n , t h e p r o b l e m s o f m o d u ­
la t ing t h e ca r r i e r w i t h t he m e s s a g e to b e t r a n s m i t t e d are o f b a s i c i n t e r e s t . A va r i e ty 
o f m o d u l a t i o n m e t h o d s has b e e n d e v e l o p e d to find t h e o p t i m u m p e r f o r m a n c e for a 
s p e c i f i c r e q u i r e m e n t . 

I n e a c h t y p e o f m o d u l a t i o n , s o m e p rope r ty ( a m p l i t u d e , f r e q u e n c y , or p h a s e ) o f 
t he ca r r i e r w a v e is m o d u l a t e d (va r i ed ) in p ropo r t i on to t h e i n s t a n t a n e o u s a m p l i t u d e 
o f t he i n f o r m a t i o n - b e a r i n g w a v e f o r m to b e t r a n s m i t t e d . T h e usua l e q u a t i o n d e s c r i b ­
ing t h e u n m o d u l a t e d ca r r i e r w a v e is : 

e = A c o s (ail •(/).! 
w h e r e : e is t he i n s t a n t a n e o u s a m p l i t u d e o f t he ca r r i e r at t i m e t; 

A is t he p e a k a m p l i t u d e o f t h e carr ier . 

o) is t h e angu la r v e l o c i t y c o r r e s p o n d i n g to t h e ca r r i e r f r e q u e n c y , / (e .g . , 

o) = -Inf). 
4> is t h e in i t i a l p h a s e d i s p l a c e m e n t o f t h e ca r r i e r w i th r e s p e c t to s o m e 

arb i t ra ry r e f e r e n c e . 

T w o b a s i c p r o p e r t i e s a v a i l a b l e for m o d u l a t i o n a re t h e a m p l i t u d e c h a r a c t e r i s t i c s a n d 

angu la r c h a r a c t e r i s t i c s o f t h e carr ier . A n g u l a r m o d u l a t i o n is o rd ina r i ly s u b d i v i d e d 

in to t h e m o r e f ami l i a r c a t e g o r i e s o f f r e q u e n c y m o d u l a t i o n a n d p h a s e m o d u l a t i o n . I n 

al l t h e s e m o d u l a t i o n s y s t e m s t h e d e v i a t i o n o f t h e m o d u l a t e d p r o p e r t y o f t h e ca r r i e r 

(wi th r e s p e c t to t h e v a l u e o f tha t p rope r ty in t h e u n m o d u l a t e d ca r r i e r ) is m a d e pro­

po r t i ona l to t he i n s t a n t a n e o u s a m p l i t u d e o f t h e m o d u l a t i n g s i g n a l (e .g . , t h e in fo rma­

t ion to b e t r a n s m i t t e d ) . 
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C H A P T E R 2 

A M P L I T U D E M O D U L A T I O N 

M O D U L A T I O N D E G R E E A N D S I D E B A N D A M P L I T U D E 

A m p l i t u d e m o d u l a t i o n o f a s i n e or c o s i n e ca r r i e r resu l t s in a var ia t ion o f t he c a r r i e r 

a m p l i t u d e in p ropor t ion to t he a m p l i t u d e o f t he m o d u l a t i n g s igna l . In t he t i m e do­

m a i n ( i . e . , a m p l i t u d e ve r sus t i m e ) , a m p l i t u d e m o d u l a t i o n of a s inuso ida l c a r r i e r b y 

a n o t h e r s i n u s o i d w o u l d a p p e a r as in F i g u r e 1A. T h e m a t h e m a t i c a l e x p r e s s i o n for 

th i s c o m p l e x w a v e s h o w s tha t i t is t h e sum o f t h r e e s i n u s o i d s o f d i f ferent f r e q u e n c i e s . 

O n e o f t h e s e has t h e s a m e f r e q u e n c y a n d a m p l i t u d e as t h e u n m o d u l a t e d carr ier . T h e 

s e c o n d s i n u s o i d is at a f r e q u e n c y e q u a l to t h e s u m o f t h e ca r r i e r f r e q u e n c y a n d t he 

m o d u l a t i o n f r e q u e n c y ; th i s c o m p o n e n t is c a l l e d t h e u p p e r s i d e b a n d . T h e th i rd 

s i n u s o i d is at a f r e q u e n c y e q u a l to t he c a r r i e r f r e q u e n c y m i n u s t h e m o d u l a t i o n fre­

q u e n c y ; th i s c o m p o n e n t is c a l l e d t he l o w e r s i d e b a n d . T h e s e two s i d e b a n d c o m ­

p o n e n t s h a v e e q u a l a m p l i t u d e s ; t h e a m p l i t u d e is p ropor t iona l to t h e a m p l i t u d e o f 

t h e m o d u l a t i n g s igna l . F i g u r e I B s h o w s t h e ca r r i e r a n d s i d e b a n d c o m p o n e n t s o f t h e 

a m p l i t u d e m o d u l a t e d w a v e o f F i g u r e 1A as t h e y w o u l d a p p e a r i n t h e f r e q u e n c y 

d o m a i n ( i . e . , a m p l i t u d e ve r sus f r e q u e n c y ) . 

A m e a s u r e o f the a m o u n t o f m o d u l a t i o n is m, t h e d e g r e e o f m o d u l a t i o n . U s u a l l y 

th i s is e x p r e s s e d as a p e r c e n t a g e , c a l l e d t he p e r c e n t m o d u l a t i o n . In t he t i m e d o m a i n , 

d e g r e e o f m o d u l a t i o n for s inuso ida l m o d u l a t i o n is c a l c u l a t e d as in F i g u r e 2A. 

m = E,. 
Since the modula t ion is symmetr ica l : 

'̂Jmax &c Kr ^min 

and 

2 = '' 

F r o m th i s , it is e a s y to s h o w that: 

m = y? — ' o r s i nuso ida l m o d u l a t i o n 

Figure 1A. Time domain (oscilloscope) 
display of an ampl i tude modulated car­
rier. 

Figure 1B. Frequency domain (spectrum 
analyzer) display of an ampl i tude modu­
lated carrier. 
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A B 

Figure 2. Calculat ion of degree of ampl i tude modulat ion f rom t ime domain and f requency 
domain displays. 

W h e n al l t h r e e c o m p o n e n t s o f t he m o d u l a t e d s igna l are in p h a s e , t h e y add t o g e t h e r 

l i n e a r l y , a n d form t h e m a x i m u m s igna l a m p l i t u d e E m a x ( F i g u r e 2 ) : 

Emax = E,. +Evsli +ELSB 

\ / m = E, = Ee  

and , s i n c e /•.'».,. = ELsn = ESB 

m = — p — 

F o r 1 0 0 % m o d u l a t i o n (m = 1.0), t h e a m p l i t u d e o f e a c h s i d e b a n d w i l l b e o n e -

h a l f o f t h e ca r r i e r a m p l i t u d e (vo l t age ) . T h u s , e a c h s i d e b a n d w i l l b e 6 dB l e s s t h a n 

t he ca r r i e r , or one- four th o f t he p o w e r o f t h e carr ier . S i n c e t h e ca r r i e r c o m p o n e n t 

is no t c h a n g e d w i t h a m p l i t u d e m o d u l a t i o n , t h e to ta l p o w e r in t h e 1 0 0 % m o d u l a t e d 

w a v e is 5 0 % h i g h e r t h a n in t h e u n m o d u l a t e d ca r r ie r . 

A l t h o u g h i t is e a s y to c a l c u l a t e m o d u l a t i o n p e r c e n t a g e M ( = m • 1 0 0 % ) f rom a 

l i n e a r p r e s e n t a t i o n in f r e q u e n c y or t i m e d o m a i n , t h e l o g a r i t h m i c d i s p l a y on t h e s p e c ­

t rum a n a l y z e r offers s o m e a d v a n t a g e s , e s p e c i a l l y at l o w m o d u l a t i o n p e r c e n t a g e s . 

D u e to t h e h i g h d y n a m i c r ange o f up to 70 dB t h e s p e c t r u m a n a l y z e r a l l ows a c c u r a t e 

m e a s u r e m e n t s o f m o d u l a t i o n p e r c e n t a g e M as l o w as 0 . 0 6 % . T h i s c a n e a s i l y b e s e e n 

in F i g u r e 3 , w h e r e M = 2 % ; i .e . , t he s i d e b a n d a m p l i t u d e s a re on ly 1 % o f t h e c a r r i e r 

a m p l i t u d e . F i g u r e 3 A s h o w s a t i m e d o m a i n d i s p l a y o f an a m p l i t u d e m o d u l a t e d car­

r i e r w i t h M = 2 % . I t is difficult to m e a s u r e M on th i s d isplay. F i g u r e 3 B s h o w s t h e 

s igna l in f r e q u e n c y d o m a i n wi th t h e l o g a r i t h m i c d isp lay . T h e s i d e b a n d a m p l i t u d e s 

c a n e a s i l y b e m e a s u r e d in dB b e l o w t h e c a r r i e r and t h e n c o n v e r t e d in to M . (Ve r t i c a l 

10 d B / D i v . ) 

Figure 3. Time and frequency domain views of low level (2%) AM. 

E = 2? E 
L S B 2 C 

e = nj e 
U S B 2 c 

c M c ; c m 

Emax 
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Figure 4. Modulation percentage M vs. Sideband level (Log Display). 

T h e r e l a t i o n s h i p b e t w e e n m and t he l o g a r i t h m i c d i sp l ay c a n b e e x p r e s s e d as: 

EsBidm ~ E c ( ( t B ) = 2 0 log ^ 

or 

Esmum - E c l M ) + 6dB = 2 0 log m 

F i g u r e 4 a l l o w s an e a s y c o n v e r s i o n o f a log d i s p l a y ( l in dB s c a l e ) in to m o d u l a ­
t i on p e r c e n t a g e M . 

F i g u r e 5 a n d 6 s h o w typ i ca l d i sp l ays o f a c a r r i e r m o d u l a t e d b y a s i n e w a v e at 
d i f ferent m o d u l a t i o n l e v e l s in t i m e a n d f r e q u e n c y d o m a i n . 

U s i n g t h e a n a l y z e r as a m a n u a l l y t u n e d r e c e i v e r ( " z e r o s c a n " ) , w e c a n r e c o v e r 
t h e a m p l i t u d e m o d u l a t i o n o f a t r a n s m i t t e r b y t u n i n g t h e s igna l in to t he c e n t e r o f t h e 
I F b a n d p a s s fi l ter a n d d i sp l ay t h e d e t e c t o r ou tpu t in t i m e d o m a i n on t h e a n a l y z e r ' s 
C R T . I n th i s o p e r a t i o n m o d e i t is i m p o r t a n t to s e l e c t an I F b a n d w i d t h w h i c h is at 
l e a s t t w i c e t h e h i g h e s t m o d u l a t i o n f r e q u e n c y o f in t e re s t . A l so t he a n a l y z e r m u s t b e 
o p e r a t e d in l i n e a r m o d e . D u e to t h e s l o w s c a n s p e e d u s e d in th i s a p p l i c a t i o n , a 
v a r i a b l e p e r s i s t e n c e d i s p l a y ( s to rage ) is v e r y he lp fu l . F i g u r e 7 s h o w s an e x a m p l e . 

E —E i 
U s i n g t h e fo rmu la m = m a x , t h e m a x i m u m m o d u l a t i o n d e g r e e du r ing a 

-'-'max "i ^min 
t e n - s e c o n d t i m e in t e rva l is c a l c u l a t e d to m = 0 . 8 3 or M = 8 3 % . 

N o t e : F i g u r e 7 s h o w s t h e va r i a t ions o f t h e m o d u l a t i n g s igna l , no t t h e m o d u l a ­

t ion e n v e l o p e o f an R F carr ier . 

W e a l so c a n l i s t e n to t he d e m o d u l a t e d s igna l b y c o n n e c t i n g a (h igh i m p e d a n c e ) 

se t o f h e a d p h o n e s to t h e " V e r t i c a l O u t p u t . " 

E S B - E c ( d B l 

M
 [

%
] 
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Figure 5. A shows a t ime domain photo­
graph of an ampl i tude modulated carrier. 
The percent modulat ion is: M = ( 6 - 2 ) / 
(6+2) = 4/8 = 5 0 % . (Scope cal ibrat ion 0.1 
msec/division, 50 my/div is ion.) The same 
waveform is measured in the f requency 
domain in B. Since the carrier and side­
bands di f fer by 12 dB, M = 5 0 % . Fre­
quency scan is 10 /(Hz/division centered 
at 60 MHz, and the log reference level is 
+ 1 0 dBm. You can also measure the 2nd 
and 3rd harmonic distor t ion on this wave­
form. 2nd harmonic sidebands at fc± 2 fm 

are 28 dB down. 

6A 

I 
- ' ' ', ' ' 

' .or; 

• 

.... 
-40 ] 

* 

6B 

Figure 6. A shows an overmodulated 
(M > 100%) 30 MHz signal in t ime do­
main, f,„ = 2 kHz. (0.2 ms/Div, 50 mVI 
Div). The carrier is cut off at the modu­
lation minima. B is the f requency domain 
display of the signal. Note tha t the f i rst 
sideband pair is only 4 dB lower than the 
carrier. Also the occupied bandwidth is 
much greater because of severe distor­
t ion of the modulat ing signal. (5 kHzlD'w, 
10 de /Div, BW 100 Hz.) 

Figure 5. Figure 6. 

Figure 7. Picture of a voice modulated 
AM transmit ter , Zero Scan, IF bandwidth 
10 kHz, Display Sweep Time 1 sec/Div, 
Linear Display. 
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S P E C I A L F O R M S O F A M P L I T U D E M O D U L A T I O N 

W e k n o w that a c h a n g e in t he d e g r e e o f modu la t ion o f a pa r t i cu l a r c a r r i e r d o e s 

not c h a n g e t he a m p l i t u d e o f t he ca r r i e r c o m p o n e n t i tself . It is t he a m p l i t u d e o f t h e 

s i d e b a n d s that is c h a n g e d , thus c h a n g i n g t he a m p l i t u d e o f c o m p o s i t e w a v e . S i n c e 

t he a m p l i t u d e o f t h e c a r r i e r c o m p o n e n t d o e s no t c h a n g e , al l t h e t r a n s m i t t e d in forma­

t ion m u s t b e c o n t a i n e d in t h e s i d e b a n d s . T h e r e f o r e , t h e r a the r c o n s i d e r a b l e p o w e r 

t r a n s m i t t e d in t he ca r r i e r is e s s e n t i a l l y w a s t e d . F o r i m p r o v e d p o w e r e f f i c i ency , t h e 

ca r r i e r c o m p o n e n t m a y b e s u p p r e s s e d (u sua l ly b y t he u s e o f a b a l a n c e d m o d u l a t o r 

c i r c u i t ) , so tha t t h e t r a n s m i t t e d w a v e c o n s i s t s o n l y o f t he u p p e r a n d l o w e r s i d e b a n d s . 

T h i s t ype o f m o d u l a t i o n is c a l l e d D o u b l e S i d e b a n d - S u p p r e s s e d Car r i e r , or D S B - S C . 

T h e ca r r i e r m u s t b e r e i n s e r t e d at the r e c e i v e r , h o w e v e r , to r e c o v e r this t ype of modu­

la t ion . In t he t i m e and f r e q u e n c y d o m a i n s , D S B - S C m o d u l a t i o n appea r s as in F i g u r e 8. 

S i n g l e S i d e b a n d 

F o r today ' s c o m m u n i c a t i o n , t he mos t impor t an t t ype o f a m p l i t u d e m o d u l a t i o n is 

s i n g l e s i d e b a n d wi th s u p p r e s s e d ca r r i e r ( S S B ) . E i t h e r t he u p p e r or l o w e r s i d e b a n d 

can b e t r ansmi t t ed , g iv ing e i t h e r S S B - U S B or S S B - L S B . ( T h e S S B prefix m a y a l so 

b e omi t t ed . ) S i n c e e a c h s i d e b a n d is d i s p l a c e d from the c a r r i e r b y t he s a m e f r e q u e n c y , 

and t h e two s i d e b a n d s h a v e e q u a l a m p l i t u d e s , it fo l lows that a n y in fo rma t ion c o n ­

t a ined in o n e mus t a l so b e in t he other . E l i m i n a t i n g o n e o f t he s i d e b a n d s cu ts t he 

p o w e r r e q u i r e m e n t s b y ha l f and a l so h a l v e s t he t r a n s m i s s i o n b a n d w i d t h ( f r e q u e n c y 

s p e c t r u m w i d t h ) r e q u i r e d to t r ansmi t t h e s igna l . T h i s is e s s e n t i a l for l o n g r ange 

c o m m u n i c a t i o n l inks in t he c r o w d e d sho r t -wave b a n d s . 

S S B is a l so u s e d e x t e n s i v e l y t h roughou t the t e l e p h o n e s y s t e m s to c o m b i n e m a n y 

s e p a r a t e m e s s a g e s in to a c o m p o s i t e s igna l ( b a s e b a n d ) b y f r e q u e n c y m u l t i p l e x i n g . 

B y th is m e t h o d , up to s e v e r a l t h o u s a n d 4 kHz w i d e c h a n n e l s c o n t a i n i n g v o i c e , rou t ing 

s igna l s , and p i lo t ca r r i e r s a re c o m b i n e d . T h i s c o m p o s i t e s igna l can e i t h e r b e s e n t 

d i r e c t l y v i a coax ia l l i ne s or u s e d to m o d u l a t e m i c r o w a v e l ink t r ansmi t t e r s . 

T h e S S B s igna l is c o m m o n l y g e n e r a t e d at a fixed f r e q u e n c y b y filtering or b y 

p h a s i n g t e c h n i q u e s . T h i s n e c e s s i t a t e s m i x i n g and ampl i f i ca t ion to get the d e s i r e d 

t r a n s m i t t i n g f r e q u e n c y and ou tpu t p o w e r . T h e s e s t ages f o l l o w i n g t he S S B g e n e r a t o r 

m u s t b e e x t r e m e l y l i n e a r to a v o i d a n y d i s to r t ion o f t he s igna l r e s u l t i n g in u n w a n t e d 

i n - b a n d a n d out -of -band i n t e r m o d u l a t i o n p roduc t s w h i c h can i n t r o d u c e s e v e r e in te r ­

f e r e n c e i n a d j a c e n t c h a n n e l s . 

Vertical: 10 dB/Div. Vertical: Uncalibrated. 
Horizontal: 1 MHz/Div. Horizontal: 1 0 0 ns/Div. 

Figure 8. Frequency and time domain presentations of balanced modulator output. Note 
suppression of carrier (> 4 0 dB) . (Inputs: fc = 5 0 MHz at 5 mW, fm = l MHz at 1 4 0 mV.) 
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T h u s i n t e r m o d u l a t i o n m e a s u r e m e n t s h a v e b e c o m e a vi ta l r e q u i r e m e n t for de ­

s i g n i n g , m a n u f a c t u r i n g , a n d m a i n t a i n i n g m u l t i - c h a n n e l c o m m u n i c a t i o n n e t w o r k s . 

T h e m o s t c o m m o n l y u s e d t ype o f m e a s u r e m e n t is t h e s o - c a l l e d " T w o T o n e T e s t " . 

T w o s i n e w a v e s igna l s in t h e aud io f r e q u e n c y r a n g e ( 3 0 0 - 3 1 0 0 Hz) w i t h l o w har­

m o n i c c o n t e n t a n d a f e w h u n d r e d he r t z apar t a re u s e d to m o d u l a t e t h e S S B gen ­

erator. T h e ou tpu t o f t h e s y s t e m is t h e n e x a m i n e d for i n t e r m o d u l a t i o n p r o d u c t s 

wi th t h e a id o f a s e l e c t i v e r e c e i v e r . T h e s p e c t r u m a n a l y z e r d i sp lays al l i n t e r m o d u l a ­

t ion p roduc t s s i m u l t a n e o u s l y , thus d e c r e a s i n g m e a s u r e m e n t and a l i g n m e n t t i m e 

subs tan t i a l ly . 

F i g u r e 9 s h o w s an i n t e r m o d u l a t i o n t e s t o f an S S B t ransmi t te r . 

Figure 9A. S S B generator modulated 
with 2 sine wave signals of 1 8 0 0 and 
2 6 0 0 Hz. The 2 0 MHz carrier (Display 
Center) is suppressed 5 0 dB, lower side­
band signals and intermodulation prod­
ucts are more than 5 0 dB down. Log ref 
- 3 0 dBm. Scan 1 kHz/D'w, 10 dfi/Div, 
Bandwidth 3 0 Hz. 

Figure 9B. S a m e signal after passing 
through an amplifier with 1 dB compres­
sion. Intermodulation products are pene­
trating into the suppressed sideband. 
Log ref + 1 0 dBm. Scan 1 /fHz/Div, 10 
de/Div, Bandwidth 3 0 Hz. 
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C H A P T E R 3 

A N G U L A R M O D U L A T I O N 

D E F I N I T I O N S 

The: two b a s i c k inds o f a n g u l a r m o d u l a t i o n are f r e q u e n c y m o d u l a t i o n and p h a s e 

modu la t i on . A b a s i c e q u a t i o n a p p l i c a b l e to bo th k inds o f m o d u l a t i o n is : 

A t ^ A /peak 
A<Ppeak = m = —7. 

Jin 

w h e r e : 

A</>peak = peak p h a s e dev ia t ion o f c a r r i e r ( r ad ians ) 

m = modu la t i on i n d e x 

4fi>eak = p e a k f r e q u e n c y dev i a t i on o f c a r r i e r (Hz) 

fm = m o d u l a t i o n f r e q u e n c y (Hz) 

N o t e that n o n e o f t h e s e t e r m s , as de f ined , c o n t a i n any r e f e r e n c e to t he a m p l i t u d e 

o f t he m o d u l a t i n g s igna l . D e f i n i t i o n s o f t he two k i n d s o f a n g u l a r m o d u l a t i o n r e l a t e 

t he p ropor t i ona l i t y o f t he a m p l i t u d e o f the m o d u l a t i n g s igna l to e i t h e r the p h a s e or 

f r e q u e n c y c h a r a c t e r i s t i c s o f t h e car r ie r , as fo l lows : 

F r e q u e n c y M o d u l a t i o n : The i n s t a n t a n e o u s f r e q u e n c y d e v i a t i o n o f t he m o d u l a t e d 

ca r r i e r w i th r e s p e c t to t he f r e q u e n c y o f t he u n m o d u l a t e d ca r r i e r is p ropor t iona l 

to t he a m p l i t u d e o f t h e m o d u l a t i n g s igna l . ( T h e rat io o f t he peak f r e q u e n c y dev ia ­

t ion o f t he c a r r i e r to t h e f r e q u e n c y o f the m o d u l a t i n g s igna l is m, t h e m o d u l a t i o n 

index . T h e m o d u l a t i o n i n d e x is e q u a l to t he peak p h a s e dev i a t i on o f t he ca r r i e r 

in rad ians . ) 

P h a s e M o d u l a t i o n : T h e i n s t a n t a n e o u s p h a s e d e v i a t i o n o f t h e m o d u l a t e d ca r r i e r 

w i th r e s p e c t to t h e p h a s e o f t he u n m o d u l a t e d ca r r i e r is p ropo r t i ona l to t h e a m p l i ­

t ude o f t he m o d u l a t i n g s igna l . ( T h e p e a k p h a s e d e v i a t i o n o f t h e car r ie r , in radi­

ans , is t h e m o d u l a t i o n i n d e x . As in f r e q u e n c y m o d u l a t i o n , the m o d u l a t i o n i n d e x 

is e q u a l to the ra t io o f t he peak f r e q u e n c y dev ia t ion o f t he ca r r i e r to t he f r e q u e n c y 

o f the m o d u l a t i n g s igna l . ) 

I t s h o u l d b e n o t e d that t he de f in i t ions o f t h e s e forms o f m o d u l a t i o n are i n d e p e n ­

d e n t o f t he m o d u l a t i n g f r e q u e n c y . In e a c h c a s e , the m o d u l a t e d p roper ty o f t he ca r r i e r 

is d e v i a t e d in propor t ion to t h e i n s t a n t a n e o u s a m p l i t u d e o f t h e m o d u l a t i n g s igna l , 

r e g a r d l e s s o f t h e ra te at w h i c h tha t a m p l i t u d e m a y b e c h a n g i n g . I n angu la r m o d u l a ­

t ion , h o w e v e r , t he f r e q u e n c y o f the m o d u l a t i n g s igna l is impor t an t and a p p e a r s in 

the e x p r e s s i o n for m o d u l a t i o n i ndex . 

C o m p a r i n g t he b a s i c e q u a t i o n wi th t he de f in i t ions o f b o t h m o d u l a t i o n forms , w e 

can find two e s s e n t i a l fac ts : 

1. A ca r r i e r s i n e w a v e m o d u l a t e d wi th a s i n g l e s i n e w a v e o f c o n s t a n t f r e q u e n c y and 

a m p l i t u d e w i l l g i v e t h e s a m e r e su l t an t s igna l p r o p e r t i e s ( i . e . , t h e s a m e s p e c t r u m 

d i sp lay ) for f r e q u e n c y and p h a s e modu la t i on . A d i s t i nc t i on in th is c a s e c a n b e m a d e 

on ly b y a d i r ec t c o m p a r i s o n o f t he s igna l wi th t he m o d u l a t i n g w a v e as s h o w n in 

F i g u r e 10. 

2. P h a s e m o d u l a t i o n can g e n e r a l l y b e c o n v e r t e d in to f r e q u e n c y m o d u l a t i o n b y 

c h o o s i n g t he f r e q u e n c y r e s p o n s e o f t he m o d u l a t o r so that its ou tput v o l t a g e is 

p ropor t iona l to ! / / , „ ( i n t eg ra t ion o f t he modu la t ing s i g n a l ) . 
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Phase-modulated Wave 

Frequency-modulated Wave 

Figure 10. Phase and f requency modulat ion of a sine wave carrier by a sine wave signal. 

B e c a u s e p h a s e m o d u l a t i o n can b e a p p l i e d in an a m p l i f i e r s tage o f a t r ansmi t t e r , 

a v e r y s t a b l e c r y s t a l - c o n t r o l l e d o sc i l l a t o r c a n b e used . T h u s , " i n d i r e c t K M " is c o m ­

m o n l y u s e d in V H F and U H F c o m m u n i c a t i o n s ta t ions w h e r e h igh s t ab i l i ty o f t he 

ca r r i e r f r e q u e n c i e s a re r e q u i r e d . 

I t c an a l so b e s e e n tha t t he a m p l i t u d e o f t h e m o d u l a t e d s i g n a l a lways s tays c o n ­

stant , r e g a r d l e s s o f m o d u l a t i o n f r e q u e n c y a n d a m p l i t u d e . T h e m o d u l a t i n g s igna l 

adds no p o w e r to t h e ca r r i e r as it d o e s w i t h A M . 

A m a t h e m a t i c a l t r e a t m e n t s h o w s that , in con t ra s t to A M , an a n g u l a r m o d u l a t i o n 

o f a s i n e w a v e ca r r i e r w i t h a s i n g l e s i n e w a v e y i e l d s an in f in i te n u m b e r o f s i d e b a n d s 

s p a c e d b y t h e m o d u l a t i o n f r e q u e n c y , /',„. F o r a d i s to r t ion- f ree d e t e c t i o n o f t h e m o d u ­

la t ing s igna l , a l l s i d e b a n d s m u s t b e t r a n s m i t t e d . T h e s p e c t r a l c o m p o n e n t s ( i n c l u d i n g 

t h e ca r r i e r c o m p o n e n t ) c h a n g e t h e i r a m p l i t u d e s w h e n m is v a r i e d . T h e sum o f t h e 

s q u a r e s o f t h e s e c o m p o n e n t s a lways y i e l d s a c o m p o s i t e s igna l w i t h an a v e r a g e p o w e r 

w h i c h is c o n s t a n t a n d e q u a l to t h e a v e r a g e p o w e r o f t h e u n m o d u l a t e d ca r r i e r w a v e . 

T h e c u r v e s o f F i g u r e 1 1 s h o w t h e r e l a t i o n ( B e s s e l f u n c t i o n ) b e t w e e n t h e ca r r i e r 

a n d s i d e b a n d a m p l i t u d e s o f t he m o d u l a t e d w a v e as a f u n c t i o n o f t h e m o d u l a t i o n 

i n d e x m. N o t e tha t t h e c a r r i e r c o m p o n e n t / „ a n d t he var ious s i d e b a n d s ] , , go to ze ro 

a m p l i t u d e at s p e c i f i c v a l u e s o f in. 

F r o m t h e s e c u r v e s w e c a n g e t t h e a m p l i t u d e s o f t h e c a r r i e r a n d t h e s i d e b a n d 

c o m p o n e n t s in r e l a t i o n to t h e u n m o d u l a t e d carr ier . As an e x a m p l e , w e find for a 

m o d u l a t i o n i n d e x o f m — 3 t h e f o l l o w i n g a m p l i t u d e s : 

C a r r i e r J„ = 0 . 2 7 

F i r s t o r d e r s i d e b a n d ]t = 0 . 3 3 

S e c o n d o r d e r s i d e b a n d / 2 = 0 . 4 8 

T h i r d o r d e r s i d e b a n d Js = 0 . 3 3 e t c . 

9 

Modulating Wave 



T h e s ign o f t h e va lue s w e ge t from the c u r v e s is o f no s i g n i f i c a n c e s i n c e t he 

s p e c t r u m a n a l y z e r d i sp lays on ly t h e a b s o l u t e a m p l i t u d e s . 

T h e e x a c t v a l u e s for t he m o d u l a t i o n i n d e x c o r r e s p o n d i n g to e a c h o f t he ca r r i e r 

ze ros a re l i s t ed in T a b i c I. 

Table I. Values of Modulat ion Index for Which 
Carrier Ampl i tude Is Zero 

O r d e r of Car r ie r Z e r o M o d u l a t i o n Index 

1 2 . 4 0 

2 5 . 5 2 

3 8 . 6 5 

4 1 1 . 7 9 

5 1 4 . 9 3 

6 1 8 . 0 7 

n (n > 6 ) I 8 . 0 7 + T T ( ? I - 6 ) 

B A N D W I D T H O F F M S I G N A L S 

In p r a c t i c e t he s p e c t r u m o f an F M s igna l is no t in f in i te . T h e s i d e b a n d a m p l i t u d e s 

b e c o m e n e g l i g i b l y sma l l b e y o n d a ce r ta in f r e q u e n c y r ange from the car r ie r , d e ­

p e n d i n g on t h e m a g n i t u d e o f in. W e c a n d e t e r m i n e t he b a n d w i d t h r e q u i r e d for a l o w 

d i s to r t ion t r a n s m i s s i o n b y c o u n t i n g t he n u m b e r o f s ign i f ican t s i d e b a n d s . Wi th the 

w o r d " s i g n i f i c a n t " w e usua l l y m e a n a l l t h o s e s i d e b a n d s w h i c h h a v e a v o l t a g e at 

l ea s t 1 p e r c e n t (—40 dB) o f t h e vo l t age o f t he u n m o d u l a t e d carr ier . 

W e w i l l n o w i n v e s t i g a t e t h e spec t r a l b e h a v i o r o f an F M s igna l for d i f ferent v a l u e s 

o f rn. I n F i g u r e 12 w e s e e t h e s p e c t r a o f a s igna l for m = 0 . 2 , 1, 5 , 1 0 . T h e s i n u s o i d a l 

m o d u l a t i n g s igna l has t he c o n s t a n t f r e q u e n c y / „ „ so tha t m is p ropo r t i ona l to its 

a m p l i t u d e . I n F i g u r e 13 t he a m p l i t u d e o f t h e m o d u l a t i n g s igna l is h e l d c o n s t a n t and , 

t h e r e f o r e , m is v a r i e d b y c h a n g i n g t he m o d u l a t i n g f r e q u e n c y . 
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Figure 12. Ampl i tude- f requency spect rum, FM signal (sinusoidal modulat ing signal, 
f.„ f ixed, ampl i tude varying), (a) m = 0.2; (b) m - 1; (c) m = 5; (d) m = 10. 

Figure 13. Ampl i tude- f requency spect rum, FM signal (ampl i tude of A f f i x e d , fm decreasing, 
(a) m = 5; (fa) m - 10; (c) m = 15; (of) m - > «>. 
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W e c a n s e e t w o impor t an t facts from the p r e c e d i n g p i c t u r e s : 

1. F o r v e r y l o w m o d u l a t i o n i n d i c e s (TO l e s s than 0 . 2 ) , w e g e t a c t u a l l y o n l y o n e s ig­

n i f i can t pa i r o f s i d e b a n d s . T h e r e q u i r e d b a n d w i d t h in th i s c a s e is 2 • / „ , as wi th A M . 

2. F o r v e r y h i g h m o d u l a t i o n i n d i c e s (m m o r e than 1 0 0 ) , t h e b a n d w i d t h e q u a l s 2- A_f p e ak. 

F o r v a l u e s o f TO b e t w e e n t h e s e m a r g i n s w e h a v e to c o u n t t he s ign i f i can t s i d e b a n d s . 

F i g u r e s 1 4 a n d 1 5 s h o w t h e a n a l y z e r d i sp lays o f two F M s igna l s , o n e wi th m = 

0 . 2 , t he o t h e r wi th m = 9 5 . 

Figure 14. 50 MHz carrier modulated 
wi th f,„ = 10 kHz and m = 0 .2 ,10 kHz/Oh, 
10 cfB/Div, B - 1 kHz. 

Figure 15. 50 MHz carrier modulated 
wi th fm = 1.5 kHz and m = 95 , 50 kHzlOiv, 
10 dS/Div, 6 - 100 Hz. 

F i g u r e 1 6 s h o w s t he b a n d w i d t h r e q u i r e m e n t s for a l o w d i s to r t ion t r a n s m i s s i o n 

in r e l a t i o n to TO: 

F o r v o i c e c o m m u n i c a t i o n a h i g h e r d e g r e e o f d i s to r t ion can b e t o l e r a t ed ; i .e . , a l l 

s i d e b a n d s wi th l e s s t h a n 1 0 % o f t h e ca r r i e r v o l t a g e (—20 dB) c a n b e n e g l e c t e d in 

th is c a s e . W e can c a l c u l a t e t h e n e c e s s a r y b a n d w i d t h B wi th t he a p p r o x i m a t i o n : 

B = 2 A / p e a k + 2 / „ , 

or 

B = 2f„ (1 +TO) 

All t he a b o v e d i s c u s s i o n on F M s i d e b a n d f r e q u e n c i e s and b a n d w i d t h has b e e n 

b a s e d on a s i n g l e s i n e w a v e as t he m o d u l a t i n g s igna l . T h e e x t e n s i o n to m o r e c o m p l e x 

Figure 16. Bandwidth requirements vs. modulat ion index, m. 
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Figure 17. This is the spect rum for an FM signal at 50 MHz. The deviat ion has been adjusted 
for the f i rs t carrier nul l . fm is 10 kHz, therefore, Af p e a k = 2.4 x 10 kHz = 24 kHz. 20 kHz/D'w, 
10 c/e/Div. B 1 kHz. : . ! 

a n d m o r e r e a l i s t i c m o d u l a t i n g s igna l s is v e r y difficult . H o w e v e r , t h e s i n g l e t o n e 

m e t h o d c a n p rov ide usefu l in fo rmat ion as t h e f o l l o w i n g e x a m p l e s h o w s : 

A n F M b r o a d c a s t s ta t ion has a m a x i m u m f r e q u e n c y d e v i a t i o n ( w h i c h is d e t e r ­

m i n e d b y t h e m a x i m u m a m p l i t u d e o f t h e m o d u l a t i n g s i gna l ) o f A / p e a k = 75 kHz. 
T h e h i g h e s t m o d u l a t i o n f r e q u e n c y / , „ = 15 kHz. T h i s y i e l d s a m o d u l a t i o n i n d e x 

m = 5 , a n d t h e r e s u l t i n g s igna l w i l l h a v e e i g h t s ign i f i can t s i d e b a n d pa i r s . T h u s t h e 

r e q u i r e d b a n d w i d t h can b e c a l c u l a t e d to: 2 X 8 X 15 kHz = 2 4 0 kHz. F o r m o d u l a t i o n 

f r e q u e n c i e s b e l o w 15 kHz ( s a m e a m p l i t u d e a s s u m e d ) , t he m o d u l a t i o n i n d e x i n c r e a s e s 

a b o v e 5 a n d t h e b a n d w i d t h e v e n t u a l l y a p p r o a c h e s 2 A f p e a k = 150 kHz for v e r y l o w 

m o d u l a t i o n frequencies. 

T h u s w e c a n c a l c u l a t e t he r e q u i r e d t r a n s m i s s i o n b a n d w i d t h u s ing t h e h i g h e s t 

m o d u l a t i o n f r e q u e n c y a n d t h e m a x i m u m frequency d e v i a t i o n A f p e a k . 

T h e s p e c t r u m a n a l y z e r is a v e r y usefu l tool for m e a s u r i n g A f p e a k , m, and for fast 

a n d a c c u r a t e a d j u s t m e n t s o f F M t r ansmi t t e r s . I t is a l so f r e q u e n t l y u s e d for ca l ib ra ­

t i on o f f r e q u e n c y d e v i a t i o n m e t e r s . 

A s i g n a l g e n e r a t o r or t r ansmi t t e r is ad jus t ed to a p r e c i s e frequency dev i a t i on w i t h 

t he a id o f t he s p e c t r u m a n a l y z e r u s ing o n e o f t he ca r r i e r z e r o s and s e l e c t i n g t h e 

app rop r i a t e m o d u l a t i n g f r e q u e n c y . I n F i g u r e 17 , a m o d u l a t i o n f r e q u e n c y o f 10 kHz 

a n d a m o d u l a t i o n i n d e x o f 2,4 (first c a r r i e r nu l l ) n e c e s s i t a t e a c a r r i e r p e a k f r e q u e n c y 

d e v i a t i o n o f e x a c t l y 24 kHz. S i n c e t he m o d u l a t i o n f r e q u e n c y can b e e a s i l y s e t ac ­

c u r a t e l y w i t h t he a id o f a frequency coun t e r , and t h e m o d u l a t i o n i n d e x is a l so k n o w n 

a c c u r a t e l y , t h e f r e q u e n c y d e v i a t i o n thus g e n e r a t e d is e q u a l l y a c c u r a t e . 

T a b l e I I is a usefu l cha r t that p rov ides t he m o d u l a t i o n f r e q u e n c y to b e se t on 

t he c o u n t e r for c o m m o n l y u s e d va lue s o f d e v i a t i o n for t he var ious o rders o f ca r r i e r 

z e ro s . 
Table II. List of Modulat ion Frequencies to Be Used to Set Up 

Certain Convenient FM Deviations. 

O r d e r o f C o m m o n l y Used Valued of F M Pea i D e v i a t i o n 

Modulation 
Zero I n d e x 7.5 kHz 10 kHz 15 kHz 25 kHz 30 kHz 50 kHz 75 kHz 100 kHz 150 kHz 250 kHz 300 kHz 

1 2.40 3.12 4.16 6.25 10.42 12.50 20.83 31.25 41.67 62.50 104.17 125.00 
2 5.52 1.36 1.81 2.72 4.53 5.43 9.06 13.59 18.12 27.17 45.29 54.35 
3 8.65 .87 1.16 1.73 2.89 3.47 5.78 8.67 11.56 17.34 28.90 34.68 
4 11.79 .66 .85 1.27 2.12 2.54 4.24 6.36 8.48 12.72 21.20 25.45 
5 14.93 .50 .67 1.00 1.67 2.01 3.35 5.02 6.70 10.05 16.74 20.09 
6 18.07 .42 .55 .83 1.88 1.66 2.77 4.15 5.53 8.30 13.84 16.60 
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T h e p r o c e d u r e for s e t t i ng up a k n o w n dev i a t i on is as fo l lows : 

1. S e l e c t t he c o l u m n wi th t he app rop r i a t e dev ia t ion r e q u i r e d , such as , for e x a m p l e , 

2 5 0 kHz. 

2. S e l e c t an o r d e r o f c a r r i e r z e ro n u m b e r w h i c h g ives a f r e q u e n c y in t h e t a b l e tha t 

is c o m m e n s u r a t e with the no rma l m o d u l a t i o n b a n d w i d t h o f the g e n e r a t o r to b e 

t e s t e d . F o r e x a m p l e , i f an a u d i o m o d u l a t i o n c i r c u i t is p r o v i d e d in t he 2 5 0 kHz 
e x a m p l e a b o v e , it wi l l b e n e c e s s a r y to go to t h e 5 th ca r r i e r z e r o to ge t a m o d u l a t i n g 

f r e q u e n c y w i t h i n t he aud io p a s s b a n d o f the g e n e r a t o r ( 1 6 . 7 4 kHz). 

3 . S e t t he m o d u l a t i n g f r e q u e n c y to 1 6 . 7 4 kHz. M o n i t o r t he g e n e r a t o r ou tpu t s p e c ­

t rum on t he a n a l y z e r a n d adjust t he a m p l i t u d e o f the aud io m o d u l a t i n g s igna l unt i l 

t he c a r r i e r a m p l i t u d e has g o n e th rough four ze ros and s top w h e n t he c a r r i e r is 

at its fifth m i n i m u m . Wi th t he m o d u l a t i n g f r e q u e n c y o f 1 6 . 7 4 kHz and t h e s p e c t r u m 

at its fifth ze ro , t hen a u n i q u e 2 5 0 kHz d ev i a t i on is b e i n g p r o v i d e d b y the s e t u p . 

T h e m o d u l a t i o n m e t e r m a y t hen b e c a l i b r a t e d . You can m a k e a q u i c k c h e c k b y 

m o v i n g to t h e a d j a c e n t c a r r i e r z e r o a n d r e s e t t i n g t h e m o d u l a t i n g f r e q u e n c y a n d 

a m p l i t u d e ( i . e . , 1 3 . 8 4 kHz at t he s ixth ca r r i e r ze ro in the a b o v e e x a m p l e ) . 

O t h e r i n t e r m e d i a t e d e v i a t i o n s and m o d u l a t i o n i n d e x e s a re s e t t a b l c u s i n g var ious 

o rders o f s i d e b a n d ze ros bu t t h e s e a re i n f l u e n c e d b y i n c i d e n t a l a m p l i t u d e m o d u l a ­

t ion . S i n c e it is k n o w n that a m p l i t u d e m o d u l a t i o n d o e s not c a u s e the ca r r i e r to c h a n g e 

b u t i n s t e a d puts all t he m o d u l a t i o n p o w e r in to t he s i d e b a n d s , i n c i d e n t a l A M wi l l 

no t affect the ca r r i e r z e r o m e t h o d a b o v e . 

I f it is no t p o s s i b l e or d e s i r a b l e to a l t e r t he m o d u l a t i o n f r e q u e n c y to ge t a car­

r ie r or s i d e b a n d nu l l , t h e r e a re o t h e r w a y s to ob t a in u s a b l e in format ion a b o u t fre­

q u e n c y d e v i a t i o n and m o d u l a t i o n i n d e x . O n e m e t h o d is to c a l c u l a t e m b y u s i n g t h e 

a m p l i t u d e in format ion o f five a d j a c e n t f r e q u e n c y c o m p o n e n t s in t h e F M s igna l . T h e s e 

five m e a s u r e m e n t s a re u s e d in a r e c u r s i o n fo rmula for B e s s e l func t ions to form t h r e e 

c a l c u l a t e d va lue s o f a m o d u l a t i o n i n d e x . A v e r a g i n g y i e l d s m w i th p rac t i ca l m e a s u r e ­

m e n t er rors t a k e n in to c o n s i d e r a t i o n . B e c a u s e o f t h e n u m b e r o f c a l c u l a t i o n s n e c e s ­

sary, th i s m e t h o d is o n l y a p p l i c a b l e b y u s i n g a c o m p u t e r . A s o m e w h a t e a s i e r m e t h o d 

c o n s i s t s o f two m e a s u r e m e n t s . 

F i r s t , t he s i d e b a n d s p a c i n g o f t h e m o d u l a t e d ca r r i e r is m e a s u r e d b y u s i n g a 

suff ic ient ly sma l l I F b a n d w i d t h ( B W ) , thus ge t t i ng t he m o d u l a t i o n f r e q u e n c y / „ , . 

S e c o n d , t he p e a k f r e q u e n c y dev i a t i on A / p e a k is m e a s u r e d b y s e l e c t i o n o f a c o n ­

v e n i e n t scan w id th and an I F b a n d w i d t h w i d e e n o u g h to c o v e r all s ign i f i can t s i de ­

b a n d s . M o d u l a t i o n i n d e x m c an t h e n b e c a l c u l a t e d eas i ly . 
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Picture shows a frequency modulated 
carrier. Sideband spacing is measured to 
8 kHz. 10 fcWz/Div, 10 d8/Div, 6 = 3 0 0 Hz. 

The peak-to-peak frequency deviation of 
the same signal is measured to 2 0 kHz. 
10 kHzlDn, 10 dS/Div, 8 = 3 0 kHz. 

Insufficient Bandwidth: 8 = 10 kHz. 

Figure 19. m can be calculated to m - ~ = 1-25. 

N o t e that F i g u r e I 8 B s h o w s t he peak- to -peak dev i a t i on . An e x a m p l e o f th i s t ype 

o f m e a s u r e m e n t is shown in t he p h o t o g r a p h s , F i g u r e 1 9 , A and B . 

A n o t h e r p o s s i b i l i t y to m e a s u r e A / is to u s e a m o d i f i e d I F s e c t i o n o f t h e a n a l y z e r 

s y s t e m w h i c h has a 3 MHz I F output . T h e ou tpu t s igna l can thus b e fed in to an e x ­

te rna l f r e q u e n c y d i sc r imina to r . F o r th is a p p l i c a t i o n , t h e s p e c t r u m a n a l y z e r m u s t 

b e u s e d as a m a n u a l l y t u n e d r e c e i v e r (ze ro s c a n ) wi th suff ic ient b a n d w i d t h . A typ ica l 

s e tup is s h o w n in F i g u r e 2 0 . 

T h e s p e c t r u m a n a l y z e r c a n a l so b e u s e d to m o n i t o r F M t r ansmi t t e r s ; e.g. , b road ­

cas t or c o m m u n i c a t i o n s ta t ions . H e r e t h e s ta t i s t ica l na tu re oi t he m o d u l a t i o n mus t 

b e c o n s i d e r e d . T h u s the s igna l m u s t b e o b s e r v e d for a suf f ic ient ly l o n g t i m e to in­

c r e a s e t he p robab i l i t y o f c a t c h i n g t he peak f r e q u e n c y d e v i a t i o n s . T h i s n e c e s s i t a t e s 

a s to rage d i sp l ay or at l eas t a c a m e r a . 
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SPECTRUM ANALYZER 
RF Section 

HP 8552A/B 
Opt H 14 

AMPLIFIER 
HP 8447A 
(HP 461 A) 

DISCRIMINATOR 
HP 5210A Plus 

HP 10531A 
Low Pass Filter 

AC VOLTMETER 
HP 3400A 

or 
HP 8052A 

Figure 20. A typical setup. 

F i g u r e s 2 1 and 2 2 s h o w F M b r o a d c a s t s ta t ions , o n e m o d u l a t e d wi th a m o n o 

s igna l , and t he o t h e r wi th s t e r e o m u l t i p l e x . N o t e that in t he l a t t e r c a s e t he s p e c t r u m 

e n v e l o p e r e s e m b l e s an F M s ignal wi th l o w m o d u l a t i o n i n d e x . T h i s is d u e to t he fact 

that t he s t e r e o m o d u l a t i o n s igna l c o n t a i n s add i t iona l in fo rmat ion in t he f r e q u e n c y 

r ange o f 2 3 to 5 3 kHz, far b e y o n d t he a u d i o f r e q u e n c y l imi t o f 15 kHz. S i n c e t he 

o c c u p i e d b a n d w i d t h m u s t not e x c e e d t he b a n d w i d t h o f a t r ansmi t t e r m o d u l a t e d wi th 

a m o n o s igna l , t he m a x i m u m f r e q u e n c y d e v i a t i o n ot t he ca r r i e r m u s t b e kep t sub ­

s tan t i a l ly lower . 

A l t h o u g h t he H P S p e c t r u m Ana lyze r s h a v e no bu i l t - in F M d i s c r i m i n a t o r s , it is 

p o s s i b l e to r e c o v e r t he m o d u l a t i n g s igna l wi th suff ic ient l i nea r i t y b y s l o p e d e t e c t i o n . 

H e r e t h e a n a l y z e r is u s e d as a m a n u a l l y t u n e d r e c e i v e r ( ze ro s c a n ) wi th suf f ic ient 

I F b a n d w i d t h . B u t in c o n t r a s t to A M t h e s igna l is no t t u n e d in to the p a s s b a n d c e n t e r 

b u t to o n e s l o p e o f t he filter c u r v e as i l lus t ra ted in F i g u r e 2 3 . 

At t h e s l o p e , the f r e q u e n c y var ia t ions o f t h e F M s igna l a re c o n v e r t e d in to a m p l i ­

t ude var ia t ions ( F M to A M c o n v e r s i o n ) . T h e r e su l t an t A M s igna l is t hen d e t e c t e d 

wi th the e n v e l o p e d e t e c t o r . T h e d e t e c t o r ou tpu t can t hen b e d i s p l a y e d in t i m e do­

ma in and is a l so a v a i l a b l e at t he ver t i ca l output . 

A d i s a d v a n t a g e o f th i s m e t h o d is tha t t h e d e t e c t o r a l so r e s p o n d s to a m p l i t u d e 

var ia t ions o f t he s igna l . 

Figure 2 1 . FM broadcast t ransmi t ter 
modulated wi th a mono signal. 50 kHzl 
Div, 10 dS/Div, 8 - 3 kHz, scan 50 msl 
Div, approx. 50 scans. 

Figure 22. FM broadcast t ransmi t ter 
modulated wi th a stereo signal. 50 kHzl 
Div, 10 df i /Div, B = 3 kHz, scan 50 msl 
Div, approx. 50 scans. 
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2Af Peak 
FM Signal 

Figure 23. Slope detect ion of an FM signal. 

A M P L U S F M ( I n c i d e n t a l F M ) 

A l though A M and angu la r modu la t ion are d i f ferent m o d u l a t i o n m e t h o d s , t h e y 

h a v e o n e p rope r ty in c o m m o n : t hey a lways p r o d u c e a s y m m e t r i c a l s i d e b a n d s p e c ­

t rum. 

In F i g u r e 2 4 w e s e e a m o d u l a t e d ca r r i e r wi th u n s y m i n e t r i c a l s i d e b a n d s . ' H i e 

on ly w a y that w e can h a v e o n e s i d e b a n d l a rge r than t he c o r r e s p o n d i n g o t h e r is for 

bo th AM and F M or p h a s e m o d u l a t i o n to ex i s t s i m u l t a n e o u s l y and at t he s a m e modu­

la t ing f r e q u e n c y . T h e reason is that t he p h a s e r e l a t ions b e t w e e n c a r r i e r and s i d e b a n d s 

a re d i f ferent for A M and angu la r m o d u l a t i o n ( s e e A p p e n d i x ) . S i n c e t h e s i d e b a n d 

c o m p o n e n t s o f b o t h m o d u l a t i o n types add t o g e t h e r g e o m e t r i c a l l y , t h e r e su l t an t amp l i ­

t ude o f o n e s i d e b a n d is r e d u c e d . T h e a m p l i t u d e o f t h e o t h e r is i n c r e a s e d r e s p e c t i v e l y . 

T h e s p e c t r u m a n a l y z e r d o c s not re ta in a n y p h a s e in fo rmat ion and thus d i sp lays t he 

a b s o l u t e m a g n i t u d e o f t h e resul t . 

F o r r e l a t i ve ly l o w a m o u n t s o f KM the modu la t ion d e g r e e o f t he A M c o m p o n e n t 

can b e c a l c u l a t e d wi th a c c e p t a b l e a c c u r a c y b y t ak ing t he a v e r a g e a m p l i t u d e o f t he 

first s i d e b a n d pair. T h e a m o u n t o f i n c i d e n t a l F M can on ly b e c a l c u l a t e d i f t he p h a s e 

re la t ion b e t w e e n t he A M and F M s i d e b a n d v e c t o r is k n o w n . I t is not p o s s i b l e to 

m e a s u r e A / p o a k o f t he i n c i d e n t a l F M us ing t he s l o p e d e t e c t i o n m e t h o d , b e c a u s e 

o f the s i m u l t a n e o u s l y e x i s t e n t A M . 

The b e s t way is to u se t he 3 MHz I F ou tpu t of a mod i f i ed IK sec t i on ( a n a l y z e r in 

" z e r o s c a n " m o d e ) , and to f e e d the output s igna l in to a l i m i t i n g ampl i f i e r to r e m o v e 

t he A M c o m p o n e n t and m e a s u r e the f r e q u e n c y dev i a t i on wi th a f r e q u e n c y d i s c r i m i n a ­

tor. F o r h i g h e r s ens i t i v i t y t he f r e q u e n c y o f t he ou tpu t s igna l can b e m u l t i p l i e d , thus 

i n c r e a s i n g t he f r e q u e n c y dev i a t i on b y the m u l t i p l i c a t i o n factor. H o w e v e r , for l o w 

d e v i a t i o n s the res idua l KM o f the a n a l y z e r i t s e l f has to b e t aken in to c o n s i d e r a t i o n . 

Figure 24. Pure AM or FM signals always 
have equal s idebands, but when the two 
are present together, the modulat ion 
vectors usually add in one sideband and 
subtract in the other. Thus unequal side­
bands are an indicat ion of s imultaneous 
AM and FM. This CW signal is ampl i tude 
modulated 8 0 % at a 10 kHz rate. The 
harmonic d is tor t ion and incidental FM 
are clearly visible. 
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APPENDIX I 

A M P L I T U D E M O D U L A T I O N 

A s i n e w a v e ca r r i e r can b e e x p r e s s e d b y t he g e n e r a l e q u a t i o n : 

e ( n = A • c o s (<art + (j>0) ( I T ) 

I n A M s y s t e m s o n l y A is va r i ed . A b a s i c a s s u m p t i o n is tha t t h e m o d u l a t i n g s igna l 
v a r i e s s l o w l y c o m p a r e d wi th t he carr ier . T h i s m e a n s tha t w e c a n ta lk of an e n v e l o p e 
var ia t ion or var ia t ion o f the l ocus o f t he ca r r i e r p e a k s . T h e car r ie r , a m p l i t u d e m o d u ­
l a t ed wi th t he f u n c t i o n / ( „ , has t he form (ca r r i e r a n g l e <j)„ a rb i t ra r i ly se t to ze ro ) : 

= A [1 + M • F U ) \ • c o s CO,.t (IN = m o d u l a t i o n d e g r e e ) ( 1 - 2 ) 

f o r / , , , = c o s H)mt ( s i ng l e s i n e w a v e ) w e get : 

«„, = A (I + m • cos (Dmt) • c o s ( 1 - 3 ) 

or 

M • A . M • A 
ea) = A c o s <o,.t H — c o s (co,. + a>m)t H -— cos (<»,. — o)m)t ( 1 - 4 ) 

W e ge t t h r e e s t e a d y s ta te c o m p o n e n t s : 

a) A • c o s o)cl C a r r i e r 

b ) ——— c o s (a),. + to„,)f U p p e r S i d e b a n d 
2 

c ) ——— cos (TO,. — O>,„)t L o w e r S i d e b a n d 
2 

W e can r e p r e s e n t t h e s e c o m p o n e n t s b y t h r e e phasors ro ta t ing at d i f ferent angu la r 
v e l o c i t i e s ( F i g u r e I -1A) . W e a s s u m e t h e ca r r i e r phaso r to b e s ta t ionary to obta in the 
a n g u l a r v e l o c i t i e s o f t he s i d e b a n d phaso r s in r e l a t i on to the ca r r i e r p h a s o r A ( F i g u r e 
I - 1 B ) . 

Lower 
Sideband 

Figure 1-1. 
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F i g u r e 1-2 s h o w s t he c o m p o s i t i o n o f t h e e n v e l o p e o f an A M s igna l b y phaso r s : 

Figure 1-2. 

I t c a n b e o b s e r v e d tha t t he p h a s e o f t h e v e c t o r sum o f t he s i d e b a n d phasors is 

a lways c o l l i n e a r wi th t he ca r r i e r c o m p o n e n t . I t c a n a l so b e s e e n from E q . ( 1 - 3 ) a n d 

F i g u r e 1-1 tha t t he m o d u l a t i o n d e g r e e m c a n n o t e x c e e d t h e v a l u e o f un i ty for l i n e a r 

m o d u l a t i o n . 

D e f i n i t i o n o f i n s t a n t a n e o u s f r e q u e n c y : 

T h e usua l e x p r e s s i o n for a s i n e w a v e o f t h e f r e q u e n c y / , , i s : 

fcW = c o s (/>(0 = cos (a)ct + (t>(l) ( 2 - 1 ) 

W e d e f i n e t h e i n s t a n t a n e o u s rad ian f r e q u e n c y w,- to b e t h e d e r i v a t i v e o f t he a n g l e 

as a func t ion o f t i m e : 

./.'((, = cos (/.,,, 

= § ( 2 - 2 ) 
at 

T h i s a g r e e s w i t h t h e usua l u s e o f t h e w o r d f r e q u e n c y i f 4>w = (oct + 4>„. 
I f </>(() in E q . ( 2 - 1 ) is n o w m a d e to vary in s o m e m a n n e r w i t h a m o d u l a t i n g s igna l 

./Jo, w e ca l l t h e r e s u l t i n g form o f m o d u l a t i o n a n g u l a r m o d u l a t i o n . 

P h a s e a n d F r e q u e n c y m o d u l a t i o n are b o t h s p e c i a l c a s e s o f a n g u l a r m o d u l a t i o n . 

I n pa r t i cu la r , w h e r e 

4>w == wct + fa+ K, • / « , - ( 2 - 3 ) 

w e va ry t h e p h a s e o f t h e ca r r i e r l i n e a r l y w i t h t h e m o d u l a t i n g s igna l . K f is a c o n s t a n t 

o f t h e s y s t e m . 

• i' :: ' • ) •):•'• : ' i • ' J . ' , / ' . ' ' i : 

N o w w e l e t t he i n s t a n t a n e o u s f r e q u e n c y , as d e f i n e d in E q . ( 2 - 2 ) , vary l i n e a r l y w i t h 

t he m o d u l a t i n g s igna l , 

cof = (oc + k 2 • ./;„ 

T h e n 

</>«) = J Wjdt 

• = o ) b t + « o + K » - ' ; / w d t / ( 2 - 4 ) 
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In t h e p h a s e m o d u l a t i o n ea se t he p h a s e o f t he ca r r i e r va r i es wi th t he m o d u l a t i n g s ig­
nal and in t he F M c a s e the p h a s e o f t he ca r r i e r va r i es wi th t he in t eg ra l o f the m o d u ­
la t ing s igna l . T h e r e is thus no e s s e n t i a l d i f f e r ence b e t w e e n p h a s e and f r e q u e n c y 
modu la t i on . W e shal l u se t he t e rm F M g e n e r a l l y to i n c l u d e bo th m o d u l a t i o n t y p e s . 

F o r fur ther ana lys i s w e a s s u m e a s i nuso ida l m o d u l a t i o n s igna l at t he f r e q u e n c y 

fa) = a • c o s o)mt 

T h e i n s t a n t a n e o u s radian f r e q u e n c y OJ ( is 

co, — w,. I- Aw peak • c o s ojmt Ato peak < < w,. ( 2 - 5 ) 

Ato peak is a c o n s t a n t d e p e n d i n g on t he a m p l i t u d e a o f t he m o d u l a t i n g s igna l and on 

t he p r o p e r t i e s o f t he m o d u l a t i n g s y s t e m . 

T h e p h a s e (/><0 is t hen g i v e n 

cj)u) = \oi{dt = wtt + ^ ° J p e a k s in (omt + (/>„ 

W e can t ake 4>„ as ze ro b y re fe r r ing to an app rop r i a t e p h a s e r e f e r e n c e . T h e f r e q u e n c y 

m o d u l a t e d c a r r i e r is t hen e x p r e s s e d b y 

e w = A • c o s (co(.i + m • s in o),„f) ( 2 - 6 ) 

<»m in, 

m is the m o d u l a t i o n i n d e x and r e p r e s e n t s the m a x i m u m p h a s e shift o f t he ca r r i e r , 

A.f„eak is t he m a x i m u m f r e q u e n c y dev i a t i on o f the ca r r ie r . 

N A R R O W B A N D F M 

T o s impl i fy t he ana lys i s o f F M , w e first a s s u m e that m < <— (usua l ly m < 0 . 2 ) : 

W e h a v e 

eU) = A • c o s (o>ct + m • s in u>mt) 

= A [ c o s (Dct • c o s (m • s in u>,„t) — s in u>,.t • s in (m • s in oj,„i)] 

r v 
to r m<<— 

2 

c o s (m • s in <omt) — 1 a n d s in (in • s in a>mt) — m • s in oj,„r 

thus 

e(i) — A (cos o)ct — m • s in o>mt • s in o)ct) ( 2 - 8 ) 

W r i t t e n in t he s i d e b a n d form: 

. m • A . m • A . . ,_, 
(':,, = A c o s o)ct — c o s (w c — o)m)t H cos (a),. + ct)m)t (2 -y) 

2 2 

T h i s r e s e m b l e s t h e A M c a s e in E q . ( 1 - 4 ) , b u t w i t h t h e d i f f e r ence tha t in n a r r o w b a n d 
F M t h e p h a s e o f t he l o w e r s i d e b a n d is r e v e r s e d . T h u s , t h e r e su l t an t s i d e b a n d v e c t o r 
sum is a lways in p h a s e q u a d r a t u r e w i t h t h e carr ier . 
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Figure 1-3. 

T h e F M c a s e thus g ives r i s e to p h a s e var ia t ions wi th v e r y sma l l a m p l i t u d e c h a n g e 

(m<<—), w h i l e t h e A M c a s e g ives a m p l i t u d e var ia t ions wi th no p h a s e dev ia t i on . 

F i g u r e 1-4 s h o w s t he s p e c t r a of an A M and a n a r r o w b a n d F M s igna l . H o w e v e r , 

on a s p e c t r u m a n a l y z e r t h e F M s i d e b a n d s a p p e a r as in A M b e c a u s e t h e a n a l y z e r d o e s 

no t r e t a in p h a s e in fo rmat ion . 

r „ , = A cos id)..I + in s in uimt) m no t s m a l l 

= A [ cos coct • c o s (TO • s i n a>mt) — s in (oct • s in (m • s in &),„£)] 

U s i n g t h e F o u r i e r s e r i e s e x p a n s i o n s : 

c o s (m • s in wmt) =/„(TO) + 2J2(m) • c o s 2a>mt + 2J4(m) c o s 4a>mt + . . . ( 2 - 1 0 ) 

s in (TO • s in co„,t) = 2J , (?n) s in a>„,t + 2 / 3 ( m ) s in 3a>mt + . . . ( 2 - 1 1 ) 

w h e r e ]„ (TO) is t h e n t h - o r d e r B e s s e l func t ion o f t he first k i n d , w e g e t 

%) =Jo(in) c o s o)ct — J i ( m ) [ c o s (coc — a)m)t — c o s (wc + com)t] 

! JJin) | c o s (<•«,. 2o),,.)/ I- c o s (<••>,.-- 2w„,)/1 

~]z{m) [COS ( w c — S o i n J l 1 — COS (to c + 3&),„)t] 

+ ( 2 - 1 2 ) 

Narrowband FM 

Figure 1-4. 
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W e thus h a v e a t i m e func t ion c o n s i s t i n g o f a c a r r i e r and an inf in i te n u m b e r o f s i d e ­

b a n d s , w h o s e a m p l i t u d e s a re p ropor t iona l t o , / „ ( w ) . I t can b e s e e n that: 

a ) t he v e c t o r s u m s o f t he odd o r d e r s i d e b a n d pairs a re a l w a y s in q u a d r a t u r e 

wi th t he ca r r i e r c o m p o n e n t . 

b ) the v e c t o r s u m s o f t he e v e n o r d e r s i d e b a n d pairs a r c a lways c o l l i n e a r wi th 

the ca r r i e r c o m p o n e n t . 

Jo 

Figure 1-5. Composition of an FM wave into sidebands. 

Figure I-6. Phasor diagrams of an FM signal with a modulation index m = 1. Different 
diagrams corresponding to different points in the cycle of the sinusoidal modulating 
wave. 
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For m = 1 
J 0 • 0.77R 
J ! - 0.44R 
J 2 = 0.11R 
J 3 = 0.02R 
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