
M
o

d
u

latio
n

: W
h

ere R
a

d
io

 M
eets D

ata
R

adio W
aves carry info

rm
ation through space, so w

e can enjoy m
obile phones, A

M
/F

M
 car radio, satellite and cable

 T
V

, and W
iF

i laptop In
ternet services.

S
om

e of the inform
atio

n w
e w

ant to send starts off as digital data, an
d som

e starts off as an
alog, but all can be carried over radio frequen

cy (R
F

) w
aves. M

odula
tion is how

they m
eet: inform

ation is used to change the radio signal in som
e w

a
y, so it can be sent ove

r the air or over w
ires, a

nd later dem
odulated a

nd heard, read, or seen
.
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A
n

alo
g

 V
o

ice Tran
sm

issio
n

 
 

 
 

A
 m

ixer is a type of m
odulator w

hich com
bines one signal (for exam

ple audio
n) w

ith the radio freque
ncy "carrier." T

he sim
plest type of m

ixer just co
ntrols the transm

itter po
w

er,
and varies it in sync w

ith the audio w
ave. Y

ou
 can think of this m

ixer as m
ultiplying the tw

o signals together.

T
his sim

plest m
ixing process produces "am

plitude m
odulation," or A

M
. M

athem
atically, this m

ixer just m
ultiplies the a

udio signal by the R
F

 carrier signal.
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T
im

e an
d

 F
req

u
en

cy

A
nother w

ay of look at radio w
aves is by frequ

ency, instead of by tim
e

. (F
requency is just the

 num
ber of com

plete w
aves per second.) S

o h
ere the X

 axis is freque
ncy and Y

is the am
plitude at that frequency.

H
ere are tim

e-dom
ain a

nd frequency-dom
ain view

 of a 1 kH
z audio to

ne. A
 tim

e-dom
ain view

 is w
hat is norm

ally see
n on an oscilloscope:

A
 frequency dom

ain vie
w

 show
s the tone as a single line, at the 1kH

z frequency, and w
ith a h

eight corresponding to the original signal am
p

litude. A
 spectrum

 analyzer show
s

shis view
:
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A
M

 S
p

ectru
m

H
ere is a plot of an A

M
 signal w

ith an R
F

 carrier of 1200 kH
z am

plitu
de m

odulated w
ith a 1 kH

z audio tone:

N
otice the m

odulated radio signal has the carrier signal and tw
o cop

ies of the inform
ation (1

 kH
z signal), one above

 and one below
. M

ultiplying the am
plitudes of tw

o signals
gives the sum

 and diffe
rence of those tw

o sign
als! T

he tw
o signals are

 called sidebands, and they contain identical in
form

ation, so one is red
undant. S

o is the carrie
r, for that

m
atter, since it never changes, and a signal th

at never changes carrie
s no inform

ation!

M
o

d
u

latio
n

 in
 H

ard
w

a
re

M
ixing can be done w

ith electrical com
ponents, or it can be done w

ith softw
are and a digtal to analog converter to produce an output volta

ge. A
ll types of m

odula
tion m

odes
can be produced in eith

er w
ay, though the m

ore com
plex m

odulation m
odes require softw

are
 at som

e stage.

H
ere is a schem

atic dia
gram

 of a m
ixer realize

d in electronics com
pon

ents:
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S
S

B
: A

 M
o

re E
fficien

t M
o

d
e fo

r A
u

d
io

S
ingle-sideband suppre

ssed carrier (S
S

B
 for short) m

odulation elim
in

ates the carrier and on
e of the tw

o sidebands, and is m
ore efficient though requires m

ore coplex
equipm

ent. N
ote that th

ere are tw
o types, (+

 an
d -, or upper sideband and low

er sideband.)

S
S

B
 looks like this in a

 spectrum
 plot:

A
nd in a tim

e-dom
ain p

lot:

N
ote that the S

S
B

 tran
sm

itted output looks just like input, just shifted up to a m
uch higher fre

quency!

A
T

&
T

 Long Lines used
 S

S
B

 for long distance phone calls until the ad
vent of digital telephon

y, and S
S

B
 rem

ains strong in radio com
m

unications because of its efficiency and
ability to be understood

 through noise.
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F
M

 fo
r H

ig
h

 F
id

elity

Instead of m
odulating the am

plitude, you can also m
odulate the frequ

ency, or its close cousin
, the phase. (E

dw
in A

rm
strong invented F

M
 back in the early 1900's, bu

t
resistance from

 R
C

A
 a

nd fam
ous law

suits from
 other engineers stunte

d F
M

 radio until the 195
0's.)

C
om

pare the w
ave for A

M
 and F

M
 w

hen m
od

ulated by a single frequ
ency sine w

ave:

F
M

 looks roughly like th
is for a 1 kH

z tone and
 a 75 kH

z "deviation":

A
 V

H
F

 F
M

 radio broad
cast station is allocated

 175 kH
z of bandw

idth, w
hereas an M

F
 A

M
 station uses only 10 kH

z.

A
n F

M
 receiver "lim

its" the am
plitude of the in

com
ing signal and de-m

odulates the inform
atio

n from
 the change in frequency, so F

M
 is m

uch less sensitive to static and noise
bursts than A

M
 or S

S
B

. F
M

 generally requires m
ore of the radio spectrum

, or in other w
ords, its "bandw

idth" is high
er, but in return it gives great audio fidelity.
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L
ig

h
t W

ritin
g

T
he sim

plest digital encoding is a very sim
ple a

m
plitude m

odulation ca
lled O

ff-O
n K

eying. T
he

 R
F

 signal is sim
ply turned off and on. (N

ote th
at a sim

ple sw
itch does this, and

taking a cue from
 com

p
uters, w

e can think of it as m
ultiplying by 1 or 0

, m
aking a sw

itch a sim
ple form

 of m
ixer.)

A
n early use of O

O
K

 w
as H

ellschreiber, w
hich

 sent text and pictures over telegraph w
ires (a

nd later radio) by using
 off to m

ean w
hite and on to m

ean black, and scanning
quickly up and dow

n, a
nd m

ore slow
ly left and

 right. (E
arly system

s w
ere entirely m

echanica
l.)

F
eldfernschreiber M

od
el 24a - 32, c. 1941

M
odern softw

are im
ple

m
entation

T
he encoding used by H

ellschreiber is a tw
o-d

im
ensional scan.

M
a
k
e
r F

a
ire

 2
0

1
1

 M
o
d

u
la

tio
n

 P
o
ste

r
h

ttp
://w

a
5

zn
u

.o
rg

/2
0

1
1

/0
5

/m
o
d

u
la

tio
n

/m
o
d

u
la

tio
n

.h
tm

l

7
 o

f 1
2

0
5

/1
7

/2
0

1
1

 0
1

:5
0

 P
M



O
ff an

d
 O

n

Telegraphy is another form
 of off-on keying, an

d it uses tw
o lengths of "on" to send tw

o differe
nt sym

bols, w
ith space

s betw
een. A

 sequence
 of sym

bols represent a
 letter, and

the encoding is chosen
 to m

ake com
m

on lette
rs shorter, and uncom

m
ing letters, num

bers, an
d sym

bols longer. H
ere

 is an encoding still use
d today, in order of leng

th:

E
T

IS
A

N
M

U
D

G
R

K
F

L
C

Z
Q

J
...

W
ard C

unningham

T
his encoding is Intern

ational M
orse code, tho

ugh there are other less used ones. It is a digital O
O

K
 system

 w
hich can be decoded by hum

ans. In recent years, co
m

puter
decoding system

s have
 becom

e available as w
ell, though they still suffer in perform

ance com
pared to hum

ans, beca
use of the lack of any clock or synchronization

inform
ation.
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M
o

d
u

latio
n

 fo
r D

ig
ital D

ata

S
im

ilar techniques are used to m
odulate R

F
 w

ith digital data. O
ne of the sim

plest m
eans is to change betw

een tw
o

 frequencies, one for a binary 0 and another fo
r a binary 1.

T
his m

odulatation is ca
lled F

requency S
hift K

e
ying.

In the tim
e dom

ain, F
S

K
 looks like this:

D
a
ta

C
a
rrie

r

M
o
d

u
la

te
d

 S
ig

n
a
l

F
S

K
, tim

e dom
ain

In a frequency dom
ain view

, an R
T

T
Y

 signal lo
oks like this. N

ote the spreading of the spectru
m

 due to the sw
itching betw

een the tw
o

frequencies.

F
S

K
, frequency dom

ain

D
igital m

odulation requ
ires an "encoding" in ad

dition to m
odulation. O

ne of the first encoding
s w

as B
audot, w

hich uses 5 bits to represent 3
1 sym

bols. O
ne of the sym

bols is a
"shift," w

hich sw
itches to a second set of sym

bols. In this w
ay w

e ca
n represent 26 letters, 10 num

erals, and a host of punctuation m
arks and special sym

bols (such as
backspace). B

audot w
a

s later extended to 7 bits of inform
ation and 1 bit of "parity" for error correction, in a form

at ca
lled A

S
C

II. M
ost com

pu
ters today use a desce

ndent of
A

S
C

II.

B
audot punched tape
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M
o

d
ern

 T
im

es, M
o

d
ern

 P
h

ases

P
hase is close cousin to F

requency; if you cha
nge the phase of a rad

io w
ave, it m

akes the w
ave "skip" forw

ard to an
other section of its w

aveshape.

T
he frequency dom

ain plot looks very sim
ilar to that F

S
K

 plot, and the
 w

idth is related to how
 quickly the phase chan

ges. B
ecause phase is a relative m

easure, it m
akes the

design of self-clocking system
s easy, and com

puter decoding becom
e

s effective. M
any digita

l m
odulation system

s com
bine both phase and

 am
plitude m

odulation.

H
ere is a B

inary P
hase

-S
hift K

eying system
, w

here a phase change is used to indicate a 0 an
d no phase change is u

sed to indicate a 1, and
 am

plitude is used both
 to send a

clock signal and to redu
ce the am

ount of transm
itted energy at the tim

e
 w

hen the sudden phase transition takes place
, reducing bandw

idth.

P
eter M

artinez

Like International M
orse, it's advantageous ag

ain to use a variable le
ngth encoding, and sin

ce it's a com
puter-orien

ted m
ode, the encodign

 is specified as a conve
rsion from

the 8-bits of A
S

C
II-like encoding to a variable length 2 to 11 bits, w

ith
 12-bit codes allocated

 uniform
ly for all codes 127-255.
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M
o

re in
 th

e sam
e sp

a
ce

U
sing four phase chan

ges of 0, 90, 180, and 2
70 degrees coupled w

ith am
plitude changes g

ives advantages of m
o

re data in the sam
e ban

dw
idth, as long as the signal

quality is good (thanks to C
laude S

hannon!). P
S

K
 signals are often visualized w

ith a constella
tion diagram

, show
ing the relative signal phases, and in m

ore com
ple

x system
s,

am
plitues as w

ell. H
ere

 is a constellation chart show
ing 16-Q

A
M

 w
hich uses a com

bination o
f four am

plitudes and p
hases to achieve 4 bits per transm

itted sym
bo

l:

Q

I

0
0
0
0

0
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0
0

1
1
0
0

1
0
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0
0
0
1

0
1
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1
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1
0
0
1

0
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1
1

0
1
1
1

1
1
1
1

1
0
1
1

0
0
1
0

0
1
1
0

1
1
1
0

1
0
1
0

W
ikipedia

E
ncodings are again used to provide com

pression and error correction
.

Internet cable m
odem

s using the D
O

C
S

IS
-3 standard use 64-Q

A
M

 a
nd 256-Q

A
M

 m
odulatio

n on radio frequencies in the U
H

F
 range and carried over coax cables into your

house.
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