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Representation of Digital Modulation with Memory

Linear Digital Modulation with Memory

| NRZ modulation is equivalent to

NRZ I . binary PAM or PSK. It is
e memoryless system

NRZ1 | NRZ1 is called differential encoding.
0 +— 1 1 i k= |If Ais pulse amplitude,

bbb b b 4 1 | Achange when data=1 and
Data | 110 {1 31705070811 4 qoesnt change when data=0

b =a, ®b,_

where {a,} s binary information sequence, {b, } is the output
sequence, @ addition modulo 2




Linear Digital Modulation with Memory

State diagram for the NRZ1 represents the encoder and modulator
operations. s(t) represents the waveform to transmit the binary
information Data s(t) for Data “1” and —s(t

) for Data “0”

1/5(t)

0/-s(t) 0/s(t) ‘ Input bit/channel symbol
State diagram, It is also
called Markow Chain

1st)  Sr
State transition B 1 0 0 1 State transition
matrix for input 0 0~ 0 1 I, = 1 0 matrix for input 1
S,=0 0/-s(t) 0/-s(t) 0/-s(t) 0/-s(t)
st The ftrellis diagram for
1/-s(t NRZ1
S-I=T
0/s(t) 0/s(t) 0/s(t) 0/s(t)



Linear Digital Modulation with Memory

Delay Modulation Miller Code $1(0) Tﬁ)

k4

Y

NRZ I

State s, s, NN 845 S| 845 S&E

Miller “ [ o T
Code | H— | 4 — t

Data | 1{0 {1 {1{0{0}0i1]

S4(t)=-s4(t) for O<t<T

1/55(tp 1/s5(1) Ss(t)=-s,(f) for O<t<T
y Basic Waveform for Miller Code

0/s4(1) 1/s4t) | State Diagram for Miller Code




State transition matrix

T £

SO [S¢e-D]]o
S,®)| |S,¢-1] |0
Sy | [ S¢-D| |1
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[ p(S,18,1=0) p(5,|8.1=0) p(S;|S.1=0) p(S,|S.71=0)]
p(S;|5,,1=0) p(S,[8,,1=0) p(S5[5,1=0) p(S,[S,,1=0)
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Linear Digital Modulation with Memory

« State or channel Symbol) transition matrix

Let p,=P(S)|S;). Then the matrix P=[p,] is called the transition
probability matrix which is give for delay modulation as

Pn
P
P
Pa

Pr2
P
P

P

P13
P
P33
P

D14
Py
P

Py |

P=P(=0)7T,+P(=DT,

Example: The transition matrix with equal likely symbols P(0)=P(1)=1/2
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0O 1/2 0




Non-Linear Modulation with Memory

Continuous Phase FSK (CPFSK)

First, let’s look at the FSK

s. w1t _| Modulation

Smal— 3l & so(t), sy(t),.. ¢

Channel

Sm-1)(t) ————» j/ .
| Channel

01011011101 | 29"/ 01111001101

Source Output ‘

FSK

s (1) = \/?Cﬂs[zﬁﬁf+2ﬁ(%5ffn){|

where

[ =+143,..+(M—1)




Non-Linear Modulation with Memory

+ FSK signal is generated by shifting carrier frequency to represent the
digital information.

n

2 —%Af I, I,=+143 .. +(M-1)

« Needs to have M=2% separate oscillator to to represent each
signal. The sudden switching from one signal frequency to
another needs large bandwidth for transmission

« To avoid the problem, continuous-phase FSK is used

« Singe carrier whose frequency is changed continuously

« This types of FSK signal has memory because the phase of the
carriers is constrained to be continuous




Continuous Phase FSK (CPFSK)

To represent CPFSK, let’s use PAM signal for each k-bits block

d(t)=> 1,g(t-nT) is called delta function

Where [/, represent the amplitude values +1, +3,..., £(M-1) and
each of them maps k-bit blocks of information sequence

g(t) is rectangular pulse, amplitude 1/2T and duration T second.

d(t) signal is used to frequency modulate the carrier and the
carrier -modulated signal is

s(t) = ,/2? cos [2?1‘f3‘+ 4?3%_[ d(7) dr] f,: peak frequency deviation

The function J.jmd(r)dr Not consists of jump, this makes the result
phase shift with memory




Continuous Phase FSK (CPFSK)

For simplicity

Let g(t) be a rectangular pulse of amplitude 1/2T at [0.T]

s(t) = Ecas[Zﬁﬁr + ¢(t; I)]

where

#(1:1) = 47TY, I d(r)dr

= 4”1?;’_.;(2 I g(r— nT)} dr

n—1

' (t—nT)
:4;¢Tf( I 5 f
: k; “ar 5

] , te[nT.(n+1)T]

n—1

=22 f,TY I, +2nf,(t-nD)I,

=—mw
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Continuous Phase FSK (CPFSK)

The phase of carrierin nT <t <(n+1)T is

n—1
d(t:1)=27Tf, > I, +2xf (t—nT)I, Special case of CPM
k=—0

=0, +27hl q(t—nT)

explained in next slide

where

h =2Tf,

Modulation index

n—l1
6, =rh Z I,
k=—0

Represents the accumulator (memory) up
to time (n-1)T

q(1) =1

(0 (< 0) 12
t/2T (0<t<T) f
1/2 (t>0) -
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Continues-phase Modulation (CPM)

' The carrier phase of continuous-phase modulated signal is

o(t:1) = 2;&72 Ihq(t—kT) nT <t<(n+1)T

Ji.':=—l.'.!3

where

{} =1, =3,..., 2(M-1) sequence of M-ary information symbols
{h,} is a sequence of modulation index
q(t) is normalized waveform shape.

When h, is not fixed, the CPM signal is called multi-h

The normalized waveform q(t) can be represented as

q() = g()dr

« CPM signal is called full response CPM, if g(t)=0 for t>T
« CPM signal is called partial response CPM, if g(t)=0 for some t>T

12



Continues-phase Modulation (CPM)

Example of full response CPM; Some shapes of g(t) and q(t)

290 La()
1/2T 12
>
T T >k
Rl q()
1/2
1/4T /
» |
2T - "t
1
—— 0=1<LT
gl =< 21T
0 (0.w)
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Continues-phase Modulation (CPM)

Example of partial response CPM;Some shapes of g(t) and q(t)

1 27t q(t)
g(t)=—(—cos }T)‘* A
2T 7 12
YT . 2t
»
| t !
T
40 141"( CDST) q(t)
A
1 2.
/\ 70) AT 4z T
» f >
21 2T f
L —cosﬂ) 0<1<IT
g)=<2LT ir
0 (0.w)
Hiter Frninssrinn Nent FAR R44-7 14
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Continues-phase Modulation (CPM)

Example 1.

The case of Binary
CPFSKwith [ = +1
and g(t) is a full
response rectangular
function.

The set of phase
trajectories starting
t=0

n—1
o(t;1) =mh z I, +27hl q(t—nT)

k=—l.'.|:l

Shoa

dh

Sho

2ha

hx

ha

2ha

—3ha

dha

-Sha




Continues-phase Modulation (CPM)

1

| Example 2:

The case of Quaternary
CPFSK with [ = +1
+3 and full response
rectangular function,
the set of phase
trajectories starting
t=0

&
>
\

& ;
o>
(X5
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.
/<
p

0
RIS

“Y ('Q'\
" )‘\ )‘\ )‘\
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s

n—1 e
o(t:1)=rh Z I, +27hl g(t —nT)
k—m um

AN
AKX
N
5's
)\

;
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Continues-phase Modulation (CPM)

Example:

A phase trajectories generated by the sequence / =(1,-1,-1,-
1,1,1,01,1) for the partial response

A 1 2t

2hit i

) | Raised cosine of length 3T

hm |

-~
1---.-II~ () " ~ : f‘ ol -
S -7 T 27~ : : Y i 01 s. T _»"8TF
> ﬁ"\ " -
” == ""'\. Ll | -1 \\.,"' k1
-hz | L .
i 7
—1N o+
-2hm L

Phase trajectories for binary CPFSK (dashed) and binary, partial response
CPM based on raised cosine pulse of length 3T (solid). [From Sundberg
(1986), © 1986 IEEE.]
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Continues-Phase Modulation (CPM)

‘ Phase State trellis ‘

Simple way to represent the phase trajectories is concern only
those phase values at t=nT. Range from ¢ =0 to ¢ =n.

¢(nT.1) € ©, ={0,hz,2hr,3hx,...|

Example: For a full response CPM and h=m/p

o :{0 m 27m (P—l)ffﬂ?} ‘Formis even
B =

I ’ . There are p terminal phase state

G e {0 am 2zm  (2p-— I)PT}’H} ‘ For mis odd

} p p D There are 2p terminal phase state

‘ The maximum number of phase state is ‘

oo

f

pM*  m even M is alphabet size
2pM* m odd L is an integer # extends the pulse
shape

‘ el Pl P e e e ] [PRN SOE SY B . R o P ENE S E/~n CAA =7 4
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Continues-phase Modulation (CPM)

Example: The phase state of the binary CPFSK (full response)
with h=1/2 and S=4

0 I 2T 3T 4T

Difference between phase state trellis and phase trellis is:

The connection between state are made by drawing straight lines for phase state
trellis. This is not true for phase trajectories from one state to another

19



Minimum-shift Keying (MSK)

MSK is special case of CPFSK and modulation index h=1/2.
The phase of the carrier in the interval nT <t <(n+1)T is

1 —1 A g(t)
gé(r;I):E:ﬂrz I +nl q(t—nT) 1/2T
k=—x
=0+l (=D, aT<t<(@+D)T .
‘ T ()T

The modulated carrier signal is

5(1) = 44{:0{2??];146’” —I—%J’Ifn ( f_;Tﬂ

= Acos 2?1.7(]”r +i1”]f—imrfn L
AT 2
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Minimum-shift Keying (MSK)

« The binary CPFSK signal will have two frequencies in the
iInterval nT < t<(n+1)T

1 1
flzfc—ﬁ f:z:fﬁrﬁ

« The binary CPFSK signal can be also written as

s.(1) = ACGS[Z;’U‘;?+6’H + %nﬁ(—l)i_l} . i=12

The frequency separation | |Af = £, — £, =1/2T

This the minimum frequency separation that is necessary to ensure
the orthogonality of the signal s1(t) and s2(t) over a signhaling
Interval of the length T. That is why binary CPFSK with h=1/2 is
MSK
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Minimum-shift Keying (MSK)

Also, MSK map be represents as a form of four-phase PSK.

The equivalent low-pass digitally modulated signal is

v(f) =4 i [Izng(;‘_z;ﬂ’) + jI,,..8(t—(2n +DT)]

n=—00

where sinﬁ—f, tel0,27)
L | |g(®)= 21
0, ow

Viewed as a four-phase PSK signal with pulse shape is one-half
cycle of sinusoidal. The even numbered binary valued symbols
[,, of the information sequence are transmitted via cos of the
carrier. The odd-numbered symbols {/,,,,} are transmitted via
the sin carrier
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Minimum-shift Keying (MSK)

Transmission rate for each is 1/2T bits/ss, combine transmission
rate will be 1/T bit/s.

MSK

s()=A4> |L,,g(t—2nT)cos2zf.t+1,,,8(t—2n+1)T)sin27x 1]

n=—um

s(t), a constant amplitude and frequency modulated signal
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Minimum-shift Keying (MSK)

oo

A |1,,g(t—2nT)cos2x f 1]

=0

In phase signal component

Y i | L,,.,8(t—2n+1)T)sin27x f 1]

n

Quadrature signal component

s(t), a constant amplitude and

27 4T 6T 87

(b) Quadrature signal component

frequency modulated signal ‘ T \ ﬂ[\ [\ ﬂ f\ [\ i
B ERVAAVAVITAY,

‘ Frequency at |[#7.(n+1)T)

1
e
\fi;' 42’* L}

I 2I' 3r 4T 5T &I 1T

(c) MSK signal [sum of (a) and (b)]
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Comparison of MSK and QPSK

e s(t)=A4 Z |1,,8(t —2nT)cos2r f,t +1,,,8(t — 2n+1)T)sin 27 ft]
] sinﬁ—f tel0,27) Continuous phase
where | |g(1) = 2T i
0, ow.
Offset QPSK 5 _
s()=A4) [1,,g(t—2nT)cos2zft+1,,.,8(t—(2n+1D)T)sin2z f 1]
where (i) — {L t€[9.2T)| | possibly +90 degree phase jump
0, oW, at each T
QPSK S

st — {— Ly, +2I2”+1 g(t—2nT)cos2zft+— Lo _212”“ g(t—2nT)sin ZELF]

F1=—00

where Possibly £90 or £180 degree phase

t, Cal Poly Pomona Electrical & CompueedDRAL£2CN2T
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Signal space diagram of CPM

Continues phase signal can not be represented by discrete points in
signal space, like PAM, PSK

It can be described by the trajectories from one phase state to another

Here is signal phase trajectories diagram for CPFSK signal for
h=1/4,h=1/3,h=1/2, and h=2/3

H=1/4 H=1/3 | | H=1/2 | | H=2/3 |
ot /,Tﬁ\ _
Vi s N G S G :;/. \g._
. | o olel N N\ |/
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