ECE 463: Digital Communications Lab.

Lecture 5: Frame Synchronization & Modulation Part Il
Haitham Hassanieh




Previous Lecture:

v" Channel Distortion
v Non-Coherent vs. Coherent Modulation

v' DPBSK

This Lecture:

d ASK Modulation
J FSK Modulation (Coherent & Non-Coherent)

J Frame Synchronization
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ASK: Amplitude Shift Keying

AO i -
) J WV\/VVV\M r\/\/\A/\/ %
_AO

Binary ASK:

1 - A, cos2nf.t
0 - A, cos2rf,t

Special case A; = 0 - ON-OFF Keying




Binary ASK
ASK TX ASK RX

Bits
Amiudes Q:‘ @ ))) )))Y_QBitS

LNA Square-Law ~ LPF  Comparator

Detector
O

x(t) = A; cos 2nf t (A;)% cos? 2mf,t

pivce!
_ (Azi)z +( (9)2?355 o)t

(47
2




On-Off Keying
OOK TX OOK RX

ota Ly gam

SWltCh Rectifier LPF  Comparator

W=

* Simple TX/RX Architecture
e Used for Low Power loT

1]

‘ I ‘)*
A JA A

e Used for Optical Fiber 1 0 1 1 0



FSK: Frequency Shift Keying

IANANA AN AN

IARARRRRARRA

Binary FSK:

1 - Acos2rfit
0 - Acos2rf,t




FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

4
Acos(2mfyt) @—>
Acos(2rfit) @—>

Multiplexor

cos(2mf;t)

Assume bit is 0, we send A cos(2mf,t):

A A
Acos(2rfyt) cos(2mfyt) = > + > cos(2m2f,t)

Acos(2mfyt) cos(2mfit) = gcos(Zn(fO—fl)t) + g cos(2r(fy+f1)t)



FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

4
Acos(2mfyt) ®—>
Acos(2rfit) ®—>

Multiplexor

cos(2mf;t)

Assume bit is 0, we send A cos(2mf,t):

Acos(2mfyt) cos(2mfyt) = > -PMOQ =
A ritel A el
Acos(2nfyt) cos(2fyt) =5 cosigSaske D) + 5@3@&%) =0



FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

4
Acos(2mfyt) @—>
Acos(2rfit) ®—> Fﬁ

ultiplexgr

Something is Wrhngt

Assume bit is 0, we send A cos(2mf,t):

A A vasstily 4
Acos(2rfyt) cos(2mfyt) = > AN of) = >

A ritel A el
Acos(2rfyt) cos(2nfyt) =5 costSEReTID) + 5 cos(Laimer)t) = 0

Assumed TX and RX are Coherent!




FSK: Frequency Shift Keying
BFSK RX

BFSK TX Bits

\ 4

Acos(2mfyt + ) @—>
Acos(2mfit + ¢) @—>

Multiplexor

4 LPF

cos(2rfot + 6,) g

Comparator

Bits

cos(2rfit + 6,)



FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

\ 4

Acos(2rfyt + @) @—> Y -
N cos(2mfyt + 6,) a Bits
Acos(2rfit + ¢q) @—P Comparator
Multiplexor

cos(2rfit + 6,)

Assume bit is 0, we send A cos(2mfyt + ¢y):

Acos(2rfyt + ¢,) cos(2mfyt + 6,)

Acos(2rfyt + ¢py) cos(2mfit + 6,)



FSK: Frequency Shift Keying
BFSK RX

BFSK TX Bits

Acos(2mfyt + ) @—>
Acos(2mfit + ¢4) @—>

Multiplexor

Assume bit is 0, we send A cos(2mfyt + ¢y):

4 LPF

cos(2rfot + 6,) g

Comparator

Bits

cos(2rfit + 6,)

A A
Acos(2mfyt + ¢) cos(2mfyt + 0,)= > cos(¢py — 6y) + Ecos(ZanOt + ¢y + 0)

Acos(2rfyt + ¢y) cos2rfit +6,) = gcos(ZN(fO—fl)t + ¢y — 6,)

2

+écos(2n(f0+f1)t + ¢y + 6,)



FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

\ 4

Acos(2rfyt + @) ®—> Y -
_, cos(2rfot + 6,) a Bits
Acos(2rfit + ¢q) @—P Comparator
Multiplexor

cos(2rfit + 6,)

Assume bit is 0, we send A cos(2mtf,t + ¢,):
A A oo Filtel
Acos(2mfyt + ¢) cos(2mfyt + 0,)= Ecos(qbo —6p) + ECOS\W‘F 0o)

A as el
Acos(2rfyt + ¢y) cos2rfit +6,) = ECOS(WO —06,)

A el
+ geﬂ%ﬁ + $o + 6o)



FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

\ 4

Acos(2rfyt + @) @—> Y -
N cos(2mfyt + 6,) a Bits
Acos(2rfit + ¢q) @—P Comparator
Multiplexor

cos(2rfit + 6,)

Assume bit is 0, we send A cos(2mfyt + ¢y):

Acos(2rfyt + @) cos(2rfyt + 6,) = écos(qbo — 6,)

Acos(2rfyt + ¢y) cos2rfit+6,) =0



FSK: Frequency Shift Keying
BFSK TX Bits BFSK RX

\ 4

Acos(2rfyt + @) ®—> Y -
— cos(2mfyt + 6,) a Bits
Acos(2rfit + ¢q) @—P Comparator
Multiplexor

cos(2rfit + 6,)

Assume bit is 0, we send A cos(2mtf,t + ¢,):

—_—

A
Acos(2rfyt + ¢y) cos(2rfyt + 6,) = —=cos(¢py — 0y) + noise _
2 Not necessarily

~ decoded as 0.

Acos(2rfyt + ¢) cos(2mf;t + 6;) = 0 + noise

Require 8 = ¢y and 8; = ¢4, to decode correctly

— Need coherent decoder



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

$ T wr

cos(2mfyt + 6,)

Acos(2mfyt + ¢0)@—> \6 Q 9 = ()2
—> LPF

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) C—)—' + | sits

Comparator
Multiplexor _’®—’ 02
1 LPF
cos(2mfit + 6;)
A 0?

i LPF

sin(2rfit + 6,)




Non-Coherent FSK

BFSKTX  sits — O]

\

()?

‘ cos(2mfyt +

LPF
60)

B

()?

Acos(2mfyt + ¢0)@—> 69

Acos(2rfit + ¢4) @—> — | sin@nfot +6,)

LPF

Multiplexor _'®_'

=)

()?

LPF

cos(2mfit + 6;)

—

()?

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit +

In-phase branch: A cos(2mfyt + ¢o) cos(2rft + 6,)

Quadrature branch: A cos(2ntfyt + @) sin(2rfyt + 6,)

~Q—

LPF
61)

BFSK RX

P

y

@—' jc —> Bits

A

»

Comparator




Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 o

cos(2rfyt + 6,)

Acos2mfot + ¢y) @—> = 02
i LPF 4
Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits
Multiplexor _’®—’ 02

LPF
cos(2mfit + 6;)

—%%)—'t\ 0
LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)

P

»

Comparator

A A
In-phase branch: A cos(2mfyt + ¢y) cos(2rfyt + 0y) = Ecos(cpo —6p) + Ecos(ZanOt + ¢ + 6p)

A A
Quadrature branch: A cos(2rfyt + @) sin(2rfyt + 0,) = ESin(go — o) + > sin(2e2fyt + ¢y + 6;)



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF C'léi
cos(2rfyt + 6,)
Acos(2mfyt + ¢0)@—> 69 | B P
— LPF ~

Acos(2rfit + ¢4) ®—> — | sin@nfot +6,) @—' + | sits

Multiplexor _’®_' - O
1 LPF i
cos(2mfit + 6;)
A 0?

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)

A A S rier
In-phase branch: A cos(2rfyt + ¢py) cos(2rfyt + 6,y) = Ecos(cpo —6p) + E\M + 6y)

A A Filtey
Quadrature branch: A cos(2rfyt + @) sin(2rfyt + 6y) = Esin(eo — ) + EW-I_ 0,)

Comparator




Non-Coherent FSK

BFSKTX  sits — O]

\

()?

‘ cos(2mfyt +

LPF
60)

B

()?

Acos(2mfyt + ¢0)@—> 69

Acos(2rfit + ¢4) @—> — | sin@nfot +6,)

LPF

Multiplexor _'®_'

=)

()?

LPF

cos(2mfit + 6;)

—

()?

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit +

A
In-phase branch: A cos(2rfyt + ¢py) cos2nrfyt + 6y) - ECOS((PO — 6y)

A
Quadrature branch: A cos(2mfyt + @) sin(2nfyt + 6,) — Esin(eo — o)

~Q—

LPF
61)

BFSK RX

P

y

@—' jc —> Bits

A

»

Comparator




Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 o

cos(2rfyt + 6,)

Acos2mfot + ¢y) @—> = 02
i LPF 4
Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits
Multiplexor _’®—’ 02

LPF
cos(2mfit + 6;)

—%%)—'t\ 0
LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)

P

»

Comparator

AZ
In-phase branch: A cos(2nfyt + ¢y) cos(2mfyt +6,) — ICOSZ((pO —6y)

2
Quadrature branch: A cos(2rfyt + @) sin(Zrfyt + 6y) - AIsinz (6 — Do)



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF %97
cos(2rfyt + 6,)
Acos(2mfyt + ¢o)@—> 69 = 02
— LPF ~

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits

Multiplexor _'®_' /0
t LPF i
cos(2mfit + 6;)
02

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)

Comparator

AZ
In-phase branch: A cos(2nfyt + ¢y) cos(2mfyt +6,) — ICOSZ((pO —6y)

AZ
2 +:Z

Quadrature branch: A cos(2rfyt + @) sin(Zrfyt + 6y) - AIsinz (6 — Do)



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF %97
cos(2rfyt + 6,)
Acos(2mfyt + ¢o)@—> 69 | B P
— LPF -

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits

A

Comparator

Multiplexor _’®_' /0
1 LPF i
cos(2mfit + 6;)
02

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)
AZ
In-phase branch: A cos(2rfyt + ¢y) cosnrfot +6,) — Icosz(cpo — 6p) ,
2 + = 4

Quadrature branch: A cos(2rfyt + @) sin(Zrfyt + 6y) - AIsinz (6 — Do)

In-phase branch: A cos(2rfyt + ¢g) cos(2mfit + 61)



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF %}7
cos(2rfyt + 6,)
Acos(2mfyt + ¢o)@—> 69 | B P
— LPF -

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits

Multiplexor _’®_' - O
1 LPF i
cos(2mfit + 6;)
02

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)

Comparator

AZ
In-phase branch: A cos(2nfyt + ¢y) cos(2mfyt +6,) — ICOSZ((pO —6y)

AZ
2 t=7

Quadrature branch: A cos(2rfyt + @) sin(Zrfyt + 6y) - AIsinz (6 — Do)

In-phase branch: A cos(2rfyt + ¢g) cos(2mfit + 61)

A A
= Ecos(Zn(fO — f)t+ ¢y —61) + ECOS(Zﬂ(fo + fit + ¢o + 61)



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF C'léi
cos(2rfyt + 6,)
Acos(2mfyt + ¢0)@—> 69 | B P
— LPF -

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits

Multiplexor _’®_' /0
1 LPF i
cos(2mfit + 6;)
02

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)

Comparator

AZ
In-phase branch: A cos(2rfyt + ¢y) cosQnufyt + 0y,) — T cos?(¢y — )

AZ
2 +:T

Quadrature branch: A cos(2mfyt + ¢g) sin(2rfyt + 0y) — AIsinz (6 — Do)

In-phase branch: A cos(2mfyt + ¢pg) cos(2rfit + 64)

A Fe! A o Fivter
=§W+ bo —91)+Wt+¢0 +61)



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF %97
cos(2rfyt + 6,)
Acos(2mfyt + ¢o)@—> 69 | B P
— LPF -

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits

A

Comparator

Multiplexor _’®_' /0
1 LPF i
cos(2mfit + 6;)
02

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)
AZ
In-phase branch: A cos(2rfyt + ¢y) cosnrfot +6,) — Icosz(cpo — 6p) ,
2 + = 4

Quadrature branch: A cos(2rfyt + @) sin(Zrfyt + 6y) - AIsinz (6 — Do)

In-phase branch: A cos(2mfyt + ¢pg) cos(2rfit +61) =0



Non-Coherent FSK

BFSK TX  gits Q[ BFSK RX

‘ 1 LPF %97
cos(2rfyt + 6,)
Acos(2mfyt + ¢o)@—> 69 | B P
— LPF -

Acos(2rfit + ¢4) @—> — | sin@nfot +6,) @—' + | sits

A

Comparator

Multiplexor _’®_' /0
1 LPF i
cos(2mfit + 6;)
02

i LPF

Assume bit is 0, we send A cos(2mfyt + ¢y): sin(2mfit + 01)
AZ
In-phase branch: A cos(2rfyt + ¢y) cosnrfot +6,) — Icosz(cpo — 6p) ,
2 + = 4

Quadrature branch: A cos(2rfyt + @) sin(Zrfyt + 6y) - AIsinz (6 — Do)

In-phase branch: A cos(2mfyt + ¢pg) cos(2rfit +61) =0

Quadrature branch: A cos(2rfyt + ¢g) sin(2nfit +61) »= 0



MFESK TX  Bits

A cos(2mfyt + ¢0)@—>
Acos(2mfit + ¢1)@—>

Multiplexor

MESK

_.®—>_—\

cos(2mfyt + 6,)

—b@—b =
LPF

= Sin(ZthOt + 90)

—>®_.—\

cos(2rfit + 6;)

()?
LPF

()?

()?
LPF

()?

—b@—’j
LPF

sin(2rfit + 6,)

MFESK RX

P

y

C—)—' jc —> Bits

A

»

Comparator




MFESK TX  Bits

4
A cos(2mfyt + ¢0)@—>
Acosrfyt + ¢,) (O
Acos(2rfot + ¢2)@—> N
A cos(2mfst + ¢3)@—>

O—

Acos(2rfy—1t + $p-1)

Multiplexor

MESK

()?

_.®—>_—\

LPF
cos(2mfyt + 6,)

MFESK RX

()?

—b@—b =
LPF

Sin(ZthOt + 90)

—>®_.—\

()?

LPF
cos(2mfit + 6;)

()?

LPF

sin(2nfit + 61)

— \

02

LPF
cos(2fy—_1t + Op—1)

()?

—> Bits

FIND THE MAXIMUN

LPF

sin(2mfy_1t + Oy

1)

Comparator



MESK

MFESK TX  Bits

x(t) = Acos(2mfit + ¢;)

Acos(2mfot + ¢0)®—>
= Acos(2rfit + 2m(2i + 1 — M)Aft + ¢
Acos(an1t+q51)<: :>—> K cos(rf e e+ o

Acos(2rf,t + <I52)@_>
Acos<2nfft+¢s>®-> What is the problem

Minimum Frequency Separation: 2Af

O here?

Acos2fy-1t + Pu-1) Multiplexor

Phase discontinuity:

o # P1 F P F.oo. F Py_q
- Wide spectral leakage




CPFSK: Continuous Phase FSK

t
x(t) = Acos (27rfct + ZnAff u(r)dr)

u(t) = Zs[n]p(t —nT,) : Pulse Amplitude Modulation from Lecture 3

n

Leakage Side-lobe Power decays fi‘* in CPFSK vs — in FSK

f2



FSK Bandwidth

* Frequency separation: 2Af
* Symbol Time: T},

 Pulse Bandwidth: B = 2
Tp

Bandwidth: 2Af + B for BFSK
2MAf + B for MFSK

What is the minimum Af?



FSK: Frequency Shift Keying
BFSK RX

BFSK TX Bits

Acos(2mfyt + ) @—>
Acos(2mfit + ¢4) @—>

Multiplexor

Assume bit is 0, we send A cos(2mfyt + ¢y):

4 LPF

cos(2rfot + 6,) g

Comparator

Bits

cos(2rfit + 6,)

A A
Acos(2mfyt + ¢) cos(2mfyt + 6,) = > cos(¢py — 6y) + Ecos(Zanot + ¢y + 6y)

Acos(2rfyt + ¢y) cos2rfit +6,) = gcos(ZN(fO—fl)t + ¢y — 6,)

2

+écos(2n(f0+f1)t + ¢y + 6,)



FSK Bandwidth

* Frequency separation: 2Af
* Symbol Time: T},

 Pulse Bandwidth: B = 2
Tp

Bandwidth: 2Af + B for BFSK
2MAf + B for MFSK

What is the minimum Af?

Need to Low Pass Filter |f, — f1| = 24f

=
241 =25 =51

B 1
2



MSK: Minimum Shift Keying

FSK with Frequency separation: 2Af = 1/2T,
Symbol Time: T},

Avoid phase discontinuity by setting ¢ = ¢4
GMSK: Gaussian Minimum Shift Keying

Data Stream is passed through Gaussian filter to reduce
sidelobes.

Used in GSM cellular systems



Modulation

Based on how the bits are encoded

|

ASK
I

Amplitude
Shift Keying

.........

..........

1 0 0 1 0

OOK, ASK

|

FSK
I

Frequency
Shift Keying

||||||||

1 0 0 1 0

\ CFSK, MSK, GMSK

|
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Pulse Position
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\
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I

Pulse Width
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\
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\
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Phase &
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DQAM
I

Differential
QAM

DQAM



The Channel

1011010110011001 1011010110011001

A\ )
oy

Bits Bits
‘
Bits-to-Symbols | ' m ' ‘ ﬁﬁi‘ " Symbols-to-Bits \
| Mapper Mapper
Modulation Frame Demodul'ation
(Encoding) Syne. (Decoding)
x(t) == mp y(t) = hx(t—1)+v(t)
Channel:
* Adds Noise

e Attenuates the Signal
 Rotates the Phase of the Signal
* Delays the Signal



The Channel

1011010110011001 1011010110011001

A\
Yoy

Bits Bits
‘
Bits-to-Symbols | ' m ' ‘ ﬁﬁi‘ " Symbols-to-Bits \
| Mapper Mapper
Modulation Frame Demodul'ation
(Encoding) Syne. (Decoding)
x(t) == mp y(t) = hx(t—1)+v(t)
Channel:
* Adds Noise

e Attenuates the Signal
 Rotates the Phase of the Signal
* Delays the Signal x(t) = x(t — 1)



The Channel

1011010110011001 1011010110011001

m\ A\ w/\ W
1 TX J t RX

Bits Bits

Bits-to-Symbols Symbols-to-Bits
Mapper Mapper

Modulation Frame Demodulation

Sync.

x(t) = m) y(t) = hx(t—1)+v(t)
Channel: Delays the Signal x(t) = x(t — 1)

4

We do not know where the packet starts and where to
decode the bits (Don’t want to decode noise)

(Encoding) (Decoding)



Frame Synchronization

* Data bits organized intro frames.

* Need to detect the beginning of the frame to extract the data
message from the frame correctly.

wo—1+1—-1-1+14+1+1—1--

How to detect the beginning of the frame?

Send training sequence at the beginning

BTy 111 -—1+1+1+1—1-




Frame Synchronization

Ty 11 -1-1+1+14+1—1--

Training sequence is a known sequence of bits sent at the
beginning of each frame.

Training sequence agreed upon between TX and RX before
transmission.

Correlate with Training sequence to find the start of the frame.
Training sequence should have good auto-correlation properties.

Many types: Baker sequences, Gold sequences, ...



Frame Synchronization

Ty 11 -1-1+1+14+1—1--

* t|n]is training sequence of length N

* Discrete samples: y[n] = h - t|n — d] + v[n]

2

N—

12 + k]

N n

k=0

1N N—1
Nz Kih-tin+k—dl+ ) t*[klv[n + k]

k=0 k=0



Frame Synchronization

Ty 11 -1-1+1+14+1—1--

* t|n]is training sequence of length N

* Discrete samples: y[n] = h - t|n — d] + v[n]
N-1 2

1
- z e [k]y[n + k]
k=0

N— 0 2
Z Klh-tln +k — d] + W+k]

k=0 k=0

R[n] =

1
"N



Frame Synchronization

Ty 11 -1-1+1+14+1—1--

* t|n]is training sequence of length N

* Discrete samples: y[n] = h - t|n — d] + v[n]

—1 2

t*|k]yln + k]

P

=[P

MH i

R[n] =

2 (
= |h|*

1 if n=d
t*[k)lh - tiln + k — d]

Zl*—‘

&
I
o

kl/N if n+d



Frame Synchronization

Ty 11 -1-1+1+14+1—1--

* t|n]is Baker Sequence

Code Length Code
2 —1+1]or[—1—1]
3 —1—1+1]
4 —14+1—1—-1]or[-1+1+1+1]
5 —1-1-1+1-1]
7 —1-1—-14+1+4+1-1+1]
11 -1-1-1+1+1+1-1+1+1-14+1]
13 -1-1-1-1-1+1+1-1-14+1-1+1-1]




MLS: Maximum Length Sequence
EFEEETEy 11 -1 -1+14+14+1—1--

Type of Pseudo Random Noise Sequence (PN)

Also known as m-sequence

Balances 1s (+1) and Os (—1)

l
Implemented using LFSR (Linear Feedback Shift Register) % |

Auto-Correlation Property:

1 if n=0

N-—

1

Nz kltln + k mod N| = <
k=0 k_l/N if n+0



Definitions & Variables

A;, Ay, A1: Amplitude levels of ASK signals

fo, f1, fi: Frequencies of FSK signals

A: Amplitude of FSK signals

b, P1, ¢;: Phase of frequency tones at transmitter.
8o, 61, 0;: Phase of frequency tones at receiver.
M: Number of tones in FSK modulated signals.
Af: Frequency separation of FSK tones.

u(t): PAM modulated & pulse shaped signal.
p(t): Pulse of pulse shaping filter.

s[n]: PAM modulated symbols.

Ty : Symbol time

B: Bandwidth

x(t): Transmitted Signal

v(t): Additive Gaussian Noise
y(t): Received Signal

T: Time delay of the signal

h: Channel Coefficient.

n: Symbol index

t[n]: Training Sequence

y|n]: Sampled Received Signal
R[n]: Cross Correlation

N: Length of training Sequence
d: Signal Delay in number of samples

f.: Carrier Frequency



