When saving or printing, disable Automatic Calculation.

TEST SIGNALS

Francesco Mezzanino

The subscript "fs” is an acronym and indicates that the variable refers to the file "Fourier series.xmcd”
The subscript "dp” is an acronym and indicates that the variable refers to the file “Dirac Pulse - formulas.xmcd”
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INTRODUCTION

In this worksheet are treated deterministic signals only. It isn't a rational - deductive demostration of new
concepts. It was created only for practical purposes(For this reason the name test signal) and therfore it
can be very useful.

Itis a collection of some common (and not), signals used in electronics.

To get the signal spectra (magnitude and phase, autocorrelation etc.), open the worksheet "Signal
Analysis.xmcd".

To simplify the realization of this file (this worksheet) and to make more agile and immediate viewing of
signal's graphics, the data, for some signal, are defined in other worksheets as listed in the references
before this introduction. (Staircase, Pulse train, FM and PM signal, ect).

Hence, to change the data, open the relative file and modify them. Save and close both (relative file data
and test signal) files to store the data variations done, than reopen test signal.

Fourier transforms and Fourier series are found in "Signal Analysis.xmcd" worksheet,

See references for data.



TEST SIGNALS

Voltage Pulses
1 Dirac Pulse Approximation

For data and definition see the worksheet "Dirac Pulse - formulas.xmcd"

gt =

AE (tﬁ ’ Et)

£t
0.1-ns =-10-&,-10- &g + .10-¢ A= 6t
fs ! 2000 ‘
Finite Pulse Finite Pulse
T 1 = 1
1x1010- gt — 11010 o s
) &t b A
1 ts
5)( 1 09 o ) ")\"' fect(ij 5)( 1 09 L -
0 ' 9 ,
—1x10™® 0 1x10™ 2 —1x10” 0 1x10™ 2
t5

ts



TEST SIGNALS

Voltage Pulses

2 Voltage step

t
Some text in electrical engineering indicate the unitary step with the symbol: uq(t)= [ Ug(§) d& = (1),

— 0

therfore: Ug(t) = j_t u (0.

t t
Other definition are  ®(f) = lim 1-n(§) de =J
A—=>0 A N

- 20

t
Ug(£) dE = J A(g) dg

-0

Voltage step Vetp(t,Vpp) = Vpp- &(1)

Discrete time Unitary step (Unitary pulse: (v ,k) ):

v
_ Vaip(t. Vo) ug(v) == Z S(v,j) if v=0

j=%9

0 otherwise

Tots and V, are defined in "global data.xmcd "

fim 1 Tots,—1+ Toms + 1O 200, T 0..20
=-=1- o=l ¢ +—. . =0,
Ots Ots 5000 Ots
Unitary step Discrete Unitary step
&DTOts ' ., 1 @eReooeee e
Ypp
4 = ed
va(t) us(v) 0.5 5
2F 7 eeeo
oL | 01 or | : 07
0 0.1 0.2 0 5 10
t v
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Voltage Pulses

3 Ramp with slope V,/T

Some text of electrical engineering indicate the ramp function, use the symbol: ux(t) := t- ®(t)
Tots and Vy, are defined in "global data.xmed "

t
Ux(t) = t- 2(t) = J ®(€) dg

TR

Voltage ramp:

Vou [ Vpp - 1
TOtS = TOtS Vpp = Vpp l.lz('[) e (I’(Tts) thS_> T
Ots Jp Ots
Vpp t- &(1)
Vramplt, Tots , Vpp) == — - ———
bim 0 Tope,0- Tod 108 4o.7
= 0- To,0- + . 10.
Ots Ots 5000 Ots
RAMP
= o Tots I
40| i
30F .
'Vramp(t > Tots» Vpp)
20} .
10f | Vo
. e , i
0 810 0.01



TEST SIGNALS
Voltage Pulses
4 Voltage Pulse
Description of the Function's parameters: Adimensional_amplitude- rect1(time , risingedge , width)
Data in file " pulse train data.xmcd"
Pulse Width: Tpwts = Tptd, Tpwts = 250-ps,  Togs = 1x 10°-ps,
Amplitude: Vpp = 5-volt
Pulse displacement from the origin: &ts = 0.40, Tpwts = Towts - (1 = &ts) + £ts - Tpwts,
Time delay from the origin: 75 := —Tpwts - (1 - &ts) , risingedge := 75, width := Tpwts.

Generic pulse definition defined in "Fourier Series.xmcd": rect1 (t, risingedge , width)

75 = —150- ps ti=-2 Tpwts,~2 - Tpwts + ———— .. 100 - Tpwts Tpwts = 250 - us
5000
= 250 Vit Vi) = P rectt Vv -
Tpwts = 200 - us 4(t,75,Tpwts » Vpp) = v rect! (t, 75, Tpwts) 4(0- sec, 75, Tpwts » Vpp) = 5
Single Pulse
vV
4 _
V4(tsT63TthS:Vpp)
25 o
0 T 1 T &l
4 4

_4x10”% —2¢107 % 0 210°%  4x10”



TEST SIGNALS

Voltage Pulses
-5 Doublet Voltage Pulse

Description of the Function's parameters: V(t,risingedge ,width, pulse_amplitude),
V5(t,risingedge ,width ,pulse_amplitude
Data in file " pulse train data.xmcd"

V
o= 0 Towts = 250-ps  Valt, 75, Tpwts , Vipp) = % -rect1(t,Ts, Towts)

Vs(t > T3> Tpwis anp) = V4(t — Tpwits » T8, Tpwis ,VPP) i V4(t -3 Tpwts » T8> Tpwis ,Vpp)

| e
5f T§ 4'prts v ]
V5 (t » TH Tpwts » Vpp) 0 6
=8 __| 3
3

0 110
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Voltage Pulses

-6 Staircase 1 Voltage Pulse
Data in file "staircase pulse data.xmcd"

Number of steps: m1steps = 8

Vstcs

=1x10 ~.V

Signal amplitude: Vgies = 8 x 107 3. volt
m1steps

Step Amplitude:  Vsgestpo = 1x 1072+ V
Step length: Tistpl = 0.37 - ps

Description of the Function's parameters: vg.(t,step_length,signal_amplitude, number_of_steps

Test signal:
Vstes i
Vstc:(t » T1stpl_» Vstes m1steps) = = : Z (@(t ~k- T1stp!__)) — M1steps - ‘I’(t — M1gteps - T15‘.’tpl_)
steps
k=0
100- T1St | -+ 10- T‘1st |
1= —‘10 . T‘]stp[_ ,—1 0 . T1Stp|___ s p5z)00 B = 100 G T‘[stpl_
Staircase M1steps = 8
Tistpl_ 'M1steps T1stpl_
' Vstcs
Vste(t, T1stpl_» Vstcs» M1steps) 0.005 .
oV
Vstcs
O m1 et
1 ] |
0 2x10"® 4x107°
t
Area under the staircase:
M1 steps
V
Aste = Tiatpt Z (M1gteps —k + 1) Astc = 13.333 - volt - ns
m1 steps -
(m1stepst1) T4 stpl_
j Vstc(t ,T1stpl_ 9VStCS ,m15teps) dt = 13345 & VOIt -Ns
0

10



TEST SIGNALS

Voltage Pulses

- 7 Staircase 2 Voltage Pulse
Data file "staircase 2 pulse data.xmcd"
Vstc = 5 * V

M2steps = 8
Tostpl_ = 4- us
Description of the Function's parameters: vg.(t,step_length,signal_amplitude, number_of steps

Voltage step: Vstestp = 0.625-V

Wi M2steps M2steps
stc
Vs’[cc(t > T2stpl_» Vstc » mzsteps) 1= Z (@(t ~k- TZSth_)) = Z @D — Tostpl_- (k ik m2steps)]
2steps
k=1 k=1
1=0-1T ,0-T +—=.100-T
2stpl_ 2stpl_ 5000 2stpl_
Double Staircase
arZstpl_ 2'mzs;teps'T2stpi_ '
] Vstc
4 _
2r A
Vstc
0 ! | M2steps
0 5x10™° 0.0001

Area under the staircase Agec == 2 Togtp|_-

Z ((mzsteps ~k+ 1)) ~ Vste - Tostpl_
K=1

Astee = 0.16 - volt- ms

2M2steps T2stpl
J Vstcc(t s Tostpl_»Vstc s mzsteps) dt = 160 - volt- ps
T2stpl_

11



Double Staircase shifted

1ob2stpl_ 2-Tostpl_+2-M2steps T2stpl_ | ]

Vste

Vstcstp

0 : 1 ) |
0 5x10 " 2 0.0001

VZStcc(t > T2stpl_» Vstc » mzsteps) = Vstcc(t =5 Tostpl_, Tostpl_»Vste» m2steps)
+ Vi - rect1[t— 5- Tostp_,0- T2stpl__ A2 M2ggeps + 1) . Tgstp|j
+ Vstcc[t =5 Tostpl_— (2 M2gteps + 1} - Tostpl_> Tastpl_> Vstc » mzsteps:l
+2- Vst rectt[t— 5 Tastpl_— (2 M2steps + 1) - Tostpl_, 0~ Tostpl_(2-m

?
151 9 Tostpl : ' 4'(m2|stepe +2)‘T25tp!_
101 (o]
5 VS C]
0 1 1
0 610" 2 0.0001 0.00015

=l
\"H(t » Tastpl > Vste s mzsteps) = V25tcc(t , Tostpl_» Vstc » mzsteps)
= Vstcc[t — Tostpl_ - (4 - M2gteps + 7) s T2stpl_» Vstc s mzsteps]
+ Vstc - rectt I:t — Tastpl_- (4 - M2steps + 7:) »0- Tostpl_ ,(2 - M2steps + 1) - Tastpl

T1:=2Tostp - (3 * MZsteps + 4) +95- Tostpl_

e - TZStp[_

VHDoc:r(t s Tostpl > Vstc» mzsteps) := Ve - rectt [t > e B T25tp[_)

12



0 0.0001 0.0002

2z T2stpl_'(3'm25teps+4)
J VH(t:TZSth_ ,Vste ,mzsteps) dt ... =1.84-V-ms
5Tostpl
1-(2m2gtepst1 )'T2stpl_

1-Tostpl_+ 66 +3 Tostpl_

Fi=1]) % VHDoor(taTzstpl_ »Vste mzsteps) dt
1'(2‘m23teps+1)'T23tpl_
1-Tostpl_- 6.6

13
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Voltage Pulses

-8 Staircase 3 Voltage Pulse
Data in file "staircase 3 pulse data.xmcd"
Description of the Function’s parameters: vstc1(t,step_length,signal_amplitude,number_of_steps

s . AR
Msteps =8 va=6x1073.v
M3steps = 4

T3stp|_ =4. ns

vstc (t ) T3stpl_ ,Vste3 , m3steps) = Vstc(t aT35th_ ,Vste3, m3steps)
+ (1) - Vstc[t - (m3steps + 1) - T3stpl_» T3stpl_» Vstc3 m?’steps]

8 * mSSteps' T3 + 1 = T3

m3 =4 t=-1.T3,-1-T3
steps + 5000

. 8 = m3steps . T3

Staircase 3

0.005
Vstc3
0 __.m_351ens..
-0.005
I L L
5 5

0 2x10°

vsict (t » T3stpl_» Vstc3 m3steps)
V

V12(t > T3stpl_» Vstc3 » m3steps) =

14
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Voltage Pulses

-9 Triangular Voltage Pulse

Data in file " global data.xmcd"

Definition of the Triangle function: A(t, ) = | 1- <1 Tis = 1.592x 10° - s

> 1

Altenative definition using the function rect(t) or (H(Tts)) both defined in "Dirac Pulse - formulas.xmcd" :

A(t, ) = [ J N I1(ts) - T(t - T1s) d'rts]

— 00
20‘Tts+Tts'3
ti=-—Tig-3,~Tig- 3+ 2 vi4(t) == AltL,
Tts Tts 20000 Tts 14(%) ( Tts)
ik I b Tté H

TEST SIGNALS

Voltage Pulses

=10 Bipolar Triangular Voltage Pulse
Data in file " global data.xmcd"

A(t ; Tts)—A(t-*Z'Tts ; T[s) oF

=15 1 q

-0.5 0 0.5

vis(t) = At,Tts) - A(t-2- Tis, Tis)

15
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Voltage Pulses

-11 Sawtooth Voltage Pulse with positive slope
Data in file " sawtooth pulse data.xmcd"
Signal amplitude: Vsauth = 50 - volt

Slope: Psawth = 50 - v
VES
Vsawth
fsw(t » Osawth >Vsawth) = -t- rect1 (t,0.0 - Osawth » 6sawth)
sawth
volt
S - dsawth + Osawth - 0
t:=-6 -0,-8 -0+ R
sawth sawth 5000 sawth
- 55;,:-1F h
sawth
40 -
fsw(t: dsawth > Vsawth)
20 N
0
0 1x10™©
t
TEST SIGNALS
Voltage Pulses
-12 Sawtooth Voltage Pulse with negative slope
Data in file " sawtooth pulse data.xmcd"
_ U
f(t: Ssawtn » Veawth) = Veawth + 1] (®(t) - B(t— Ssawtn)) fig = —
6sawth ‘st
| Ssadgautn
401 =
f(t, Ssawth Vsawth)
201 .
0 1
-5<1077 51077 15x10°°

t

16



TEST SIGNALS
Voltage Pulses

13 Raised-Cosine (RC) Pulse

1+
a is called the excess bandwidth factor since the bandwidth of this pulse is Bw,c = 7T i
“Irc
cos L
: -t Tre
VrC(t»O‘rc :TTC) = Vpp' sinc T ’ 2
rc 1 0 2 i arc 5 t
. TI'C
. (1 - Och) "
Vrc(w,arc,-rrc) = Vpp 1.0 if 0.0< |(.L7I £ —
TI’C
2
T 1-o T—op) ™ 1+ou) 7
cos rc'lw'_ i if—(—m_E)—sMg( )
20 * Qe 2-7 20 . TFC Trc TFC
0.0 otherwise
6 T+ 0yc ~4
Example Orc:=03 Tos=1x10"-ns Bwg = Bw =65x10 - MHz
2- TOts
Tre = Tots
10- Totg+ Tots - 3
t:=-Tots- 3,-Tots- 3 + 10T
Ots Ots 5000 Ots
e 6-m 6-7r+ 12. 6-7
Tots~ Tots  Tots- 5000~ Tors
Raised-Cosine (RC) Pulse Raised-Cosine (RC) Pulse
6 6 T T
4- Vop
vre(t, 0.3, Tots) Vic(w, 0.3, Tots)4f =
Vrc(t, 1 sTOts) & VI'C(L’J"I'U’TOtS)Z- 1
O-
| 0 | 1}
_5x10” 3 0 5x10” > 10t 0 1x10?
t w
Mottt oe s T
Adimensional function: Mt,arc ,Tm) = rc( Vrc rc)

Tre
Vic —3— ,0re, Tre | = 4.096
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Voltage Pulses

14 Root Raised-Cosine (RC) Pulise

Trre = TOts

sinl:fn-. (1 _arrc) ) t }4_ 4. oype-t . cosl:*n'- (1 +Oirrc) .t:l

1 Trre Trre Trre

J'rrrc _'n‘_t) g 4. oype-t 2
Trre Trre =
Qirre 2 ; T 2 T
ferett, e, Trre) = . [1+—~)-sm +[‘1——)-cos ]
rrc( Ire I’I‘C) r‘“"—‘z e |: T [4 - QU C) e 4. To T

Trrc Trre
viz -

4 - ore 4 - ourc

4.«
f -(1—am+ ""J if t=0.0
T

A/ Trre
T T
f2rrC(t7arrCSTlTC) |f [t = e ] 7 [ = rc J

f1 rrc(t »Qlrre ,Trrc) =

Vrrc(t,OerCaTrrc) = Vpp- | rrc(t,Oerc,Trrc) if t=00At=

Example a1:=03 o2:=1.0 e == ol Tre =6-Tots

Root Raised-Cosine (RC) Pulse

200F ' .
100 n
Vrrc(t sty Trrc)
ol (4—1
Vrrc(t s, Trrc) _—u—g-v
™ Te__
0— UV
- 100 1 | 1
_5x10” 3 0 5x10"°
t
o0
The pulse is ortogonal: J Vire(t,0re s T) - Vire(t =1 - Ty cere, T) dt = 0
— 00

18



Adimensional function Vrre(t, oure , Tre) = Vire(t, e s Trre) -

TITC
VI'I'C ""'“'3"" ,(erc,Trrc = 55205

19
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Voltage Pulses

-15 Rising Exponential Voltage Pulse
=1

Ttg = 1592)( 105 |J,S Vc(t,‘Tts,Vpp) — (1 = eTtSJ . Vpp @(t) Vpp = 5 V

5000- Tots + Tots* 3

t=-Tos-3,-Tots- 3+ .5000-T
Ots Ots 5000 Ots
Pers ' :
' vpp
4 1 -~
Ve (t » TS, Vpp) (1 —"e‘)'vpp
2 o —
0 | | |
0 0.5 1 1.5
t
. « ” VC t) Tts ) V
Adimensional function:  Veag(t, s, Vpp) = ( op)

V

TEST SIGNALS

Voltage Pulses
-16 Decaying Exponential Voltage Pulse
=

Tig = 1592)( 105 MS Vdis(t,’Tts,Vpp) = eTtS 2 Vpp @(t) Vpp =5-V

20



4
Vis(t, Tts, Vpp)

2=

Adimensional func:ticm:V

TEST SIGNALS
Voltage Pulses

- 17 Double Exponential Pulse

Vdep(t s Tts ,Vpp) =

Tts

disad(t, Tts s Vpp) =

0.5 1 1.5

Vdis(t > Tts anp)
V

return "1.ts less or =0.0" if T <0
return "Vpp=0.0" if Vpp=0.0-V otherwise
il
e . Vyp if t>0.0
Vpp if t=0.0
t

e . Vpp if t< 0.0

Vdep(t,*rts,vpp) = jreturn "t.isless or=0.0" if T <0
return "Vpp=0.0" if Vpp=0.0-V otherwise
- Itl
Vpp-e
B 00 e s e T i e

5000

21



8'Tts
Vop
4 b -t
Vdep (t—O'Tts > Tiss Vpp)
2- Vop-
e
0 '1
t
Vdep(t »Tts Vpp)

Adimensional function: Vdepad(t ,Tts ,Vpp) =

\%

TEST SIGNALS

Voltage Pulses

- 18 Bipolar Double Exponential Pulse

Vbdep(t,Tts ,Vpp) = Vdep(t,"rts ,V p) & I'eCt'I (t,“"B *Tts 16 - Ttg) .-
+(—1)-Vdep@~16-n5,n5,vpp)-rect1 t,8: Tis, 16 - Tis)

(%]

Vbdep(t_o Tts» Tis» Vpp) 0

Videp(t, Tts » Vpp)
A"

Adimensional function:  Vipgepad(t,Tts,Vpp) =

TEST SIGNALS

22



Voltage Pulses

- 19 Bipolar Double Exponential Odd symmetrc Pulse

Videosp(t: Tts» Vpp) = | return "r.ts less or =0.0" if <0
return "Vpp=0.0" if Vpp=0.0-V otherwise
ot
e . Vyp if t>0.0
0-Vpp if t=0.0
t

.V, if t< 0.0

5k = S‘Tts k 8 Tig
Vibdeosp(t: Tts» Vpp) O <
-5 —V
5 | I I | | pp_
-2 -1 0 1 2
t
Vbd:aosr.x(t » Tts szp)

Adimensional function: Vpgeospad(t,Tts,Vpp) = -

23
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Voltage Pulses

- 20 Agnesi Profile Voltage Pulse

Vagn (t ,Tts ,Vpp) i

4
Vagn (t s Tts» Vpp)
3 2
S
4 pp

Vagn(t,Tts » Vpp)

Adimensional function:  Vagnad(t,ts ,Vpp) = v

TEST SIGNALS

Voltage Pulses
- 21 Agnesi Derivative Voltage Pulse

2’Vppt Ttsz
2
?)

VDagn (taTts 9Vpp) = Tie
(tz + Tts

24



Agnesi Derivative Voltage Pulse

5 ‘ s | Tt SV3Vpp
8

V v
Vpp=5-V e Siladecat P _1839.v
Tie sec =

VDagn(t »Tis ,Vpp)

Adimensional function: Vpagnad(t,Tis,Vpp) = y

TEST SIGNALS

Voltage Pulses

- 22 Poisson Profile Voltage Pulse

ti=0 0 200 s 200
= " ,0- L e R ‘
b e 5000 ko

-1

Ts = 0.159s e

\'
Vp(t,‘Tts,Vpp) = —TE -t-e

Tts

Vp(t, Tts. Vpp)

Vp(4-Tts, Tts, Vpp)

25



Vp(t, s, Vipp)

Adimensional function Vpag(t, s, Vpp) = =

TEST SIGNALS

Voltage Pulses

- 23 nth Pojsson Profile Voltage Pulse
Vpp = Vpp Ttg == Tts £t
n:=2 maxy := Vpp-€ - n" maxy = 2.707-V  maxx := n- Ty

= 1 =

V T V V
PP is pp 3 Tis pp Tts
Vap(t, Tts, Vpp) = —5 e V3p(t, 7ts, Vipp) = —= 18 Vap(t, 7ts,Vpp) = — £ - &
Tts Tts Tts
- 0 200 - 1 500
= Tt Tig + “ T
S ts 5000 ts
n=2 n=3
I T = I
S 4o 2 RT3y o
6l ;|
2 Verr
e 4t |
1 1 2 Vor
e
Ol 0 ,
0 05 1 1.5 0 il 2

Vap(t, Tts , Vip)
\Y

Adimensional function: Vzpad(t,Tts,Vpp) =

TEST SIGNALS

Voltage Pulses
- 24 Rayleigh Profile Voltage Pulse

26



0 'Tts

Tts

0.5

27
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TEST SIGNALS

Periodic Signals Periodic Signals

1 Half wave
Data in file " global data.xmcd"
Amplitude: Bt := 230-/2-V

Period: Tis:= 10- ps Angular frequency: wig = 2T- L]
ts
8 £ Tts + TtS * 1
ti=-Tig-1,-Tig- 1+ .8-T
ts ts 5000 ts
N1
Blts ( Ttsj . (27
11, T, Blig) = . rectt|t—k- Ttg,—1- Tig,— |- sin -t
g ( ts ts) v Z [ ts ts 5 T ]
k=0
Half wave
400b TtS g . N

g1(t, Ts, Bgs) 290

TEST SIGNALS

Periodic Signals

2 Half wave filtered (Capacitive)

Max half wave amplitude: By = 325.269-V,
Amplitude of the decresing exponential fo t=0: Vpp,
Exponential Time constant: Ty := 2 Tis,
Period: Tys = 10 - ps,

Mrads

Pulsation: wig = 0.628- \
sec

Intersection abscissa between half wave and exponential:  (scalar),
Tangent points abscissas between half wave and exponential:T0 (vector)

28



atan(-wis - +k-
Tangent point abscissa: T0y := ( Wts Ttsf) T

Wts

T g
70 i 0 1 z 3 4 g
0| -2.374'106 2.626'106 7.626°10°6 1.263-10-5

'r01

Ttsf

Tangent point voltage: Vi, = Blis- sin(wts-fr(h) - e Vipp = 369.746 -V

2.7

wts‘ 1

f(€) < Blts- sin(wis- £)
o5

g(e) e ™. Vipp
S « root(f(£) —g(£),€)

ZO(TtSf » Wis » B1 ts ,thp) = & e

return S
Intersection abscissa: ¢ = ZO(Ttsf, wts ,B1ts , Vipp)
701 = 2.626 - ps C=1113:us
B1is

902(t,7isr, 70, ¢, wis, Blts, Vipp) = Y<—T-sin(wts-t) if 0<t< 70

otherwise

=4
V.
Y(—eTtSf--—:/RE if 101 <t<(

B1ts . . .
Y(——V—-sm(wts-q) if t=( otherwise

return Y

29
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B1ts

903(taTtSf}T01Cawt51B1tS:thp) = X(_ T

-Sin(wts- t) if (<t<703

2.7
==

V ;
Keg ™ BB g 703<tsg+2 T otherwise
Wts
return X
B1t3 B1ts
- - sin{ wg -
rip0 = i v ( ° C)
Y = Big
vV

[+

gz(t:TtSfaTO :C swt39B1tS thpp) = QOZ(t,Ttsf,TO >C.. :th>B1tS :thp) E reCt1 (t,o g

N1
+

GOl . 2T
Wits

k=0
701 = 2.626- ps ¢=11.13: pus

Increase the time constant to reduce the ripple.

Ripple

Ripple: rip0 = 34.839- %

2-T

,g]

9TtstT0:~C :thaB1tS thpp) - rect1 (tsc+ k-

Wtg

8- Tis = 80- ps

400

200

30
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TEST SIGNALS
Periodic Signals

3 Double Half wave
Tts B1
T = wisp = ——  g3(t,Tis,Blg) = —= - sm[z'1T tj‘
TtsZ Tts
8 - Tts + Tts r 1
ti=~Tig-1,-Tis- 1+ BT
ts ts 2000 ts
Double Half wave
400 Tts2 Tis ' ' i
g3(t, Tts, Blts) 200
0 ’
| | |
0 1x107° 210”2 3x10 2

TEST SIGNALS

Periodic Signals

4 Double Half wave filtered (Capacitive)

Max half wave amplitude: By = 325.269 -V,
Amplitude of the decresing exponential fo t=0: Vpp = 5.V,

Exponential Time constant: Tyt := 40 - ps,
St Tis
Perlod.-é-— =5.ps,

Piilsstion: w = 089821203
secC

Intersections between half wave and exponential: 10 (vector),
Tangent points between half wave and exponential: 8 (scalar)
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atan —(e * T + k - TT
Tangent point abscissa: 710y := ( ts* Tisf)

Wis
‘rO1
Vppt = Blis- sin(uwts-701) € ©  Vpp=5-V
. T
Intersection Z1 (Ttsf , Wis , B1ts ,Vppt) = g £ e
Wig
f(£) < Bls- |sin(wis - £)]
|
Ttsf
g(e) e = - Vpp
S « root(f(£) — g(£) ,€)
retun S

0 =21 (Ttsf,wts,B1tSsVPPt)

104 = 2.563- ps 702 = 7.563 - ps 0 =6.779- ps
Blts | . .
hOZ_(t,Tts,TO ,9 ,wts,B1ts,Vppt) = Y« T » |S|n(wts' t)l if 0<t< TO‘]
otherwise
e
\
Y«<~b«e’rts-—|:)—[-)—lE if T04<t<©
VvV
B1
- Tt"‘“’ |sin(wis- 0)] if t=0 otherwise
return Y
B1ts

h03_(t,Tts,70,0, wts,Blts, Vppt) = X<—T- |sin(wis-1)] if 6 <t=<702

T
Wts
Tts ) Vppt

X«—e PPt 10 <t< 0+ - otherwise
Wis

return X
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- |sin(wts - 6)|

B1ts

Blis

\'

fipt =

1

b

Tt
W W

= 8]
Wis
, Ttsf ,TO ,9 ,wts,B1ts,Vpptj * I'ect'l (t,e + k .

T
Wts

[hOB_(t—k-
0
11.13- us

k

N1
"2

g4(t, Tisf, 70,0, s, Blts , Vppt) = h02_(t,Tisf, 70,8, wts, Bts, Vppt) - rectt (t,o-

10.075-%

Ripple: rip1

¢ =

704 = 2.563 - ps

N1 =50

Increase the time constant to reduce the ripple amplitude.

Ripple

300 [T
200
100

6x10

4x10

2x<10
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TEST SIGNALS

Periodic Signals

5 Voltage Pulse Train

Data in file " pulse ftrain data.xmcd"

Pulse period: Totd = 1% 103- [VES

Pulse Cadence: forg = 1x 107> MHz

Pulse width: Tptd = 250 - ps

Duty Cycle: S =005 o= Toa-Botg  To= ;—EE
Amplitude: Bptd = 5 - volt

Pulse delay from the origin Tptg50 = —250 - ps

Average value: Vptm := Bptd - Sptd = 1.25- volt

Generic pulse definition: rect1(t,risingedge , width)

N1
thts(t,Tptd,Tao,ﬁts,Bptd) := Bptd - Z rect1 (t“ K- Tptd> 750, Tptd - 5ptd)
k=0

VpﬁS(t ] Tptd >T30, ‘Sts ’ thS)
volt

V|p1 (t 7Tptd »T805 ‘StS s thS) =
k1 _:=0..N1 Tptds0 = —290 - ps

8- Tptd S Tptd -1

ti=-Tptg-1.-Tptg- 1+ 05 Fpk
ptd ptd 5000 pid
Voltage Pulse Train
Tp 'out Tptd’ Fotds0 i ' : : E‘p‘rd'
4 o
2r o
0 | | I ] 0-
~1x10” 3 0 1%10™ 3 2x10” 2 3510”3 4x10”3

Function definition: Vip1(time, Period, Pulse delay from the origin or rising edge, Duty Cycle, pulse amplitude
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TEST SIGNALS

Periodic Signals

6 RF Pulse Train
Data in file " rf pulse data.xmcd"

Generic pulse definition:  rect1(t, risingedge ,width) := rect1(t, 75, Tptd) "

Period: Tow = 1x10°- s
Pulse Cadence: ford = 1x 10 3. MHz
Pulse width: Tptd = 250 - ps
Duty Cycle: dptd = 0.23 Tptd = Tptd - dptd
Amplitude: Bptd = 5 volt
Pulse delay from the origin Tptg50 = —250 - pus
Average value: Vifotm = Bptd - 8ptd = 1.25 - volt
-4 Grads
Wript = 4.398x 10 - oo fﬁpt(t,Tﬁrf,Tptd ,LUrfpt) = rect1 (t,TSrf,Tptd) 'COS(qufpt' t)
4.-Tpg+T
T 14202 40°  fis 1ol g - Bt ——BE LU, 4 e T = 2.274x 10% - ns
5000
Tsf=0
€ptd = 0 €ptd- Trf = 0-ns ~Trf (1 - gptd) = —-2.274 x 104- ns
fip= o % 1075- GHz
Generic Pulse Generic RF Pulse
1.5
ot it (1+€ptd) fpt ' S
1 - H
0 0
0.51 7]
-1k -
0 1 G I | 1
0 5x10” 4 151073 0 2<10™ % 4x10~4

(thrfs parameters: vpt(time , period ,pulse_width,duty_cycle, pulse_amplitude))
N1
Votrf(t, Tptd  Toef Optd » Wript » Vi) = Vif- Z fript(t— k- Tptd, Torfs Tptd - Optd » Wrfpt)
k=0

Average value: Vpimf := Vi- dptd Vptmrf = 1.25- volt Vi = 5-volt
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Vptri(t, Tptd > Torf » Sptd » Wript ,Vrf)
volt

Eptd* Trf = 0-ns Vipt(LTptd,Tan‘,ﬁptd,wrfpt,Vrf) = dptd = 25- %

(wptrfs parameters: Viy (time , period , pulse_width,duty_cycle, pulse_amplitude))

Generic RF Pulse train
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TEST SIGNALS

Periodic Signals

7 Bipolar Square Wave

Data in file " pulse train data.xmcd"

Signal amplitude: Vpp=5-V
Time constant: Tis = 1.592x 10% . ns
Square wave period: Tots = 1x 106- ns
g =B 28B 1o 2 BEds
sec

N1

K=01+[t—(k+1)- Tots]

' t,Tots,V
N = 50 Vsaw(t, Tots. Vpp) = sau(t, Tots Voo)
volt
im0 Tom,0- Tos+ — 1% _20.7
= s ,0- + .. 20-
Ots Ots 5000 Ots
Bipolar Square Wave
51 Ths| C
Vsqw(t,TOts,Vpp) o o
— 5k
0 0.002 0.004 0.006 0.008 0.01
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TEST SIGNALS

Periodic Signals

8 Bipolar Square Wave 1

Data in file " pulse train data.xmcd"

Period: Totd = Ts+ 4 Towts® T = 1x 10°- ps
Pulse Cadence: fotd = 1 x 10” 3. MHz

Pulse width: Towts = 8" Towts = 250 - ps
Amplitude: Vpp = 5- volt

Pulse delay from the origin: t5=0- ps

N1
Vsl 5. Tautss Tos Vi) = Z Vs(t—k- Te, 75, Tpwts » Vpp)
k=0

Vg(...) is defined in -5 Doublet Voltage Pulse

t:=0-Tptg,0-T 29 Tpu 20-T
s= {}s ,0- i A .
P P9 5000 a

Bipolar Square Wave 1

T T T T V?p
5— Tp S Tptd V =
Ve(t, 75, Tpwts» Tptd> Vpp) OF O]
_5-- 1
0 %10~ 3 2x10” 2 3x10™ 3 410~ 3
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TEST SIGNALS

Periodic Signals

9 Staircase 1 Voltage Pulse Train

Description of the Function's parameters: vy (t,period ,signal_amplitude,number_of_steps,
: Vgte(t, step_length, signal_amplitude, number_of steps

For data, see the worksheet "staircase pulse data.xmcd"

T
Step length: T1stpl_ = 0.37 - ps T1stpl = it
= - 2'(m1steps+ 1)
Number of steps: M1steps = 8
Duty Cycle: dptd = 0.25 Tptd = Tptd - Optd
Step Amplitude: Vetcstpo = 1-mV
Amplitude: Vsics = 8- mV

Pulse delay from the origin Tptg50 = —250 - ps

M1steps

Vstcs
Average value: vgicptg == . Migteps —k+1) =2-mV
p 2 = m1steps . (m1steps + 1) kZ-‘ ( p )

1

’ Vstc(t 1] stpl_» Vstes,m1 steps) dt = 1.944- mV
Tstcpt

J(nﬂ steps+1)‘T1 stpl_

T1stpl_

10
Test signal: Vstcp(tsTstcpt ,Vstcs,m‘isteps) = Z Vstc[t— k- Tstept »
k=0

Tstcpt
2 * (m1steps + 1

) »Vstes M1 steps

10 Tstcpt
=0T O T +— 10 -T
stept stept 5000 stept
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Periodic Staircase 1

|
0.008 TS;“*" Vstes]
0.006 7]
0.004F .
0.002} ¢ :
: VstcstpO

o | 1

0 5x10™° 1x10™ >
Vit m1steps
Area under the staircase Agtcp == T1stpl_- B Z (n’ﬂstepS -k+ 1) Astep = 13.333 - volt - ns
~ Misteps =

Tstept
J Vstcp(t 3 TStht ,Vstcs s m1steps) dt = 1 3345 4 VOlt -ns
0

Adimensional function:

V’stcp(t s Tstept » Vstes ,M 1 steps)
volt

Vistcp (t » Tstept » Vstes M1 stepS) =

Description of the Function's parameters: Vistcp(t, period ,signal_amplitude,number_of_steps)'
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TEST SIGNALS

Periodic Signals

10 Staircase 2 Voltage Pulse Train

Description of the Function's parameters: vgy;(time ,period ,max_amplitude,number_of steps,
! Vgtee(t,step_length, signal_amplitude, number_of steps
For data, see the worksheet "staircase 2 pulse data.xmed"
max amplitude: Vg = 5- volt Period: T2¢tp =72-ps

Number of steps m2gteps = 8 Step amplitude:  Vgtestp = 0.625-V

Step length: Tostp =4-ps

100
T2st
Vstct(t,Tzstp_ »Vste ,mzsteps) = Z Vsteo| t— K- T2gtp ’—p_ »Vstc mzsteps)
2 - M2steps
K =0
Adimensional function: M2steps = 8

Vsstct(t T2stp_,Vstc mzsteps)
V

VIStCt(t 5 T23tp_ ,Vstc 5 mZSteps) s

10 - T2y

= = T23tp_ ,0 2 TZStp_ =+ 5000 i o 10+ TZStp_

Staircase 2 Wave

T:!stpl_ T2stp_ ; I )

0 0.0001 0.0002

Description of the Function's parameters: Vistct(t,period ,max_amplitude, number_of steps
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TEST SIGNALS

Periodic Signals

11 Staircase 2 Voltage Pulse Train + sinus

Description of the Function's parameters: \/stcsin(t,period ,max_amplitude, number_of stepg
For data, see the worksheet “staircase 2 pulse data.xmed"

max amplitude: Vg = 5- volt Period: T2gtp =72-us

Number of steps m2gteps = 8 Step amplitude:  Vgiestp = 0.625- V

Step length: Tostpl_ = 4 ps

V 2.-17-m2
VStCSIn(t ,TZStp ,Vstc N mzsteps) = VIStCt('t 5 Tzstp ,Vstc N mzsteps) + Se . Sln StePS & 8 3 t
- i 4 * mZSteps . V TZStp_

Staircase 2 Wave + sinus (adimensional)
Tasto  m  T2stp o ' Vstc

0 0.0001 0.0002

TEST SIGNALS

Periodic Signals
12 Staircase 3 Voltage Pulse Train

Description of the Function's parameters: v (t,period ,step_amplitude,number_of steps,
! Vstetaolt, (period , step_amplitude, number_of _steps]
Data in "sfaircase 3 pulse data.xmcd"

M3steps = 4
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T3=32.-ps f33= Ti3 f33 = 0.031- MHz

Vstez = 5-mV

Vstc3
VstctAO(t,T3 »Vste3 ,m3steps) 5 Vstct(t , 13, Vste3 ,m3steps) TS

Adimensional function:

v t,T3,Vpbds,m3
ViStCtAO(t’T?"Vpbds,m3steps) — StctAO( Vpbds steps)

Periodic Bipolar Staircase 3
| : Vstca-

TSS'tp L’ ' ' T3

-0.002
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TEST SIGNALS

Periodic Signals

13 Staircase 3 Voltage Pulse Train + sinus

VistctAOsin(t, T3, Vobds ,M3steps) = VistctAO(t, T3, Vpbds ,M3steps) -

Vv .
pbds : Sin(_z.l . 8. m3steps : t)
2 “ m35teps : V T3

Periodic Bipolar Staircase 3 + sinus

0.002 :
O b = e L. o = = = o — - = - ]
— 0.0024d
0 5x107° 0.0001
PR R L T
5000
Particular of the Periodic Bipolar Staircase 3 + sinus
T T3 |
0.002F Y i
0
—-0.002




TEST SIGNALS

Periodic Signals

14 Staircase 4 Voltage Pulse Train

Description of the Function's parameters : vstc1p(time, step length, step amplitude, number of steps)

For data, see the worksheet "staircase 4 pulse data.xmecd"

f44 = 5.556 x 102 - MHz -Tl — 5556x 10" . MHz
4
=S del g A0 k. MEUS 5 T S A0 0T+, MEdS
secC sec
100
vstc1 p(t:TOts » Vstcd » m4steps) = Z V5t01[t— =2 (m4steps i 1) - Tots» Tots > Vstcd » m4steps]
k=0
fim Ty 0 —Ta-0q b TatTa-0 0
‘.= —_ . — . + e “
4 4 5000 4

Periodic Bipolar Staircase 4

0 0.01 0.02 0.03 0.04

MAsteps = 8

Adimensional function:

vstc1 p(t , Tots > Vstca » m4stepS)
V

vstclp1 (t , Tots » Vstc4 » m85teps) =

45



TEST SIGNALS

Periodic Signals

15 Bipolar Triangular Voltage Wave

Description of the Function's parameters . Ay(time, triangle half base, triangle amplitude)

For data, see the worksheet "Dirac Pulse - formulas.xmecd"

N =350 Signal amplitude: Vpp =5-V

Time constant: Tigt := 1. ps

Period: Tg:=4- Tigt fo = 4
To

N K
Av(t,"’tst ,Vpp) = Vpp : Z [(_1) : A(t‘“ 2- K- Ttst ,Ttst)]
k=-N
= —Tg-0,-To- 04104100, o Tg =4
=elgeU,—-1g- U+ e =4&- s
9 9 2000 9 9 K

T T T T,

46



Bipolar Triangular Voltage Wave Built using the Step Function
Signal amplitude: Vp, =5-V

Time constant: Tist = 1- 1S
Period: To=4-us
6 rad
wgi= 2-mw-1g wg=1571x10" - —
sec
N =50
_ " ;
4.V
virioft> To,Vpp) = Tgpp- 3 (t-k-Tg)-®(t—k-Ty) ..
k=0 +(—1)-[2-[t— k+%]-Tg:|-fI>[t—(k+%)-Tg:|:|
i +[t—(k+1) - Tg] - ®[t—(k+1)-Tg]
Tg
VppﬁS'VO’t Vtrio ?,TQ,VPP =5V
20-Tg+1-Tg .
t=—1-Tg,-1-Tog+ .20-Tyg
5000

Adimensional function:

Vtrio(t ,Tg :Vpp)

Vi3(t, Ty, Vpp) = v

47
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TEST SIGNALS

Periodic Signals

16 Periodic Voltage Pulse Train

Signal amplitude: Vpp=5-V

TOts

Period: Tots = 1x 103- LS
st Tots
Pulse width: k2:=4 =250 ps
k2
Frequence 110 = il wig =2 -m-fqg
Tots
N =50
. t+k- Tos Toss
csp(t,k2,Tots, Vpp) = Vpp- Z 2-T w41l bl ek Tomt = ~®(t+k-Tots) | .-
K=-N S
t+ k T{}ts
+-2-————+1|-| ®(t+k-Tots) - B t+k- Tors—
1 Tots

N
t+k- Tots ( TOtsJ Tots
cspit,k2,Tots,Vpp) = Vpp- 2.———— +1|-rectt|t,—| k- Tpis + — | .
p( ots pp) B kZ . ( Tots j [ "2 k2
T t+k- Tots Tots
+|-2- +1|-rectt|t,—k- Tots,——
Tots k2
4 -Tos+1-T
1o s Totay=1+ Tipte Ozssooo LS
Test Signal
6
Tots Tots | Vi
41k2
csp(t, k2, Tots, Vip)
2._
0 : :
0 2x10™3 4x10~°3
N1 =50 t
cspit,.k2,Tots,V
Adimensional function: fCS(t,kz,Tots,Vpp) = p( VOts pp)

48
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TEST SIGNALS

Periodic Signals

17 Bipolar Sawtooth with positive slope Pulse Train

50

Amplitude: Vsawth = 50-V
Sawtooth length: dsawth = 1- s
Slope: Psawth = 50 - i
ps
Period: Tsawth = 1-us

fsawth = 1 X 1065—1

fsw(t , Tsawth :Vsawth) ‘= Psawth - t- rect1 (t ,0.0- Tsawth ,Tsawth).

Defined in -11 Sawtooth Voltage Pulse with positive slope

sec
= atan e o = 1,871
& (psawth volt)
5 Tsawth + Tsawth - 0
t.=-T -0,T -0+ w BT
sawth sawth 5000 sawth
N
v1 sw(t » Tsawth 7Vsawth) = Z (fsw(t — k- Tsawth » Tsawth ,2 - Vsawth)) — Vsawth
k=-N

Bipolar Sawtooth with positive slope
y T .'

T—
3x10~ 8

210~ 8

vi sw(t » Tsawth ,Vsawth)
\Y

Adimensional function: visw(t, Tsawth Vsawth) =

49



TEST SIGNALS

Periodic Signals

18 Bipolar Sawtooth with negative slope Pulse Train

Amplitude:

Sawtooth length:

Vsaw‘th = 50 d V

dsawth = 1- s

Slope: Psawth = 50- X
us
Period: Teawth = 1- ps

fsawth = 1 X 1063_1

|
+ 1) . (q)(t) ~ @(t— Tsawth)) f10 := 1
dsawth

f(t , Tsawth sVsawth) = Vsawth * (
Tsawth

Defined in -12 Sawtooth Voltage Pulse with negative slope

N
stw(t,ﬁsawth ,Vsawth) = Z f(t — K- dsawth » dsawth »2 - Vsawth) — Vsawth
k=-N

Sawtooth

0 1x10~ 2x10~ %

stw(t » Tsawth :Vsawth)
\'

Adimensional function:
fCT(taTsawth :Vsawth) =
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Periodic Signals

19 Raised-Cosine (RC) Pulse Train

1 + Qe

a is the excess bandwidth factor since the bandwidth of this pulse is Bw; = =
rc *irc

,],:n;‘,:: 8- Tots Tre = Tots

=

thrc(t »Qre 5 Tre :TI'C) = Z Vrc:(t ~— k- Tre,0rc ,Trc)
k=-N

Example g =03 Tows=1x10° ps Bwie = 6.5x 107 MHz

20 * Trc + Trc
ti=-Te, Tpgt+t———..20-T
c rc 5000 rc

Raised-Cosine (RC) Pulse Train
6 T T
9 Tre

vptre(t, are, Tre, Tre) ol

0 0.01 0.02

thrc(t »Qre , Tre Trc)
\

Adimensional funCtionZthrc(t sOresTre s Trc) =

thrc(Trc »Qre > Tre ,Trc) =9
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TEST SIGNALS

Periodic Signals

20 Root Raised-Cosine (RC) Pulse Train

N
Vrrc(t »Orre aTrrc=Trrc) = Z V"C(t — k- Trre,0ure ,Trrc)

k=-N
3
Example Qure, = 1.10 Tre=1x 107 . ps
40 T+ Tye- 3
ti=-Twe 3, Tpe-3+ «10:T
e rrc 2000 e

Root Raised-Cosine (RRC) Pulse Train

Trre S'Trmm‘lﬂrrc'(“—“)
Vs

P
T Trre ]

200“

100
Vrrc:(t »Orres Trres Trrc)

~100 ' : :
0

o0
The pulse is ortogonal while: J Vire(t, o, T) - Vpre(t—=n-T,a, T) dt = 0
— 00

SeCO'5

Adimensional fundionlm&g(t,arrc ,Trrc) = Vre(t, 0ure aTrrc) SEY

VITC(3 iz Trrc ,arrc ,Trrc) = ”—0275
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TEST SIGNALS

Periodic Signals

21 AM test signal (single tone)

Carrier Amplitude: A1 := 10- volt
Modulating signal amplitude: B1 := 5.5 - volt

W ! w . w1 w1
P S TP S SO R, RS S S fi5 = —
2 wle wim 2.7 2.1
Vammax = A1+ B1 Vammin = A1 - B1 A1 = Vammax + Vammin B1 = Vammax — Vammin
Vammax = 155 2 VOIt
v -V i
Vammin = 45 . VO"I mam = ammax riliidln mam = 55 . %
Vammax T Vammin
v2i(t,wlm,wlc,A1,B1) := A1 cos(wlc- 1) ..
4 %1 - cos[ (wlg + wim) - 1] ...
- % . cos[(w’]c - w1m) . t]
A1 = 10. volt Tl = 2510 e Wl =628 107 7- 200 . - ddaps 1g~ 8. B0
sec sec

v2i(t,wlm,wlc,A1,B1)
Vv

Adimensional function: V2am(t,wlm,wlc,A1,B1) =

fim Tore- 3. —Toe. 34 20 et Tos=3 o0 o
= —Tots* 3,-Tots- 3 + . 20-
Ots Ots 5000 c

20

10

v2am(t,wim,wlc,A1,B1) 0
~10
-20
0
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TEST SIGNALS

Periodic Signals

22 AM test signal (triangular wave)

1 : T2
Wom :=—ij--~-E T2m :=—%~—-1—T— t:=0-sec,40-—m..40-T2m
10 Wom 5000
Madulating Signal
O wie

o INAA R
—  JVVVY

k10 : 1 1 ]
0 0.02 0.04 006 0.08

t

3 Mrads Wi = 0.628- krads

sec sec

wle = 3.142x 10~

mam‘w‘-55‘%

Vam(t, wom,wlc,A1,B1) = At {(1 + %919 Virio(t, T2m ,B1)) : cos(mc-t):l

Vamit,wim,wlc,A1,B1
Adimensional function: V3am(t,W1m,w1c,A1,B1) - am( m,Wic )

V
ti=-Tos-3,-Tots- 3 + .8-T2
Ots Ots 5000 m
AM Signal
e Tom | | A1+B1
10.... I | it —
: : ! g ‘ : NEE i AR AR NNA AR 1x l l:l =
olf
_10L§ _
: ] 1 1
0 0.02 0.04 0.06 0.08



TEST SIGNALS

Periodic Signals

23 AM DSBSC test signal (single tone )

wic 2-m 2-m A1-B1 2
P b e T2m. = —— W2 = — = 27.5- volt
“em =0 = o 0 T
1 wle
-3 Mrads -4 Mrads 2., := — 1o =
le=3142x 10 ~- 2nm=3142x10 - —— '“m 1c .
=i * g o ) sec T2m 2-m
e
=%, Vasbsc(t,wlc,w2m) = A1 - cos(wle-t) - vm(t)

Vim(t) = B1 - cos(w2m - t)
Vasbsc(t, wlc,w2m,A1,B1) = A1- cos(wlc-t) - B1- cos(w2m- )

A1-B1 A1.B1

Vasbsc(t,wlc ,w2m,A1,B1) = - cos[ (wlg + w2m) - ] + - cos (wle — w2m) - {]

Vdsbse(t,wle,w2m,A1,B1)

Adimensional function: V4dsbsc(t,w1c,w2m,A1 ,81) =

V2
— T1
v=20 . 0.sec,v-—2 v -Tie
000
DSBSC single tone
100 T T 75 T
e m
SOT
0 (
—50FV ! 2
- 100 . 1 1 1
0 0.01 0.02 0.03 0.04
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TEST SIGNALS

Periodic Signals

24 AM DSBSC test signal (triangular wave)

T1g = T2n V3gsbse(t,wlc,w2m,A1,B1) == A1-cos(wlc- t) - Virio(t, T2m - 2,B1)

V3gspsc(t, wle,w2m,A1,B1
Adimensional function:  V5ggpsc(t,wlc,w2m,A1,B1) := csbc(t,91e, 62 )

V0|t2
fig o A1=10.V wle = 3.142x 107 8. 889 o _ 3142« 1074 Mrads
Tig sec sec
8-Tig+T1g-3
f T 3, - Thge B .8-T
18 18 5000 18

Modulating Signal
T T2 ' '

10

virio(t, T2m2, B1)
ST 0
=5

_ 10 . i) 1 1
0 0.02 0.04 0.06 0.08

T2 <2
vmo( ';‘ ,sz-2,81)=5.5-v

DSBSC Triangular wave modulated

T1C. e 1T2m — I — e I” SR T

0 0.02 0.04 0.06 0.08
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TEST SIGNALS

Periodic Signals

25 AM SSBSC test signal (single tone )

el = 275'V2 Vssbsc(t,b.ﬂc ,U}Zm,A1 ,B1) = e ] COS[(U.YIC =k w2m) . t:l
w1 = v
fpiss ;L i SA g A ol B A e PO
2.7 f1g sec sec
4-T2n
A1 =10-V t:=0-sec, .4.T2n B1=55-V
5000
SSBSC single tone
T2m ' '
}
A40 : I 1 |
0 0.02 0.04 0.06 0.08

Vssbsc(t,wlc,w2m,A1,B1)
V2

Adimensional function: VBsgpsc(t,w1c,w2m,A1,B1) =
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TEST SIGNALS

Periodic Signals

26 AM SSBSC test signal (triangular wave)

AN L W] & 8 3—'“-2 B1|=55.V
T1C 2m w m

Vigspsc(t, wle,w2m,A1,B1) = Al cos(wlc- 1) - vtr,o(t 2. 2’“' 51)

Wem

V4ssbsc(t,w1c ,UJZm ,A1 ,81)

Adimensional function: V7ssbsc(t,w10 ,w2m ,A1 ,B1) =

V2
SSBSC
100 Tig sz T T
50n

ol :
- 50| -

- 100 : ! :

0 0.02 0.04 0.06 0.08
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27 FM test signal (single tone) (change data in FM data.xmcd)

Scroll the slider, to change the carrier frequency:

jp T A e
CHHOr FISQUOTICY. ...........coninsiscnsiinnssnspssasmapst B jp-fOtS' fe=1x 10%. MHz
. ] _ 1.0"
Carrier period..................ccccooveiiiiiieciiecieeeeeeeeeeend Tg o= =
c
. ] 5 Grads
Angular frequency of thecarrier.................................... we :==2.0-7-f¢ we = 62.832-
sec
Amplitude of the single tone moduiating signal............ . Bfmm := 50+ volt" Bfpm = 15-V
L]
Period of the modulating signal..................... Taum == Te- 20" ffmm = —1-:-1-—
fmm
Frequency of the single tone modulating signal.............. finm = 737.557 - MHz
Angular frequency of the single tone modulating signal. uyp == 2.0- - ffmm'
T. W
M _ 43.558 oty = 41634, 2208 ° _13.558
c sec Wfmm

Scroll the slider to change the modulation index m;:
Frequency modulation index: mgy, = _

Mfm - Wfmm

2- 7 Bfmm
o= B2iEeg . B e M Te=0.1-ns
sec sec
10- Tfmm e Tfmm -0 Tfmm
s F -0,T -0+ .10-T = 13.558
fm fmm fmm 5000 fmm i
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2011k

10

-~ 10

=20

Carrier Amplitude:

Adimensional function:

V7fm (tfm » We Wimm Afm ] mfm)

. N
Vimts (t: We » Wimm > Afm mfm) = Re| Afm- ej-wc-t : Z (Jn(k ) mfm) d

FM test signal

|

|

1x10~ 2

2x10

Aty = 20 - volt

4Afm'J n(ki,mfm)| 4

k=-N

jk mem't)
e

ki :==-30..30

FM Spectrum (sinus. test signal)

8 T T T
%
61 XX -
& &

2 - -
=30 -10 0 10 20
Ki
Cars = 55.61- L

sec

Bfmm = 15 - volt

Wm(t > We , Wimm ,Afm ,mfm) =

mets(t ,We > Wimm > Afm » mfm)

\Y
20l f T T .
10] ' | i
0 )
—10 !}
-20 | 1
110"~ 2x10°
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Periodic Signals

28 FM test signal (triangular wave)

Vpp = 30 V"
Modulating triangular voltage wave:

Generic FM signal: vimis () = A - cos(p(t))

Vtrim(®) := Vrio(t; Tfmm » Bémm)

where: () = we-t+ Kstfm-J virim (1) dt

results:

4. Bfmm

|t Tl (=T )

2

N1
Virig(t) dt = .
J trsO() Tfmm kZO

2

1 1\T?
2 2
+(w1). - v

4

) ey T

or written as a function of t.

N1 =50
Nt |
4 . By
|vtri(tanmmanmm) i T LY Z
fmm T
T
Ivtrimax := Bfmm - ;1 i

3

Tfmm — 1356)( 10—— > }.LS t:= 0 Tfmm,

2

2

+ (—1)-‘i-|:t——Tfmm-(k+%):|-[tmTfmm-(k+

2

S0t Tom (5 0]t T 5 7

Ivtn'max = 2.542 . V -Ns

2

10'Tfmm'”O'Tfmm

5000

61

e 10'Tfmm TC = 0.1

Kste = 3.442x 108, —
volt - sec
=y Bfmm -t
= E;fra"lrn -1
1) 1
> -
T
ns —MM _ 13,558

c



Modulating Signal 9 Time Integral
20 T 4x10° T T
Ttmm By Tfmm 5 7 -
VtriO(tJTfmm:' Bfmm) 0 0
~10 _2x10”?
~20 ‘ —4x10~ 2 ’ ' '
0 4x10™° 0 2¢10~ 2 4x10” 2 6x10~°

FM signal: me3(tfm »We > Wimm »Afm » Bfmm » mfm) = Afm - Cos(wc - tim + Kstim - Ivttri('tfm > Tfmm > Bfmm))

Adimensional function:

Vv ! 3 o ,A 5 B ,M
Mfm = 7 V8fm(tfm,wc » Wfmm ,Afm,Bfmm,mfm) = fm3( il U-?fmn\'; Lo fm) Afm =20-V
FM test signal
T S = I
0 210~ ° 4x10™°
e 13558
Wmm
TEST SIGNALS
Periodic Signals
29 PM test signal (single tone)
Carrier Amplitude: ...l .ol JApm = 20 voltﬂ, Apm = 20-V

Scroll the slider to change the carrier frequency in the range (1MHz - 10GHz):
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jp=1x10" foe=1x10"°.GHz

Carrier Frequency...............c.ccccooiviiveiiniccceeenl o= jp-fgtsl, Tos A% 10% . MHz ,
. . 1.0"
Camierpenod..............occ ot 1 g B e T 012518
C
; 1 Grads
Angular frequency of the carrier.............................wg =20 -1-f¢ e = 62.832 - :
sec
Amplitude of the modulating signal.......................|Bpy, = 8- volf
Modulating signal period................................... Tp;m:=Tc: 10" ) f e L :
Tpmm
Tpmm = 1 x 7
. . 5 Tpmm
Frequency of the harmonic modulating signal.... form = s -MHZT, T = A
Cc
. . ] 3 Mrad
Angular frequency of the modulating signal:........ ‘Womm = 2.0-7-fomm »  Wpmm = 6.283x 107 -
sec

Scroll the slider to change the modulation index my, :

o m o Men
AR 100 AR Bpm
Phase modulation index..............ccccusassasssisnisnnsaiMpm = 5.02 - rad
—_ rad
Phase-sensitivity factor.................cverevvvevrveennnnn i Kpm = 0.627-7
sy = B 28T 10 Mmds B = 8-V i = B85 P, MRYs
sec sec

For any modulating signal vi(t), results: vpm(t) := Apm- cos(we - t+ Kpm - Vim(t))"
N |
Vel by We s Wprmmes Apiii=Mpm) = A~ Z [In(k,Mpm) - cos[(we + k- wpmm) - t— k- fm(H ]
K=-N

while for a cosinusoidal test signal, the modulated carrier is:
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Vpm(t) = Apm- cos(wc- t+ Mpm - cos(wpmm E t))'

Vom(t, We » Wpmm »Apm > Mpm) = Apm - €08 (we - t+ Mpm - oS(Wemm - 1))

k ]
' N Rl
jwet 2
Vpm(t, e . omm »Apm ,Mpm) = Re| Apm-€ - Z (e - In(k, mpm) - cos(k- U.mem't)]
k=-N
Vpmit,we ,w ,Apm,M
Adimensional function: Vgpm(t&w(:awpmm i Apmsmpm) . pm( c pr\r;m pm pm)
Apm = 20 - volt
40-T.-0 T, e
Bpm = 8- volt =T¢-0,Te- 0+ 40T =10
pm tpm c c 5000 c T,
PM signal PM Spectrum
T ® ' @ T
%
*00
3 £

9 I 9 9 9 O \aassssssa JTTTTQ‘

2x107°  3x107°  4x10 20 =40 @ 10 20

0 1x10~

TEST SIGNALS

Periodic Signals

30 PM test signal (triangular wave)
]

m rad

Vo= 5-V Vip = 15V" ey 2 B kpm = 0.627 - ——

pPp pp pm Bom pm ol

T A
o = 6208 x 107 MBIS ) = virio(t, Tomm »Bpm) oL T T L B
sec Te Bpm
Bpm = 8 * V Nmt) = Apm . COS(QJC . t+ kpm 5 thn(t))
BT o T
Apm = 20 E V tpm = Tpmm = 0 ,Tpmm - 0 + pmm pmm ati; 5 b Tpmm

5000



20 Grads

We = 62.832-
1 sec
i (tpm) O' il 3 Mrads
Apmcos(wetom) prom = 6.283 x 107 =
-10
-20
Bpm = 8V mpm — 502
m 2.7
metri(t »We > Wpmm >Apm > mpm) = Apm - COS(WC e = Vtrio(t > ,Vpp]]
pm Wpmm
Adimensional function:
m ;
Apm cos UJc't+—"p—m * Virio t, o ,Bpm
E'*pm Wpmm
M(t , W , Wpmm >Apm > Bpm :mpm) = v
PR Y R RRET PTG T TV S S S | T
sec sec volt

PM test signal PM test signal
7 - T ommy g e
S THURRE T Ty
a*iflg "lﬂrg ]
eI Al
RIEHTIBSHE:! 1PN R AL i
MERTERAEH: | 1: R ISR ASER: )4
1o I 4 |: ;s,: il s; I U | U
_oof A TEH f?l LARAEH R K H U. 1
0 1x10™° 210”2 0 1%x107° 2x10~9
s = B0.83p. 21002 Wimm = 4.634x 103. M98 o _ 50V By = 15V
sec sec
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31 Staircase based test signal .
T1.:=2-Tostpl_- (3 - M2Zgteps + 4) +9 - Tostpl_

Tt
i = Tostg) = 4.207 - ps
AR 9 (S e ) e
10 T
T
ViH(t, T, Vste s M2steps) = Z VH{t—k' Ty, 2 (3 M2snns  5) ,Vstc,m-?steps} X
K=o steps
VHHE, T, Vste , M2t
VH(t > 1T, Vsic =m35teps) = ( \j : . GPS) Vste =5V
10
3 - Tostpl
VHD(t 1T, Vste ,m23teps) = Z VHDoor(t == Ty~ '—“—:,;‘E: » T2stpl_» Vstc ,mzsteps]
k=0
10- Ty
t:=0-Ty,0 - TH+— .10-Ty
Staircase based test signal...
15_ I f
101
5_
0 1 H
0 0.0002 0.0004 0.0006 0.0008
10
3 ks Tr
Vuplt, T1,Vste ,m2 s v t-k-Tr——- . s Vste , M2sten:
HD( T.Vsic steps) Z HDoor[ T 5 7. (3 ) mzsteps P 5) 5. ( 3. m2steps T 5) stc step

k=0
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32 Bipolar Double Exponential Pulse Train

deep =32 T
N1
Vbdept(taTtSaTsvpp) = Z Vbdep(t—k‘T,Tts=Vpp)
k=0

bdep

Bipolar Double Exponential Pulse Train
5F  Todep T { , ' , Vop

— 5 e ~ Vor|

be;iept(Tt STiss | anp)

Vbdepta(t »Ttss 1 ,Vpp) = v

TEST SIGNALS
Periodic Signals

33 Bipolar Double Exponential Odd symmetrc Pulse Train

deepp = 16 Tts
N1
Vbdeospp(t:’fts y F ,Vpp) = Z Vbdeosp (t ~K-T,7ts ,Vpp)
k=0
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Bipolar Double Exponential Pulse Train

5 Togepp = ' ’ Voo]
| | | | | | | I | | |
or
| | | I { | I | { |
g I 1 _ Vpp‘
0 20 40
TEST SIGNALS
Periodic Signals
34 Agnesi Profile Voltage Pulse Train
Jbdson, = 32" Tis
N1
Vr:ngr;p(1t »Tis> | :Vpp) = Z Vagn(t =~k T 7 ,Vpp)
k=0
Agnesi Voltage Pulse Train
Thdepp ] l Vpp
af ‘ H ‘ -
| il
0 20 40
TEST SIGNALS

Periodic Signals

35 Agnesi Derivative Profile Voltage Puise Train
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Jbdepp. = 32 Tts

N1
VDagnp(t »Tts ,T ,Vpp) = Z VDagn(t -k-T > Tis ,Vpp)
k=0

Bipolar Double Exponential Pulse Train

| : 1..vﬂ\lpp
Tp epp SRR B e 8 :
| J

o ..
_2 -
3+/3Vpp

1 1 =

0 10 20 o
TEST SIGNALS

Periodic Signals

36 Poisson Profile Voltage Pulse Train

el Dm0
=U-Ttg,U-Tig + =T
ts ts 500 ts
N1
Vpop(t,7ts, T, Vpp) = Z (Vo(t—k-T,7ts,Vpp) - rect1(t—k-T,0-T,T))
k=0
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2 T 2Ty | s " Vop|
e
Vo2p(t. Tts, Tpp, Vop) 1 - -
0 1 1 |
0 5 10 15

TEST SIGNALS

Periodic Signals '

37 Poisson Derivative Profile Voltage Pulse Train

N1
Vopop(t, Tts, T, Vpp) = Z (Vap(t-k- T,7is,Vpp) - rectt (t—k-T,0-T,T))
k=0
Tpp 2Tgp | 8 S
' 2
e
2] :
V2pDp(t, 7ts, Top, Vop)
1 l
O ] 1 L
0 5 10 15

TEST SIGNALS

Periodic Signals

38 Rayleigh Profile Voltage Pulse Train
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Vryo(ts7ts, T, Vpp) = Z (Vry(t—k-T,7ts,Vpp) - rectt(t—k-T,0-T,T))

3 rﬂp fp ........ ) N n ” ” N n%
,\../.Ff.’f.(t’ Tis, Tpp,vpp)2 _ | .
JUNLTULIC R TR
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Worksheet "global data.xmcd"

Definitions and necessary constants.

krads = 103- rad, Mrads = 106‘ rad, Grads = 103-Mrads , THz = ‘103-GHZ.,
Trads = 10°- Grads

dB=1, nH=10"3-pH, rt=1.0%
Op. Amp. saturation voltage: Vgat = 15 - volt,

pmho=10"%mho  nmho=10"%mho ma=10"%Q mmho=10"3.mho
Generic Amplitude.......... Vpp = 5.0-V
Signal frequency.............: fors = 1.0- kHz
Signal period................... Tgts = i Tots = - ps
fots
Signal angular frequency: wps = 2 - 7 - fpts, Wots = 1+ Mrags
sec
Arbitrary time constant....: Ty = -1000, Tis=1u-ps,
Wots
Tots
steplength. oo T = ,
p leng stpl_ 100
Number of samples for the FFT: NO = 28,
Number of elements of a series:N = 50
k:=0. NO-1,

The Bode diagrams will have an extension defined by a multiple U =1 00, of w_, freely chosen,
s



Worksheet "RF data.xmcd"
RF Pulse Data

[#] Reference:C:\new folder\global data.xmcd

Reference:C:\new folder\Pulse Train Data.xmcd

Step amplitude:

E! Reference:C:\new folder\Fourier Series.xmcd

E] Reference:C:\new folder\Dirac Pulse - formulas.xmcd

Vif=Bptd, Vii=5-V

Signal frequency: fif= 70-fotg

Ti:= L

Signal period: = —
frf

Signal angular frequency: wpt = 2- 7 fig

(':‘;rads)2

wiipt. = 1.934x 1077 [
sSec

AR ORRARL: T =

Wript
Pulse width:

Frequency:

Duty Cycle:

Generic pulse definition:

wript = 4.398x 10”4, Brads
Sec

A

Tog = 1% 1077 MHz Tog = 1x 10°- pis

Tptd = 250 - ps
o )
forg = 1x 1072 MHz forg = -2
Tptd
§ Q . Tptd o
ptd = 25- % drfpt := —— Orfpt = 25- %
Tptd
15 .= 0- sec

rect1(t,risingedge ,width) := rect1 (t,'ra,-f,'rpwts)'

frfp(t,Tgrf,’rptd ,wrfpt) = rect] (t,Tﬁrf,Tptd) . GOS(bJrfpt . t)

O ST S T
ptd ptd 50000 ptd
1E EpteTptd ' e i
rect1 (t > Torf s Tptd) 0.5- |
0 ' g
0 210”4 4ax1074

t



Generic RF Pulse

—

frfp(t » Torf» Tptd El wl’fpt) O

o

@D

4x10~ 4



Worksheet "sawtooth pulse data.xmcd

EI Reference:C:\new folder\global data.xmcd

Sawtooth length: Ssawth = 1- 1S Ssawth = 1x 10°- ns
Vsawth \Y;

Slope: Psawth = — Psawth = 50 —
Osawth s

Period: Tsawth = 1" dsawth

Frequence: fsawth = 1 fsawth = 1- MHz

Tsawth



Worksheet "staircase pulse data.xmcd"

[#] Reference:C:\new folder\global data.xmed

Step Amplitude (arbitrary choise):
Number of steps:

Signal amplitude:

Step length:

Period:

kstplength =300

\'
pp
V =—
stcstp0 5000
3
M1steps = 2

Vstes = Vstestpo m1steps

TOts

T4 stpl_ =
~  Kstplength - (m 1steps + 1 )

Tstept = (m1steps e 1) - T1stpl_ -2

Vstestpo = 1-mV
M1steps = 8

Vstes = 8- mV



Worksheet "staircase 2 pulse data.xmcd"

Reference:C:\new folder\global data.xmcd

E Reference:C:\new folder\Pulse Train Data.xmcd

Signal amplitude: Vste i= Vpp Vgic = 5- volt
St : ) Tptd
ep length (arbitrary): Tastpl . Tostpl_ = 4- ps
ia 1000 -
Number of steps: M2steps = 23 M2gteps = 8
T
Time constant: T2 = —g—td
; ; Vste

Step amplitude: stcstp Vstestp = 0.625-V

M2steps

Period:

T2¢1p = (mzsteps + 1) - Tostpl_- 2

TZStp”_ =72 MS



Worksheet "staircase 3 pulse data.xmcd”

[*] Reference:C:\new folder\global data.xmecd
E] Reference:C:\new folder\Pulse Train Data.xmcd

V
Signal amplitude: Ve o ﬁ% Vop=1-V Vgica = 1 - mV
. _ Totd
Step length (Arbitrary): Tstp =4 —— T3stpl_ = 1-ps
- 1000 .

Number of steps: M3steps = D

T3
Time constant: o I — ;tpl"
Period: T3 := 2- M3gteps - T3stpl_ T3 =un-ps

1

Frequence: {33 = = f33 =1-MHz



Worksheet "staircase 4 pulse data.xmcd"

Reference:C:\new folder\global data.xmcd

[#] Reference:C:\new folder\Pulse Train Data.xmcd

Amplitude:

Signal amplitude:

Step length:

Number of steps:

Time constant:

Period:

Frequency:

Vstes == 15-V

Vstc4 = 15 & VO[t

Whq =2 -1-T44

T4stpl_ =4.ms

T4=18-ms

5

fag = 5.556x 10 ° - MHz

-4 Mrads
sec

waq = 3.491x 10




Worksheet "FM data.xmcd" (& theory)

When saving or printing, disable Automatic Calculation.
[#] Reference:C:\new folder\global data.xmcd
[+] Reference:C:\new folder\Fourier Series.xmed
Reference:C:\new folder\Dirac Pulse - formulas.xmcd

Carrier Amplitude:..................c..ccooooeoeeeeeeeeeeeeee, 1A = 20 - vol

Scroll the slider, to change the carrier frequency in the range 100kHz-10GHz:

jp = 100 fots = 1-kHz
. . > -4
Carrier Fr@QUENCY ...................cooeeeeeeeeeeeeeeeeeeeeeeee e fo:=jp-fots fo=1%10 - GH#
’ : 1.0
Carrier period.....................c.cccocoeeeeeiceeeeeeeeeeeeeeeerennl. Toi= f_ Tc=1x10"-ns
(e
: . ) -4 Grads
Angular frequency of the carrier..................cc.cccvvevveeenii we=20-m-fow. =6.283x10 -
sec
Amplitude of the modulating signal..................... cvvereeereeeene. Bfmm = 15 - volt
Modulating signal period.........................ccccccoeovevccncec Timm = Ter W 1= 1
fmm
Frequency of the modulating signal.............................. fssm = 0.01-MHz
Angular frequency of the modulating signal..................... Wi;m = 2.0-7 - firmm
Single tone Modulating signal......................................... V()

Scroll the slider to change the modulation index my,, :
Frequency modulation index:  mgy, :=

;.l__ ll d) i 1 1 il{: 1 1 _=ij‘.
M - W T _
My = B pad Ko e 200 L T ke = 3.333% 10~ 2. Mz
: ; o 2'kfm"“'l"Bfmm.
Frequency modulation index definition:......................... My = (rad)

Wfmm




Frequency sensitivity factor..........................................0 Kim =

_ Mfm * Wfmm !_-I_z

\'%

FM Theory (general case).
The Istantaneous voltage is related to the Istantaneous phase 6(t) by the trigonometric relation:

Vim(t) = Afm- cos(6(t)) (V)

while the istantaneous angular frequency of the FM signal is defined as wim(t) = 2-7- (fc - Af)

1

sec

The Istantaneous frequency is :fim(t) = fc + kim - vm(t), namely fi(t) = fo + Af() (Hz),

hence k must have unit (izj
fm AV

The istantaneous frequency deviation is: Af(t) = Ky - V().

furthermore it is linked to the istantaneous phase by the relation: wy(t) = -S-ie(t), (E‘i) ]

sec

The Istantaneous phase is given, then, by: 6(t) = J Wrm(t) dt (rad),

o(t) = z-w-J (fo + Kim - vm(t)) dt = wc-t+2-ﬂ-kfm-J V() dt

Using the phasor representation one gets:

Vim = Afm ‘ej.e(t).

j-J w(t) dt

that is: Vim = Afm - € ,

j-J (2mfe+2mkfmvm (D) dt

j‘{ wc't+2'ﬂ'kfm'J Vm (t) dtJ

hence Vim = A -© ,

j{ wc't+2-ﬁ'kfm'J Vm(t) dtJ

The time domain modulated wave is: vin(t) = Re| Agy - € :

1

or: Vim(t) = Am - cos wc't+2'ﬂ'kfm-J Vm(t) dt |.

The Fourier trasform



F(vm(®) = J () -e Tt

- 00
of the modulating signal is F(w) = F(vm(t)), so that one can express the modulating signal as an inverse
Fourier trasform of F(w),

V(D) = 2_1{{ J F(w)-e“tdw.

hence the FM signal takes the general form:

Vim(t) = Agy - cos wc't+2"ﬂ'kfm'J V() dt |.

Single tone Modulating signal: vi(t) = Bfmm - cos(wm -t + ¢1), where @1 is an arbitrary initial phase for
semplicity considered null: Vim(t) := Bfmm - c0S( wmm 1) .

Phasors:
Phasors are written in Bold face. {j= =1
wimmt :
modulating signal...................... : Vim = Bfmm -eJ fmm , Bfmm = ‘Bfmml -e”)1
et .
unmodulated carrier................. Vo= A€ Agy = |Afm| &9

where 81 is an arbitrary initial phase, for semplicity considered null.

j-[ wcvt+2-7r-kfm-J Vm (1) dt]
FM signal.......ovvenn T ‘Vim = Aim -
Hence vim(t) = Re(me), Afm = 20 - volt

As seen, the istantaneous frequency of the FM signal is defined as f(t) = f. + Af(t)
The frequency deviation is: Af(t) = Kfn-vp(f) = kfm‘Bfmm°COS(me't).

Therfore the istantaneous frequency is: f(t) = f; + kim - Bimm - cos(wm . t) ;

while the FM signal is: Vim(t) = Afn-cos| we-t+2-m- kfm'J Vm(t) dt | .

B -sin{t- w
J V() dt = frmm ( fmm)
Wfmm

kfm - Bfmm - sin(t‘ mem)]

replacing it, one obtains: vim(t) = Afn-COS| we-t+2-7-
Wfmm

Af Kim - B Kfm - B
From this relation on define the modulation index as: mfy, = 0 SO0 o, OO (rad).
ffmm Wfmm ffmm

Finally the FM single tone signal is:
Vim(t) = Am - cos(wc - t + My - sin(t- Wimm) )|

or expressed as a phasor:

wet+Mfyssin(twimm))

j.
Vim(t) = |Agm| Rel el
So, it has been found that the modulation index is given by the relation:

3



_ 27 Kfm - Bfmm
mfm _— ]
Wfmm

and the frequency sensitivity factor by:
. Mfm - Wmm
kfn = —m——.
21 Bfmm

The maximum frequency deviation is given by:

Afmax = Kfm - Bfm;‘ .
The maximum and minimum frequency values are given by:
ftmmax = fc + Afmax,  fimmin == fo — Afmay

from which, results also: Afmax = —;-: '(ffmmax— ffmmin)

To determine the spectra of the FM signal one must elaborate the expression of the signal. Well, observing
the second term of of the FM signal exprressed as a phasor, one sees that the exponential can be replaced
by the second Jacobi-Anger relation, as follows:

jwet

Veo = A = ( j'k‘U)fmm‘t)
fm = Afm-€ : Z Jn(k,mf)-e ,

Kk=-x

where Jn(k,x) is the ki Bessel function of the first kind. The result is a Bessel series of the single tone.
Now, this representation of the FM signal (single tone modulated) as an infinite series, allows to distinguist
the individual harmonics and therefore to draw the magnitude spectrum.

To do that, define the new function:
N

fwet jketofmmt
vfm(t,wc,wfmm,Afm,mfm) =Re Afm-eJ o (Jn(k,mfm) -eJ L ) where N = 50 |,
k=-N

whose graph is here below depicted:

fo=1x10"*. GHz Afpay = 5x 10 2. GHz
K ] T
Agm = 20 - volt Bfmm = 15-Volt  fimmax = 1.5x 10”4 Glffmin = 5x 10~ - GHz—™™ — 10
c
e e
fh = bgt My g Ui 20000 w“ c

FM signal & Modulating Signal

[y

l‘ M )




the magnitude spectrum is:

ki :==-20..20 VBim,, . = |Atm- Jn(Ki ,mgm)| mb := max(vBfm)  mb =7.825.V
vam20+0 =3.562 -V
FM Spectrum
I T T
8r e -4 . mb
@ %
* 90
6 E
& @
%Afm-Jn(ki,mfm)ldi_ B
Lwn — VBfmZO-i-U
-20 -10 0 10 20
ki
_ T
sec Tg
Carson Band: Cars := 2 - wmm - (mfm+ 1)
Cars = 7.54x 10 4. b
sec
Jrogt L Jk-wfmmet
Ofm(t) = arg| Agm-€ - Z (Jn(k,mfm)-e ) )
k=-N
Phase Spectrum
4 T T T | Tom
it 1§
25 o
0
-2k —
8 T
ﬁ4 | | | |
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Worksheet "PM data.xmcd"
When saving or printing, disable Automatic Calculation.

PM data (& theory)

[+] Reference:C:\new folder\global data.xmed
[+] Reference:C:\new folder\Fourier Series.xmcd
E} Reference:C:\new folder\Dirac Pulse - formulas.xmed

Carrier Amplitude................................ccccecrunenel |Apm = 20 - vOl

Scroll the slider to change the carrier frequency in the range (100kHz - 10GHz):

j p = R T e e T

p=1x10" fos = 1-kHz

Carrier Frequency............................c.ccccococenn o= Jo - fots, i = ‘IO-GH%,

Carrier period......................cccccoovvvveiceceeiiceeeiiaennae s Tg 1= -1?9 : Te = 0.1-ns,
c
’ Grads
Angular frequency of the carrier.............................. e =207t ¥5, we = 62.832- :
sec
Amplitude of the modulating signal........................ 1Bpm = 8- volt
Modulating signal period...............................Tpmm = T¢- 10, fomm = I :
Tpmm
: . = 3 Tpmm
Frequency of the harmonic modulating signal......fymm = 1x 10° - MHz, S 10 ,
C
; , _ 3 Mrads
Angular frequency of the modulating signal......... wpmm = 2.0 70 - fomm,, Wpmm = 6.283x 107 - -
sec
Scroll the slider to change the modulation index Mpom
jpm =
Phase modulation index...............ccceeserserersrenensi Moy = 5.02 - rad
e - rad
Phase-sensitivity factor..............ueeereeeesrvncnnn K = 0.627-7
= M ]{.lJct
Carrier Signal:........co.ceovceovesressercssrinsssssssssersssenansi Ve (1) = Apm - c08(we - ), phasor: ve = Apy - @



ve(t) = Re(ve) Apm = 20 - volt Bpm = 8- volt

PM Theory.
Single tone modulating voltage signal of amplitude B, and angular frequency wW3pm (of arbitrary initial phas
p1=const.): Vm(t) = Bpm-cos(wpmm T+ tp‘l),

i- + 1
(represented as a phasor (written in Bold face):Vm = Bpm -ej (opmmt+e1) , 0 that: v(t) = Re(Vm)).
p

The istantaneous voltage of the phase modulated carrier of amplitude Apm, than is:
Vom(D) = Apm - cos(8(1)),
(represented as a phasor: Vpm = Apm - ej'e(t)). where the istantaneous phase is:
8(1) = we-t+61 +kpm-Vm(t) = we-t+ 01 + AB(), (radians) and Vpm(t) = Re(Vpm) (Volt),
where kpm, is the phase-sensitivity factor and the istantaneous phase deviation is:
AB(t) = Kpm - V() = kpm - Bpm - €08(wpmm - t + 1),

The resulting phase modulated signal is: [Vpm(t) = Apm - cos{we - t + Kom - Vin(t) + 61)|

namely O(t) = we-t+01 +Kom- Bpm-cos(wpmm-H t,o1), (radians) (arbitrary initial phases: @1=const.,
B84=const.).
The initial phase is: 8(0) = 61 + kpm - vm(0),

while the initial modulating voltage is: vm(0) = Bpm - cos(p1),
Substituting one gets: 8(0) = 64 + kpm - Bpm - cos(yp1) (radians),
The product k,Bym has dimension (radians), while kpny, (radians/volt),

The istantaneous angular frequency of the PM signal is defined as w(t) = %te(t) ,
. | . 1 d
while the istantaneous frequency is f(t) = —— -=0(%),
2-m dt

therfore w(t) = g—t(wc-t +01 +Kom - Vin(®) = we + kom -;’_tvm(t), (rad/sec)

For a single tone, as previously seen, the istantaneous phase is: 8(t) = we-t+ Kpm - Bpm - cos(wpmm t+ Lp'1)
{radians), and the resulting phase modulated signal is:

Vpm(t) = Apm - €os(we -t + 81 + Kom - Bom - 08 (wpmm - t + ©1)).

The maximum phase deviation is: ABmax = tkpm - Bpm (radians).

The istantaneous angular frequency is defined as w(t) = j_t 8(t) = we + kpm-g_tvm(t),
results: g—tvm(t) = —Bpm- wpmm-sin(cp +1- wpmm) (V radians/sec)

hence the istantaneous angular frequency is: w(t) = we — Bpm * Kpm - Wpmm - sin(t- wpmm) (radians/sec),
The maximum istantaneous angqular frequency is ,
Wmax = We + Bpm z kpm 3 LL}pmm = Wwe + mpm . U.mem (radians’seC)
The maximum angular frequency deviation is: Awmax = Wmax — We = Bpm - Kpm - wpmm  (radians/sec)



Aw Af
s e ABmax = Bpm - kpm = mpm phase modulation index.

Wpmm fpmm

Resuming:

Afmax = Mpm 'fpmm :
Bpm == 8 'V
Afmax = 502 £ GHZ N

T L
rad
kpm = 0.627 - —\-/—

Hence the modulated signal : Vpm(t) = Apm - €os(we - t + Mpm - cos(wpmm -t + ) +61) .
To simplify, consider all initial phases null , therfore the modulated signal is:
Vpmst(t,Mpm) := Apm - cos(we - t + Mpm - €08 (Womm - t).

and A(t) = Mpm - cos(wpmm - 1).

j+| wet+mprrCos t
The corresponding phasor is: Vpmst = Apm .eJ (“’C +Mprr (“’pmm ))

Verradll] lApm| e [ wet+Mpry oS (Wpmm: t)):|

which, using the Jacobi-Anger relation :

e Zc0s(0) o i (j%. dn(k.2) - cos(k- )

where Jn(k,x) is the kih Bessel function of the first kind, and limiting the bounds of the sum to
—n < k < n with n := 40 for example, one gets:

ket
Lt B . . * i
meja - Apm‘ eJ wct. eJ Mpm Cos(wpmm t) = Apm e] wct Z (e 2 Jn(k,mpm) ) COS(k- o t))
k=-m
k7t
et ! J_"_
n=40 vpmja(t,mpm) = Re| A ¢ Z n(k,mpm) . cos(k- Wpmm - t)
Example:

Max amplitude of the Carrier: Apm = 20-V,
Single tone max amplitude: Bpm = 8-V,
bounds of the sum: n=40 ,
phase modulation index: Mpm = 5.02



40 - Tomm = 0 Tpmm

fe = 10-GHz 1= -0,T, -0+
c pmm pmm 8000

.. 40 * Tpmm

Graph of the PM signal, single tone modulated
I
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Same signal obtained using the first Jacoby-Anger relation
An)m
|
Voma(t, Mpm) G
2x10~°

Mpm = 5.02 k := —20..20



