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Fourier series examples and solutions square wave

Llelii JoKymeHT noxoguTb Bif, KoeduilieHTIB cepii Pyp'e Ans Kinbkox dyHKLiA. PYHKLUIT, NOKa3aHi TyT, AOCUTb NPOCTI, afie NOHATTA NOLMPHKTLCA Ha 6iNlbLl cKNagHi QyHKuii. HaBiTb oyHKUiA iMnynbey (cepist Ko3nHy) Po3rnsHeMo nepiognyHy yHKUi0 Nyibcy, NokasaHy Huxk4Ye. Lle napHa dyHKuia 3 nepiogom
T. OyHKLiS € iIMNyNbCHA GOYHKLIA 3 amnaiTygoto A, | wupuHa imnynscy Tp. The function can be defined over one period (centered around the origin) as: $$x_T(t) = \left{ {\matrix{ {A,\quad |t| \le {{{T_p}} \over 2}} \cr {0,\quad |t| \gt {{{T_p}} \over 2}} \cr } } \right. \quad \quad - {T \over 2} &lt; t \le {T \over 2}$3$
The Fourier Series representation is $${x_T}(t) = {a_0} + \sum\limits_{n = 1}Minfty {\left( {{a_n}\cos \left( {n{\omega _0}t} \right) + {b_n}sin \left( {n{\omega _0}t} \right)} \right)} $$ Since the function is even there are only an terms. $${x_T}(t) = {a_0} + \sum\limits_{n = 1}\infty {{a_n}\cos \left( {n{\omega _0}t}
\right)} = \sum\limits_{n = O\infty {{a_n}\cos \left( {n{\omega _O}t} \right)} $$ The average is easily found , $$a_0=A\frac{T_p}T$$ IHwi Tepminn cnigytotsb Big $${a_n} = {2 \over THint\limits_T {{x_TNleft( t \\ cnpasa)\cos \left( {n{\omega _0}t} \right)dt} ,\\quad n e 0$$ Byab-Akuni1 iHTepBan ogHOro nepiogy
[03BO/IEHNIA, ane iHTepBan Big -T/2 ao T/2 € npoctm y ubomy Bunagky. $${a_n} = {2 \over TRint\limits_{{-{T} \over 2}}’T \over 2}} {{x_TNleft ( t\ BnpaBo)\ cos \ left( {n{\omega _O}t} \right)dt} $$ Ockinbkn xT(t)=A Big -Tp/2 Ao +Tp/2 i HyNb B IHWOMY MiCL|i iHTErpas CnpoLye i MoXxe 6yTn BUPILLEHWUI
$$\begin{align} {a_n} &amp;= {2 \over TRint\limits_{ { {{T_p}} \over 2} + {{{T_p}} \over 2}} {A\cos \left( {n{\omega _O0}t} \right)dt} \cr &amp;amp; {{2 \over TH{A \over {n{\omega _O0}}}\sin \left( {n{\omega _O0}t} \right)} \right|_{ - {{{T_p}} \over 2} + {{T_p}} \over 2}} \cr &amp;amp; {2 \over T} {A n{\omega _0}}}
\left( {\sin \left( { + n{\omega _OH{{{T_p}} \over 2}} \right) - \sin \left( { - n{\omega _OH{{T_p}} \over 2}} \right)} \right) \cr\end{align} $$ 3 s sin(a)-sin(-a)=2sin(a) i BUkopucToBye Tol hakT, o w0=21U/T i $${a_n} = {4 \over THA \over {n{\omega _O}}N\sin \left( {n{\omega _OH{t_p}} \over 2 }} \right) = 4{A \over
{n2\pi P\sin \left( {n\pi {{{t_p}} \over T}} \right) = 2{A \over {n\pi }\sin \left( {n\pi {{{t_p}} \over T}} \right)$$ Liein pe3ynbTtaT 6yae [04aTKOBO AOCNILAKEHO Yy ABOX NpuKnagax. Po3rnsHemMo Bunagok, Konu umka Mmuta ctaHoBuTb 50% (ue o3Havae, Wwo yHKLis Brucoka 50% vacy, abo Tp=T/2),A=1iT=2. Y
ubomMy Bunaaky a0=cepegHii=0.5 i n£0: $$\displaylines{ {a_n} = 2{A \over {n\pi }}\sin \left( {n\pi {{{t_p :}} \over T}} \right) = 2{A \over {n\pi }}\sin \left( {{n\pi } \over 2}} \right) \cr n =0,\,1,\,2 \,3,\,4\,5,...\quad \sin \left( {{n\pi } \over 2}} \right) = 0,1,0, - 1,0,1,... = \left{ {\matrix{ { - {1N{{n - 1} \over 2}}},\quad
n\;odd} \cr {0,\quad n\;even} \cr } \right. \cr = \left\{ {\matrix{ {2{A \over {n\pi }J}\left( { - {1M{{n - 1} \over 2}}}} \right),\quad n\;odd} \cr {\quad 0,\quad n\;even,\;n 0\;} \cr } \right. \cr} $$ Values for them are listed in the table below. Note: This example was used on a page representing the Fourier series. Note
also that in this case a (excluding n=0) is zero even n, and decreases by 1/nasn.n00.510.6366 2 0 3-0.21224 05 0.1273 6 0 7 -0.0909 Average + 1st harmonious to 3rd harmonious ... 5th harmonious ... 7th ... 21st Graph shows the function xT(t) (blue) and the partial sum of Fourieu (from n=0 to
n=N) (red) $$$\sum\limits_{n = 0}*N {{a_n}\cos ({\omega _0}t)} $$ and the highest frequency harmony, $a_Ncos(N\omega_0t)$ (dotted purple). $a You can change n by pressing the buttons. As before, note: When you add sine waves of increasing frequency, approximation improves. The reasons for
this are discussed below the Right button shows the sum of all harmonicas to the 21st harmonica, but not all individual sines are clearly shown in the story. In particular, harmonicas between 7 and 21 are not shown. Even Square Wave (Exploitation of Symmetry) In problems with even and odd functions,
we can use the inherent symmetry to simplify the integral. We will use other symmetry later. Consider the problem above. We have an expression for a, n£0 $$${a_n} = {2 \over TRint\limits_{ { T \over 2}}{T \over 2}} {{x_TNeft(t\right)\cos \left( {n{\omega _O0}t} \right)dt} $$ If XxT(t) even, then the product
XT(t)-cos(n-pOt) is paired (the product of two paired functions is even). Then we can use the fact that for the even function, e(t), $$\int\limits_{ - a}*{ + a} {e(t)dt} = 2\int\limits_0"a {e(t)dt} $$ so $${a_n} = {4 \over TRint\limits_O0{T \over 2}} {{x_TNeft(t \right)\cos \left( {n{\omega _O0}t} \right)dt} $$ which
generates the same response, as before. It will often be easier to estimate than the original integrated media because one of the limits of integration is zero. Even Square Wave (Exponential Series) Consider, again, the pulse function. We can also represent the xT(t) exponential Fourier series $$${x_T}(t)
= \sum\limits_{n = - \infty ¥\infty {{c_n}} {e*{jn{\omega _0}t}}$$ We find cn $${c_n } =\int\limits_T {{x_T}t){e”\{ - jn{\omega _0O}t}}dt} $$ As before, the gamer from -T/2 to +T/2 and use the facts, that the function is permanent for |t|&It;Tp/2 and B iHWwWoOMYy micuj, a T-w0=2*-1t. $$\begin{align} {c_n} &amp;= {1



\over TRint\limits_{ { T \over 2}}{ + {T \over 2}} {{x_T}t){e™{ - jn{\omega _0}}dt} = {1 \over Thint\limits_{ { {{T_p}} \over 2} + {{{T_p}} \over 2}} {A{e{ - jn{\omega _O}t}}dt} \cr &amp;=\left. {{A \over { - Tin{\omega _0}}}{e”\{ - jn{\omega _O0}t}}} \right|_{ - {{{T_p}} \over 21} { {{T_p}} \over 2}} = {A \over { - j2\pi
ni\left( {{e™{ { { {T_p}} \over 2}}} - {e™{ + jn{\omega _OH{{T_p}} \over 2}}}} \right) \cr\end{align} $$ MocsigueHHs Einepa AuKTyI0Th, WO e+jd-e-jl=2jsin(|) Tak e-ja-e=-2jsin(l) i $${c_n} = {{ - 2jA} \over { - j2\pi n}}\sin \left( {n{\omega _OH{{{T_p}} \over 2}} \right) = {A \over {\pi n}}\sin \left( {n{\omega OH{{T_p}
\over 2}}\) \right)$sk i ouikyBanocs, c0=a0 i cn=an/2, (nz0) (ockinbku Le napHa yHkuisa bn=0). HaBiTb TpMKyTHUK XBUS (Ccosine Series) Po3rnsiHeMo TPUKYTHUK XBUns CepedHe 3HavyeHHs (TO6To koedilieHTun cepii 0-i1 dyp'e) ctaHoBMTb a0 =0. For n&gt;0 other coefficients the even symmetry of the function
is exploited to give $${a_n} = {2 \over TRint\limits_T {{x_TNeft( t \right)\cos \left( {n{\omega _0}t} \right)dt} = {2 \over THint\limits_{ - {T \over 2}}}{ + {T \over 2}} {{x_TNleft( t \right)\cos \left( {n{\omega _0}t} \right)dt} = {4 \over TRint\limits_0"{ + {T \over 2}} {{x_TNleft( t \right)\cos \left( {n{\omega _O}t} \right)dt}
$$ Between t=0 and t=T/2 the function is defined by xT(t)=A-4At/T so $${a_n} = {4 \over TRint\limits_0"{ + {T \over 2}} {\left( {A - {{4A} \over T}} \right)\cos \left( {n{\omega _0}t} \right)dt} = {{4A} \over TNleft( {\int\limits_0"{ + {T \over 2}} {\cos \left( {n{\omega _0}t} \right)dt} - {4 \over TRint\limits_0"{ + {T \over
2}} {t\cos \left( {n{\omega _O}t} \ right) dt} } \right)$$ BukoHaiTe iHTerpaujito (abo Bpy4Hy 3a [OMNOMOrOK iHTerpawil YactTuHamu, abo 3 Tabnuueto iHTerpanis, abo KOMM'loTepoM) | BUKOPUCTOBYMTE ToM pakT, wo w0- T=2-1t $${a_n} = {{4A} \over THleft( {{{T\sin (\pi n)} \over {2\pi n}} + {4 \over TH{{T "2K{\mkern
Imu} \left( {2{\mkern 1mu} \sin {{\left( {{{\pi {\mkern 1mu} n} \over 2}} \right)}*2} - \pi {\mkern 1mu} n{\mkern 1mu} \sin \left( {\pi {\mkern 1mu} n} \right)} \right)} \over {4{\mkern 1mu} {\pi *2}{\mkern 1mu} {n*2}}}} \right)$$ Since sin(1t-n)=0 this simplifies to $${a_n} = {{4A} \over TH{4 \over TH{{T"2}{\mkern 1mu}
2{\mkern 1mu} \sin {{\left( {{{\pi {\mkern 1mu} n} \over 2}} \right)}*2}} \over {4{\mkern 1mu} {\pi *2}{\mkern 1mu} {n"2}}} = {{8A\sin {{\left( {{{\pi {\mkern 1mu} n} \over 2}} \right)}*2}} \over {{\pi *2}{\mkern 1mu} {n*2}}}$$ This answer is correct , ane 3aszHaumsLuu, wo $$n =0,1,2,3,4,5,6,7,...\quad \quad \sin
{eft( {{{\pi {\mkern 1mu} n} \over 2}} \right)*2} = 0,1,0,1,0,1,0,... = {{{ 1 -{\left( { - 1} \right)}*'n}} \over 2}$$ nae we npocTiwnin pesynbtat $${a_n} = \left{ {\matrix{ {4A{1 - {{\Mleft( { - 1} \right)}*n}} \over {{\pi *2}{\mkern {n*2}}} \quad {\rm{n odd}}} \cr {0,\quad {\rm{n even}}}\right.$$ If xT(t) is a wave triangle with
A=1, the values for them are listed in the following table (note: this example was used on the previous page). n00 1 0.8106 2 0 3 0.0901 4 0 5 0.0324 6 0 7 0.0165 Medium + 1st harmonious to 3rd harmonious ... 5th harmonious ... 7th ... 9th Note: this is similar, but not identical, to the triangle wave seen
earlier. Note: When you add sine waves of increasing frequency, the approximation gets better and better, and these higher frequencies are better approximate details, (i.e. changing the slope) in the original function. Harmonica amplitudes for this example fall out much faster (in which case they go like
1/n2 (which is faster than the 1/n decay seen in the pulse function of the Fourier Series (above)). Conceptually, this is because the wave of the triangle looks much more like the 1st harmonious, so the contributions of higher harmonicas are less. Even with only the 1st few harmonies, we have a very
good approximation to the original function. There's no gap, so there's no overloading Gibb. As before, the approximate function requires only odd harmonicas (1, 3, 5, ...); this is due to symmetry function. Until now, the features under consideration have been even. The following diagram shows the odd
function. In this case, the Fourier Sine series fits $$${x_T}(t) = \sum\limits_{n = 1}Ninfty {{b_n}\sin \left( {n{\omega _O}t} \right)} \quad \quad {b_n } = {2 \over TRint\limits_T {{x_TNeft(t\right)\sin \left( {n{\omega _O0}t} \right)dt} $$ The easiest way to integrate from -T/2 to +T/2. During this interval
$X_T(t)=2AUTS. $3{b_n} = {2 \over THint\limits_{ { T \over 2}} + {T \over 2}} {{x_TNeft( t \right)\sin \left( {n{\omega _0}t} \right)dt} = {{right) \over TRint\limits_{ - {T \over 2}}}{ + {T \over 2}} {{{{2At} \over T}sin \left( {n{\omega _0}t} \right)dt} $$ Implementation of integration (and use of the fact, that pO-
T=2-m) the integral yields $${b_n} = {2 \over T{{A{\mkern 1mu} T{\mkern 1mu} \left( {\sin \left( {\pi {\mkern 1mu} n} \right) - \pi {\mkern 1mu} n{\mkern 1mu} \cos \left( {\pi {\mkern 1mu} n} \right)} \right)} \over {{\pi *2{\mkern 1mu} {n"2}}}$$ Using two simplification, sin(1t-n)=0 and cos(1t-n)=(-1)n gives
$8{b_n} = - {{2A{\mkern 1mu} } \over {\pi n}}{\left( { - 1} \right)*n}$3$ Functions that are neither even nor odd So far, all of the functions considered have been either even or odd, but most functions are neither. This does not present conceptual difficulties, but may require more integration. For example, if the
XT(t) function looks like the one below Because it doesn't have obvious symmetry, a simple Sine or Cosine series isn't enough. Fourie's trigonometry series requires three $$$\begin{align} $x_T}t) &amp;={a_0} + \sum\limits_{n = 1}Minfty {\left( {{a_n}\cos \left( _0}t} \right) + {b_n}\sin \left( {n{\omega _0}t}
\right)} \right)} \cr {a_0} &amp;= {2 \over TRint\limits_T {{x_TH\left( t \right)dt} \cr {a_n} &amp;= {2 \over Thint\limits_T {{x_TNleft( t \right)\cos \left( {n{\omega _O0}t} \right)dt} ,\quad n e 0 \cr {b_n} &amp;={2 \over TRint\limits_T {{x_TNleft( t \right)\sin \left( {n{\omega _0}t} \right)dt} \cr\end{align} $$ However, an
exponential series requires only a single integral $$\displaylines{ {x_T}(t) = \sum\limits_{n = - \infty }{ + \infty } {{c_n}{e”{jn{\omega _0}t}}} \cr {c_n} = {1 \over Thint\limits_T {{x_TNleft( t \right){e”{ - jn{\omega _0}t}}dt} \cr} $$ For this reason , cepep, iHLWNX, EKCNOHEHL|ia/IbHY cepito Pyp'e YacTo nerwie
npavtoBaTtu, Xoua BOHa He Ma€ NpocToi Bidyani3auii, Ky Hafgae TpUroHoMeTpuyHa cepia dyp'e. Bname cumeTpii oyHKLiN Ha koedilieHTn AKWOo doyHKUiA XT(t) Mae neBHi cMMEeTPIl, MU MOXEMO CNPOCTUTU PO3paxyHOK KoeqilieHTiB. CumeTpisa TpuroHoMeTpuyHa cepis 1a cumeTpis CumeTtpia CnpoLeHHs XT(t)
cTaHoBUTb HaBiTb $$\displaylines{ {a_0} = cepepgniii \cr {a_n} = {4 \over TRint\limits_0 ~{ {T \over 2}} {{x_T}(t)\cos \left( {n{\omega _O}t} \right)dt} , \quad n eq O \cr {b_n} = 0 \cr} $3$ xT(t) € HenapHum $S\displaylines{ {a_n} = 0 \cr {b_n} = {4 \over THint\limits_0{ + {T \over 2}} {{x_T}t)\sin \left( {n{\omega _0}t}
\right)dt} \cr} $$ xT(t) mae doyHKLit0, ika MOXe MaTu HaniBXBWU/IbOBY CUMETPII0, HE Byayun HaBiTb abo HenapHoto. $$\displaylines{ {a_n} = {b_n} = 0,\quad n\;even \cr {a_n} = {4 \over THint\limits_0{ + {T \\ 6inbwe 2}} {{x_T}t)\cos \left( {n{\omega _0}t} \right)dt} \quad n\;odd \cr {b_n} = {04 \over
TRint\limits_0" + {T \over 2}} {{x_T}({t)\sin \left( {n{\omega _0}t} \right)dt} ,\\quad n\;odd \cr} $$ MNepLui ABi cMMeTpii 06roBOpPIOBA/INCA paHille B 06roBOpPEHHAX iMMyNbCHOT PyHKLUIT (XT(t) napHa) i po3nunoBaHa xBus (XT(t) HenapHa). HaniBxBunboBa cUMeTpPIA 306paXkeHa Ha cxeMi Hxye. BepxHs dyHKLuis,
XT1(t), HenapHa (XT1(t)=-xT1(-t)), asie He ma€e HaniBXBU/IbOBOI cUMETPIT. HMKHA doyHKUIA, XT2(t) € UNCTOK HaBITb | HE AMBHOLO, asnie OCKiNbkN XT2(t)=-xT2(t-T/2), BOHa Mae HaniBxBun cumeTpito. LLLo6 BizyanizyBaTtu Le ysBiTb CO0I 3MileHHS OYHKLIT Ha niBcTaBku (T/2); ons HaniBXBUIbOBOT CUMETPIT
3MiLLEHO0 (DYHKLiE Mae ByTU A3epKasibHe Bif06paKeHHA OpuriHasibHOT GOYHKLIT (MPO rOpM30HTasIbHY BICb), K NOKa3aHO Huk4Ye MNpuunHa, Yepes sky KoeilieHT NapHUX rapMOHIK HY/1bOBI, MOXHa 3p03YMIiTV B KOHTEKCTI giarpamu Hxye. BepxHiin rpadoik nokasye dyHkuito, XT(t) 3 HaniBXBnb0BO
CYMETPIED pasoM 3 NepLunmMun YoTrpmMma rapmoHikamm cepii ®yp'e (NOTPIGHI nnLwLe rpixn, OCKisIbkn XT(t) € HenapHUM). Ha HKHLOMY rpadiiky nokasaHo rapMoHIkM, NOMHOXeHI Ha XT(t). Tenep yABiTb CO6I iHTEerpauito yMoB NpoAaykTy Big -T/2 po +T/2. HenapHi Tepminu (3 1-ro (4epBoHOro) i 3-ro (nypnyposux)
rapmoHik) 6yaeTte maTtu NO3NTUBHMUIA pe3ynbTaT (OCKiNIbKM BOHW BULLE HYNA Ginblue, HK Hkve Hyns). MapHi TepmiHy and lian) integrate to zero (because they are equally higher and below zero). Although this is a simple example, the concept applies to more complex functions and to higher harmonicas.
The only function that was discussed with semi-wave symmetry was a triangle wave and indeed odds with even indicators equal to zero (like all terms of bn due to even symmetry). A square wave with a 50% duty cycle would have half the wave symmetry if it were in the center near zero (i.e. in the center
of the horizontal axis). In that case, the term a0 will be zero, and we've already shown that all terms with pairs of indexes are zero, as expected. Simplifications can also be made on a basis - but they are not discussed here. Exponential series and symmetry Since cn series coefficients Exponential furies
are associated with a trigonometry series using $$3$\displaylines{ {c_0} ={a_0} \cr {c_n} = {{{a_n}} \over 2} - j {{{b_n}} \over 2}for\;n e 0 \cr {c_{ - n}} = c_n"*\cr} $3$ (if xT(t) is real) we can use the trigopnometric series symmetry to find and billion, and therefore cn. However, in addition, cn coefficients contain
some symmetry of their own. Specifically, the value of cn terms even relative to n: |c-n|=|cn|. The angle of terms cn is odd in relation to n: Zc-n=-Zcn. The real part cn even (Re(c-n) = Re(cn)) and the imaginary part of the odd (Im(c-n) =-Im(cn)) If xT(t) is even, then bn = 0 and cn is even and real. If xT(t) is
odd, a=0 and cn is odd and imaginary. Some comments about the pulse function Let's look at the presentation of fourie series periodic function rectangular pulse, PT (t/ Tp), more carefully. Since the function is uniform, we expect furie's exponential series coefficients to be real and even (from symmetry
properties). In addition, we have already calculated the coefficients of the trigonometric series, and could easily calculate them from the Exponential Series. However, let's do it from the first principles. Furje's exponential series odds are given with $$$\displaylines{ {\Pi _tHleft( {{t \over {{T_p}}}} \right) =
\sum\limits_ T_p {{n = - \infty }{ + \infty } {{c_n}{e”jn{\omega _O}t}}} \cr with \cr {c_n} = {1 \over TRint_T {{\Pi _t\left( {{t \over {{T_p}}}} \right){e”*{ - jn{\omega _0 }t}}dt} \cr } $$ We can change the integration boundaries to -Tp/2 and +Tp/2 (because the function is zero elsewhere) and continue (function one
in this interval, interval so we can throw it). We also use the fact that nO = 2p /T and Eileer's identity for sine. $$\begin{align} {c_n} &amp;={1 \over Thint\limits_{ { T \over 2}} { {T \over 2}} {{\Pi _t\left( {{t \over {{T_p}}} \right){e”{ -jn{{left \omega _0}}dt} = {1 \1 via Thint\limits_{ { {{T_p}} \over 2} + {{T_p}}
\over 2}} {{e™{ - jn{\omega _O}t}}dt} \cr &amp;amp; {1 \over { - jn{\omega _0}T}\left( {{e~{ \over 2}}} - {e™{ + jn{\omega _OK{{{T_p}} \over 2}}}} \right) = {1 \over { - jn2\pi }\left( {{e"{ - j{{n\pi {T_p}} \over T }}} - {e™N + [{{n\pi {T_p}} \over T}}}} \right)\quad \quad \quad {\omega _0} = {{2\pi } \over T} \cr &amp;={1
\over { - jn2 \pi }}2j\sin \sin on the left( { {{n\pi {T_p}} \over T}} \right) = {1 \over {n\pi }}\sin \left( {{n\pi {T_p}} \over T}} \right) \cr &amp;{{{T_p}} \over TH{\\sin \left( {{{n\pi {T_p}} \over T}} \right)} \over {{n\pi {T_p}} \over T}}} \end{align} $$ The last step in output is in progress, so that we can use the sinc()
function (pronounced as a sink). This feature often appears in Fourier's analysis. $$${\mathop{\rm sinc}olimits} (x) = {{\sin \left( {\pi x} \right)} \over {\pic}}$$ With this definition, the odds are simplified to $${c_n} = {{{{{$$ T_p}} \over TH{\mathop{\rm sinc}olimits} \left( {{{n{T_p}} \over T}} \right)$$ The following
diagram shows cn vs n for multiple duty cycle values, Tp/T. Duty Cycle =0.1 ... 0.25... 0.5 ... 0.75 ... 0.9 The graph on the left shows the time domain function. If you press the middle button, you'll see a square wave with a duty cycle of 0.5 (i.e. it's a high 50% of the time). The square wave period is
T=2-11;. The graph on the right shows cn vs n as red circles vs n (bottom of two horizontal axes; ignore top axis for now). The blue line passes through the horizontal axis every time the sinc() function argument is n- Tp/T is an integer (except when n=0.). In particular, the first intersection of the horizontal
axis is given n- Tp/T=1 or n=T/Tp (note that this is not an integer Tp value). There are several important features to note as Tp is diverse. Because Tp decreases (along with the duty cycle, Tp/T), so does the c0 value. This is to be expected because cO0 is only the average of the function, and it will
decrease, as does the width of the pulse. As Tp decreases, the sinc() width function expands. This tells us that as the function becomes more time-localized (i.e. vuzher), it becomes less localized in frequency (wider). In other words, if the function occurs very quickly in time, the signal must contain high-
frequency coefficients to enable rapid change. Let's call the function width sinc() the width of the main particle (i.e. between the first two zero intersections around p=0), Pn=2- T/Tp. If we call the pulse width Pt =tp, $$\left( {\Delta n} \right) \cdot \left( {\Delta t} \right) = \left( {2{T \over {{T_p}}}} \right) \cdot
\left( {2 {T \over {{T_p}}}} \right) \cdot \left( {2{T\) {T_p}} \right) = 2T = {\rm{constant}}$$ This clearly tells us, that the product frequency width (i.e. Pn) multiplied by the width of the time (Pt) is constant - if doubled, the other by half. Or - as one gets more localized in time, it's less localized in frequency. We'll
discuss it later. Replace link
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