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BumenpoBOIHUYKHA BOJOBH

 Boga: 0ap aBa mpoBOJHHKA
— OOunYaH BOJ: JiBa MPOBOHUKA
* JBOKUYHU BOJI
* KOAKCHJAJIHU BOJI
— BumenpoBoJHMYKH BOJ: BHIIIC O ABa IIPOBOJIHUKA
e CHEPreTCKH BOJ (J1aI€KOBO/I)
e Marucrpaiay padyHapuma

* BOJAOBH Y MUKPOTAJIACHHUM KOJIMMa

e Chpera: HaMepHa 1 HEHaMEpHa

e (CucCTeM CIIPETHYTUX BOJIOBA
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Maructpaie

BuliieciiojHe mramMnaHe Imioye

SISy ...
/_, , , ] MHTErPUCAHA KONIA —
f, / donmje

TpaKaCTu BOAOBH

MUKPOTPAKACTH BOJAOBHU
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bp3e qururanHe Bese (1/2)

Layer number / Description Layer Stack Dielectric Metal Weight Thickness
/ EMI Grid - 0.375" grid w/ 0.050" trace widtt

Wiop=6mils  Wtop =6 mils Solder Mask
U ondaid Jsesana/pad O B B B s o {%102.(0\a(edfrom0.502. 13

D9 5

Backplane Stackup: 2 opane | < 13

=20 mils =20 mils D8 1
L3 5V / SE Signal | A $=26mils | — sse [ sse [ <— 050z 0.6
. D7 1
. O 0250” PCB thlckness L4 Gnd plane [ K— 1oz 13
: N D3 8
L5 5V /SE Signal / BCS signal [IRNNGVAR] S = 25mils[] B — {— <— 0502 06
Wse  Wse=9mils :v;/:‘i:;'s ':135dri:""s :v;/:“rs D4 10
> 28 layerS tOtal L6 5V /SE Signal / BCS signal [IRRMNGVINNN] [ sse=20mils: [T | <— 050z 0.6
— D3 8
L7 Gnd plane [ I<— 10z 13
. = D5 8
[ 1 6 routlng layers L8 3.3V/SE Signal / BCS signal [ NNNENGOVEN [ sse = 20mils' [0 | — <— 050z 0.6
. i Wwdiff © Sdiff | Wdiff
ML iuls | =5mils =15mils =5mils | pe i
. . . . L9 3.3V/SE Signal / BCS signal [ NNNNNSEVIN S = 25mils[] (i b I <— 050z 0.6
D5 8
* 6 broadside coupled differential routing o esws | e e s
—— — o3 .
layers L1133V SE Signal /505 sgnol [N S = 25mis ] . /] <— osee 06
y Wse  Wse=9mils MG I B D4 10
L12 3.3V/SE Signal / BCS sianal [NV [ sse = 20mils: | <— 050z 0.6
oq . o e D3 8
» Utilize unused areas of signal layers for power o s | Kt
dlstrlbutlon L14  33V/Gndplane/1.5v  [HEENNNNGVINNNNNN Spwr [ Gnd ] Spwr [ 15V J<— 10z 13
= 25 mils = 25 mils D1 5
115  33V/Gndplane/15v  [HNNNNNNGVINNNNN Spwr [ Gnd ] Spwr [ 15V J<— 10z 13
D2 5
. L16 Gnd plane [ J<— 1oz 13
T S D3 8
° Power/Ground plane breaks ]-SO]ated from L17 3.3V/ SE Signal / BCS signal [ NMMNSISVENNNN S = 25mils[___] o — 4 <— 050z 0.6
Wdiff | Sdiff | Wdiff
. Wse=0mils ~ Wse : i ; D4 10
=5mils =15 mils =5mils ;
Contr()lled lmpedance layers . L18 3.3V/SE Signal / BCS signal [NV [ sse = 20mils. [T} 1 <— 050z 0.6
R S D3 8
L19 Gnd plane [ J<— 1oz 13
o o . = T D5 8
* Dielectric thickness chosen to match standard L2033/ Sinl 805 et I e ) e N N )
. Wse=9mils ~ Wse !;’:"iflfs 1=155d'“' =Vg:ifs i D6 10
StOCk tthknesseS L21 3.3V/SE Signal/ BCS signal [NV S = 25mils[ ] k < 0.6
e D5 8
122 Gnd plane [ J<— 1oz 13
= — - 3
123 5V/SE Signal / BCS signal [ IRMMMIINSVARNNIN S = 25mils ] | — i <— 050z 06
Wse=0mils ~ Wse Gl ) G Wy D4 10
=5mils =15 mils =5mils
L24 5V/SE Signal / BCS signal [IRMMNSVINNNNN] [ sse = 20mils. [T, | <— 050z 0.6
e S D3 8
sm L25 Gnd plane [ l<— 10z 1.3
i D7 1
////NBA 126 5V/ SE Signal NSOV s-2smis [ sse [ sse [T <— 050z 06
= 20mils = 20mils D8 1
North East Systems Associates, Inc. L27 Gnd plane [ <— 10z 13
5
128

D9
Gnd grid / SE Signal / Pad S 10z (plated from 0.5 oz. 13
<

‘\ Wtop = 6 mils Wtop = 6 mils / Solder Mask
EMI Grid - 0.375" grid w/ 0.050" trace width
Total Thickness (pad to pad) = 251.6
MOTOROLA [ Core | [ Solder mask ] [ Pre-Preg |

FR-4 g=45  tan(8)=0.021




Layer number / Description Layer Stack
Wtop = 6.5mil Wtop = 6.5mil Woudiff =5 mil  Wudiff = 5 mil

L1

L2

L3

L4

L5

L6

L7

L8

L9

L10

L11

L12

L13

L14

_Sudiff

SE Signal/ Pad [ s=2omis ] s=20mi

[ emis -::S=20mils

SE Signal / ECD signal [ s=2oms [] s= 20mi|s(::-5.5 mil-"‘

Wse=4.5mils Wse=4.5mils
Gnd plane
SE Signal / ECD signal [ s=20mis [] s-=
Wse=4.5mils Wse=4.5mils
Gnd plane

WaiR =ais =~ W <Amiis

Wdiff =4mils ~ Wdiff =4mils

Gnd plane
Wse=4.5mils Wse=4.5mils
SE Signal / ECD signal [0 s=20mis [
Gnd plane

Wse=4.5mils Wse=4.5mils

Gnd plane

~ T 55mils

SE Signal/ Pad [ s=eomis [ S=20miE::- 6 mils -:j,s=20mi|s

T SudiT =
Wtop = 6.5 mils. Wtop = 6.5 mils Wudiff = 5 mil  Wudiff = 5 mil

mis Wi =4mils

SE Signal / ECD signal [ s=2omis [ s= 20milsf::- Sdiff =-

| Core ] [ Solder mask

| [___Pre-Preg

FR-4 =45

0 MOTOROLA

tan(d)= 0.021

Dielectric Metal weight Thickness
w Solder Mask (mils)
< 10z (plated from 0.5 0z.) 13
D7 5
0.6
D6 5
<—— 050z 0.6
D5 5
0.50z. 0.6
D4 5
< o502 06
D3 5
0.5 oz. 0.6
D2 6
13
D1 5
13
D2 6
0.5 oz. 0.6
D3 5
< o502 06
D4 5
0.5 oz. 0.6
D5 5
< 0.6
D6 5
0.50z. 0.6
D7 5
ﬂ% 1 oz. (plated from 0.5 0z.) 13
N Solder Mask
Total Thickness (pad to pad) = 78.2

z
]
3
e
3
]
1

intelligence AA everywhere”



PauyHapcke Be3e

OkJo1beHa TapuIa
Shielded twisted pair (STP) Kabn 3a pauyHapcke Mpesxe

OOOOOCOCOC)

II;pocHaTH KaOIT
Flat cable
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[TnanapHy BUIIENPOBOIHWYKN BOJOBU
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CrnperayTd MUKPOTPAKacTH BOJOBHU CrnpernyTy TpakacTH BOJOBHU
edge-coupled striplines

ChnpernyTy TpakacTH BOJOBU
broadside-coupled striplines



MukporanacHa KoJja

YCcMEpEHU CIIPEKIbAK
directional coupler

Yenubactu gunrap
combline filter
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AHaianz3a BoaoBa

* JIMJaKONTHUYKM IIPUCTYI: BOJI CE€ aHAJIM3UPa
HE3aBUCHO OJ1 OCTaTKa KOJia

@ma IIPOCTUPAH

* KBAa3UCTAaTHU4YKa aHAJIM3a

« xuopuaHu Tasnacu (full-wave analysis)
— CBCHTYAJIHO, dHAJIM3d JTUCKOHTHHYHUTCTA

— “CKIIaname’ y KOJIO

* EJIeKTpOMarHeTcka cuMyJaiMja LejIor KoJja
(WIPL-D, CST, HFSS, IE3D, Sonnet, ...)



KBazucrarnuka agaimnisa

* O1BOjCHA aHAIN3a CICKTPUYHOT U
MarHeTCKOr I10Jba

— CTaTU4Ka UM KBA3UCTATUYKA M0Jba
— HyMEPUYKU METOIU

* Pe3yarar: moayXHu NpUMapHU IapaMeTpH

— UHAYKTUBHOCT, KalallMTUBHOCT, OTIOPHOCT,
IIPOBOJHOCT

e CexyHaapHHU ImapaMeTpu

— KapaKTEpUCTUYHA UMIICaHCa, KOS(DUIIN]CHT
IPOCTUPABA



AHann3a MeTo1aMa TeopHje €. Koad

* YKIbYUHUBAKE Y aHAJIMU3Y 1IEJIOT KOJa
(AWR Microwave Office, Ltspice ... )

* BpemeHcku noMeH

— BOJOBH 0€3 ryouraka

— KOMITATHOMJIHO Ca aHAJIM30M HEJIMHEApHUX KOoJIa
* DPEKBEHIN]CKHU JOMEH

— JIaKO YKJby4y]€ I'yOUTKE U (D)PEKBEHIIN]|CKHU
3aBHCHE ITapaMeTpe

— FFT 3a noOujame UMIyJICHOT O/3UBa
— KOHBOJIYIIM]a Y BPEMEHCKOM JOMEHY
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AHan3a BUILIETIPOBOAHMYKOT BOgA ™

e AHanuza OpoCTONECPUOJUYHOr OJI3UBA Y
(GpPEKBEHIIN]CKOM AoMey O = 27f

* Boxa Beoma ayravax

* YHH(OpPMaH NONPEUYHU NPECEK

(; €1, Mo‘

&2, MO

OnpehuBame mpuMapHUX M CEKYHIAPHUX MTapaMeTapa BoJia




TEM u xBa3zu-TEM Tamnacu

XOMOT'€H JUEICKTPUK U MaJId I'yOHIH

— TEM Tanacu E—_ [Ho; i, xH
g

HexoMoreH queieKTpuK

— KBazu-TEM Tanacu
Jloma rpaHMYHA YYECTAHOCT J€ HYyJIa

OrpaHuyeme 0J103r0: IUCKOHTUHYUTETH,
OYCIIEP3H]a, 3pAUCHE



R [Q/m]

OpeKBEHIIN]|CKA 3aBUCHOCT
NpUMapHUX IIapaMeTapa Bojaa

10 o

L' [H/m]
/
//

f[Hz] f[Hz]
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Figure 15 - Loss Factor &sr due to Surface Roughness Effect
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OOHUYHU BOJIOBU b

I L'Az R'Az iy d—UZ—Z'] ﬂ:—Y'U
: T—AM ok dz dz
23] C'Az == G'Az Uy
d’U
o o > -7'Y'U =0
dz

U(z) =Uqg exp(~12)

(y2=Z'Y")Ugexp(—yz)=0  exp(—yz) 0

(2 -Z'Y)Uy=0 y>-Z'YV'=0 Y12 =4VZ'Y'

U(z) =Ujg exp(—yz) + Uy exp(+yz)

-1 -1
I(z)=Z2, Ujexp(—yz)—Z,  Uyexp(+yz)

! /2
Z. = é = (Z'Y'_l)l
Y'
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N curnannux (“‘Bpyhux’’) NpoOBOJIHMKA

IIpoBognuk N+1 je 3ajenquuuku (“maca”



Crpere

EnexTpuyHa: eJeKTpocTaTUUKa HHAYKIM]a
MarseTcka: eJIeKTpOMarHeTcka MHIyKI1]a
Copere 300r ryouTaka

[IpecnymaBame n3 nooyheHor y
HenoOyheHu Bod, 1 00OpaTHO



EnexTpuyHa cripera

KoehuuujeHTH €IeKTPOCTaTHYKE HHAYKIIN]E

Ql':bll'Vl +b12'V2 +...+ blN'VNﬂ
Q2'= b2l'Vl +b22'V2 +...+b2N'VN,

On =by'Vy+by2' Vo +.. 4Dy Vi s
(=) =[]V ()]
0'(2)|=[0/(2) & (2) - Ox (2)

‘

bu' b by i1 4io+... iy
[B/] _ b2l b22 ' b2N
le bNZ ' bNN




[ Ipumep

JIB€ )KHlle n3HAJ IPOBOJIHE PABHU

Koeduinjentn noTeHujana

1 2n L J@2h)? +d?

In—=ay, ajp =dp| =
2ney a 2me d

[a]=|" " h2|= %385 LA40| | g0 gty
ay ay| |1,446 5,385
Cll':b11'+b12':14,64pF/m=C22' . b“' b12' 20,01 —-5,37
by' by'| |-537 20,01

C12'= _bl2': 5,37 pF/m



[ Ipumep

JIBe Tpake n3Ha1 OpoBOAHE paBHMU (Linpar)

ow d W
1 » A
€0, Ko
h
[B/] 20,11 —5,56
— -
—5,56 20,11 P

C11'=b11'+b12'= 14,64 pF/m = C22'

C12'= _bl2': 5,37 pF/m



[ Ipumep

YeTupu napajgeaHe TAHKE KUIE

[A]=

d d
a a
2 3
€0, Ho
1 3 1 . 6d 1 . 3d
In In In
ne, a 2mgy, a 2ng, 2a
1 6d 1 . 2d 1 2d
In In In
2ne, a me, a 2mg, a
1 3d 1 2d 1 . d
In In In—
2ne, 2a 2mg, a e, a
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Jennaunne Tenerpaduuapa (1/2) ™

O

£=—jo)C'U
d

z




Jennaunne tenerpaduuapa (1/2) —1/13Boljque\“r+q

1,(2) = 1,(z + Az) = joC|,AzV,(z + Az) + joCl,Az(V,(z + Az) =V, (z + Az) )+ ...+
+joClyAz(V,(z + Az) =V, (z + Az))

Iy(2) =1y (z+A2) = joClyAz(Vi(z + Az) =V (2 + A2)) + joClyy Az(V, (2 + Az) = Vi (z + Az)) + ...+
+joCiyAzVy (z + Az)

C.=C, . i#]

i Ji?

[,(z) = 1) (z + Az)
Az

=joC M (z+A2)+ joC}, (Vi(z+Az) -V, (z+Az) ) +...+

+joCly (Vi(z+Az2)—Vy(z + Az))

Iy(2)=Iy(z+Az)

~ =joCh (Vi(z+A2) —Vy(z+ A2) )+ joCly (Vo (z +Az) —Vy (z+ Az) ) + ...+

+joCyyVy (z+Az)

Az >0
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dl C e
Az >00 DD joci @)+ joChH@) -V @)+ .+

+joCl, (1 (2) =V (2))

B dly(z)

22 = joCl(h () -V @)+ joCin (@) = V(@) +...+
+joCyVy(2)
d[ % . ' ' i , , ) ’
_ :ii ): Joa((b11 oy +...+b1N)—b12 _"‘_blN)Vl(Z)+](Db12V2(Z)+..,—l—
+jobiyVy(2)
dly(z : ' c 0
_% = Joby, Vi (2) + joby,V,(z) +...+

+j0Vy (2)(Blyy +blya + ...+ Bl )= blyy — .= by vt
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Jennaunne Tenerpaduuapa (2/2) ®

L'11Az o Y N o

Epnai'(2)==jo (L' Iy + Liy' Iy +...+ Liy Iy ),
Eingr'(2)=—jo (Loy' Iy + Lyy' Iy +...+ Lyy 1y ),

Epnan'(z)==jo (Lyy'I; + Ly ' Iy +...+ Ly Iy ),

o |El(2)]=—jo[L]|I(z)]

Crdz| [Ei/nd(Zﬂ:[Ei/ladl(Z)Ei,Ildz(Z) Ei/ndN(Z>]t
— (L' Lp' - Ly
L' Lyt o Ly d\V
1" PO o)
Ly Lyy' o Ly




Jennaunne tenerpaduuaapa (2/2) —H3Bolje}ﬁeh+q

Vi(z)-Vi(z+Az) = joL{ Azl (2) + joL{,Azl,(z) +...+
+joLyAzly (2)

Vy(2)=Vy(z+Az) = joLy, Azl (2) + joLy,Azl,(z)+...+

+joLyy Azl (2)
dV,(z . A
Az —0 — ci’z( ): joL/ 1,(z)+ joL,1,(z)+...+

+joLiyly(2)

dVv, (z . .
—wz joLy 1, (2)+ joLy,1,(2)+...+

+joLyyd y(2)



IIpopauyH npumMapHuX
[mapaMerapa Boaa

» [B'|enextpocrarrukom anammom (Linpar)
3a4aTOI CUCTEMA

. L] eJIEKTPOCTATUYKOM aHAJIN30M CHCTEMa
y Bakyymy [L'][B'g ]=¢ggkg

o [R'] nepTypOallMOHUM METOA0M
(MOBPIIMHCKHU €()eKaT) y3 aHAIU3Y L]

. [G'] IIPEKO KOMIITIEKCHE IEPMUTUBHOCTH Y3
aHAIU3Y [B']



[Ipumep

CIperayTy MUKPOTPaKaCTH BOJIOBHU

w=09mm s=0,3mm

LA h=0,508 mm
e g
e, =4,6
tg 6 =10,02
f=1GHz

[IpumapHU MaTpUYHU MTApAMETPH

3011 76.2 126,7 —18,1
[L]= 2= e

762 30,1| m —18,1 126,7| m
[R,]:19,9 1,29}9 e 13,9 —1,34] mS

1,29 19,9 m T -1,34 13,9 | m
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MogoBu: monasHe jeTHaYruHE

* JegHaunHe Tenerpapuyapa

d[ZS)] =—|Z'|[1(2)] dlf)] =—7'|[r )]
Z'|=[R"]+ ol Y']=|G"]+jo[B

» TajnacHa jeqHaYKMHA
d’ lV(Z)]
dz?

(27| =0

» Tpaxumo pemreme y 06muky [V (2)]=[V|exp(=v2)



KapakrepucTrnyHa jejHauYMHA

([Z][¥')}=7*11] )7y} exp(—) =0

* HerpuBujaiiHa peniema ako je

det ( [2'][¥']-v*[1])=0

2
e [loguaoM N-TOT cTereHa 1mo v

= KOpeHI/I y%,l ,m=1,... N

. TY

* (CBakoM KOpEHYy oAroBapa

m

V' m=1,..,N



[ToTeHMjanu U CTpyje

 [loreHumjanu Bpyhux mpoBOgJHUKA

[V"” (z)] - [Voﬂexpmmz) m=1,..,N
* 3aMCHOM Yy le(ZZ)] =—|Z'|[1(z)] mobwujajy ce cTpyje
:1"” (z)] - i[lg’l]exp@ymz) . m=1,..,N

:13”’]=[Z’]‘1[Vom]vm



MonaiiHe MaTpulie

BekTopu noTeHIMjala U CTpyja Ce apaHKupajy y
MOJIaJIHE MaTPUIIC

1] 4] - |

/)= 1] - [10']

[Z'T']S, ]IT] [[']= diag[y; - v n]

i)



Pas3iarame Ha MOTOBE

e N MOJIOBa

— CBaKH MMa CBO] KOC(hHUIIN]EHT NPOCTHpaba U

CTPYKTYDPY
— CBAKOM OJr0OBapa jeJaH WHIMJICHTHHU U JedaH
peICKTOBaHU TaJlacC

* CTame Ha BOAY CE pas3jiaKe HA MOJIOBE
(ICKOMITIO3MIIN]A)

V()] =E|+ @)= ]{ [G&]+[G.(2)] }
1)) =L@+ L)) =[S ]{ [6:@)]-[G.(2)] }




Pazigarame Ha MOJTOBE

e MIHTEeH3UTETU MHIIMACHTHUX Tajlaca
t
G(2)]=|Gl(2) - G =)

Gim (Z) = Gim (0) GXp(—’YmZ) , M = 1,...,N

* IHTEH3UTETH pe(DICKTOBAHUX Tajlaca

G.(2)=[Gl(2) - G (2)]

G (z2) =G (0)exp(y,,z) ,m=1,...,N



KapakTepucTiyHa UMIIEaaHCa
e 3a MHIOIMJECHTHU TaJac
V@) =z 5 (2)]

lZc] — [SV] [S, ]_1

* 3a pedJICKTOBaHU TaJlacC
V@)= —Z:][1:2)

* KapakrepuctruuHa aJiMUTaHCA
Y)=[z.]

C



Koedumujentu npocTupama

» Koe(uujeHT npocTupama

Ym = Oy +JBm

o KoeduiujeHT ciadbemba Np/m  dB/m  20log)g e ~ 8,686

Ay
O  O\Erey 2T

» @azuu koepuuujeHt  Pm = cn S A

m
¢, - Op3MHA NIPOCTUPaA,

E.om - CPEKTUBHA PETTATHBHA IEPMUTHUBHOCT,

A, - TallaCHa JTy>KHUHA



I Ipumep B

300,4 74,0 26,4
Tpu ciperHyTa MUKPOTPAKACTA BOAA ;00 2056 a0 ™M

m
26,4 74,0 300,4

w=09mm s=0,3mm

wo s w s 0w N=3 126,7 —18,0 —0,94
[B']=|-18,0 131,1 —18,0 pt
—0,94 —18,0 126,7

h=0508mm & =46 tg8=002 (=36um f=1GHz 20,0 1,65 0,39
(R'1=|165 210 L6522

m
0,39 1,65 20,0

v =(0,5665+741,31)m™! € =3.884 |
13,9 —1,35 0,006

_ - -1 g,=3]180
v2> =(0,5340+337,37) m r2 (G]=|-135 14, _1’35m_S
v3 =(0,5438+j3548)m™" &3 =2.865 0,006 —1,35 13,9
8,764—j0,0318 15,18—0,0046 —12,16+ j0,0031 0,5483  0,7071 —0,4329
[S;1=19,597 — j0,0522 0+ jO 21,12—j0,0029 |mA [Sy]1=10,6314 0 0,7907 |V
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