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CROSSTALK BETVEEEN N CROCBTR P TRANSM SSI ON LI NES

David A. HII, Kenneth H Cavcey, and Robert T. Johnk

H ectromagnetic F el ds D vi sion
National Institute of Standards and Technol ogy
Boul der, GO 80303

Methods for prediction of crosstalk between microstiip
transmssion lines are reviewed and sinplified for the weak
coupl i ng case. Qassical coupled transmssion line theory is
used for uniform lines, and potential and i nduced BMF net hods
are used for crosstalk between nonuniformlines. 1t is shown
that the potential method is equivalent to classical coupled
transmssion line theory for the case of uniformlines. An
experiment was perforned for uniformcoupled mcrostrip Iines
for frequencies from50 Mz to 5 GHz, and good agreenent between
theory and neasurenment was obtained for both near-end and far-
end crosst al k.

Key words: characteristic inpedance; crosstalk; effective
permttivity; even node; mcrostrip; mutual capacitance; nmutual
i nductance; odd node; scalar potential; transmssion |ine;
vector potential.

1. I NTRCDUCTI ON

In dense circuits, el ectromagnetic coupling(crosstal k) between closely
spaced signal lines limts interconnect perfornance ([1] and becones an
important aspect of circuit design (2). The general crosstal k probl em
involves multiple lines and conplex geonetries and is very conplicated to
anal yze. In this report we anal yze crosstal k between a pair of mcrostrip
lines located on a single grounded substrate. This geonetry is sinple
enough to permt analysis, but still illustrates nost of the inportant
features of the crosstal k issues.

The organi zation of this report is as follows. Section 2 starts with a
review of wuniformtransmssion line theory for a pair of coupled |ines and
goes on to obtain sinple expressions for near-end and far-end crosstal k [3].
Section 3 covers two perturbation nethods (4,5] that are'validfor arbitrary
line orientations, but require that the coupling be weak (multiple
interactions are neglected). Section 4 presents a conparison of neasured




and calculated results for the S paraneters over a broad frequency range for
a pair of wuniform mcrostrip lines. Section5 contains concl usions and
recommendations for further study. Appendi x A denonstrates the equival ence
of the potential nethod in Section 3.1 and transmssion line theory in
Section 2 for the case of wuniform weakly coupled |lines. Appendi x B
contains a derivation of the transmssion|ine paraneters for the sinple
exanpl e of circular wires above a ground pl ane. Appendi x ¢ di scusses | ength
and frequency scaling of lossless and | ossy transmssion |ines.

2. UN FCRVI TRANSM SSI N LI NE THECRY
2.1 Qoupl ed Li ne Eguations

The literature on crosstal k between transmssion Iines dates back at
least to the 1930s (6], and textbooks have been witten on nul ti conduct or
transmssion lines ([7,8]. Srictly speaking, classical transmssion |ine
theory applies only to perfectly conducting lines in a honogeneous medi umso
that the transmssion line nodes are transverse electronagnetic (TEM).
Mcrostrip lines do not support pure TEM nodes, but at | ow frequencies they
support quasi-TEMnodes [9]) that approxi nately satisfy the transmssion |ine
equat i ons.

A cross-sectional view of a pair of mcrostrip lines on a grounded
substrate is shown in figure 1, For sinplicity, we assune that the two
strips have equal width w, zero thickness, and perfectly conductivity. (V¢
Wi ll comment on the effects of conductor |osses later.) The ground plane is
also assumed to be perfectly conducting. The lines are located on a
dielectric slab (substrate) of thickness h and have a separation s. The
substrate has relative permttivity £ and free-space perneability o The

regi on above the substrate is free space.

The mul ticonduct or transmission |ine equations can be conpactly witten
in matrix form [10], but for discussion we choose to wite out the coupl ed
differential equations. For the source-free case, the line currents, Ly and

L, and vol t ages, Vl and Vz' satisfy [3}



—L 4 jeL, I, = -juL

dx 115 1277 (1a)
d1 -

o+ JuCy V= -§uC (1b)
av,

Tt dely,I, = -jel, 1, (1c)
dI

ax Tt 16CyaVy = -JuCy ¥y, (e

where x is the longitudinal coordinate and the exp(jwt) tine dependence is
suppressed. The Cij are the elenents of the distributed capacitance natri X,

and the Lij are the elenments of the distributed i nductance matrix [11].
Both the capacitance and inductance matrices are symetric (012 =Cy and
L, = L. Because of the mcrostrip symmetry, we al so have Gy1= S99 and
L, = Ly V¢ have put the off-diagonal terns on the right sides of the

equations because they wll be thought of as source terns for |oosely
coupled lines in Section 3.

For perfect conductors in a honogeneous diel ectric, the capacitance and
i nductance matrices are frequency independent. Wen the dielectric region
I s i nhonogeneous (as for insulated wres [11) or mcrostrips {12]), then the
capaci tance and inductance natrices depend on frequency. However, they are
approxi mately frequency independent over a |large quasi-static frequency
range [13].

The symmetric microstrip supports an even node with v. = Vv, and an odd

1 2
node wth vyo= -V, The even and odd node propagation constants: i and
are given by [ 3]
1/2
Toy = J01CLyq + L5)(6)q + Cyp)] (22)

and



Toga = 0ty - 145)(Cy, - Clz)Il/z' (2b)

[+]

The even and odd node characteristic inpedances, Zev and 2z

(3]

oda’ &re given by

_ 172
Zey = Hlyg + L15)/(Cqy + Cpp)] @0

and

1/2
Zoaa = [(Lyy - L3p)/(Cqq = €))7 (3b)

Equations (2 and(3) are deceptively sinple because conputation of the Lij
and Cij elenents generally requires some nurerical nethod, such as the

net hod of nmonments [12].

For large spacing (s/w >> 1), the coupling capacitance i, and
i nduct ance L, becone small. In this case, the propagation constants in eq
(2 approach that of an isolated |line 10

19 = JuLy;6, )2 (4)

Al so, the characteristic inpedances in eq(3) approach that of an isol ated

line ZO:

1/2
Zy = (L11/°11) . (5)

2.2 (Qosstal k Predictions

To study crosstal k, we consider the geonetry in figure 2. The coupl ed
mcrostrip lines are identical to those in figure 1 except that they are of
finite length 2, Line 1 is fed with a vol tage generat or Vo at x = 0, and



all four ports are termnated wth an i npedance ZO Vé | abel the driven and

termnated ends of line 1 as ports 1 and 2, and the near and far ends of
line 2 as ports 3 and 4. The geonetry in figure 2 has been anal yzed for
both directional coupl er applications [13) and crosstal k predictions (3].

For crosstalk prediction, we can assune that the |ines are | oosely
coupled (s is not too snall conpared to h and W}. In this case, we can use
the approxi mate solution of [3] and equate near-end and far-end crosstal k to
the S paraneters as foll ows:

831 = VZ(O)/VI(O) and S41 = V2(£)/Vl(0). (6)

Interns of the mcrostrip parameters, S,, is approxi mately [3]

31
-27. 4
831 = %%; {1 -e 9 [cos(26kE) + %ﬁ sin(26k2)]}), 7
wher e
A0 i 2
62 = (2., - 254972 = 21, (L1 - C19%g) (8)
and
2
bk = (Vo = oqq)/(23) = w(Ly, + C1,20)/(224). (9)
Smlarly, S41 IS approxi nately
_702
S,,.=-je sin(6k?e). (10)

41

(Reference [3] has the correct exact expression for 841, but has an error in
the weak coupling approxinationfor 841 and does not agree with eq (10).)

The transmssion S paraneter 51 is not needed for crosstalk
prediction, but is approxi mately [3]



..-102
521 = @ cos(éks). (11)

To first order in §z, the reflection coefficient S11 =0, To first order in

5§z, the approximate S paraneters satisfy conservation of power:
2 2 2 2
181117 + 185717 + 185917 + I8,,17 = 1. (12)

2.3 LowFrequency Approxinations

A sufficiently lowfrequencies(or for sufficiently short lines), we
can assume that [12! << 1. In that case the scattering parameters of the

previ ous section reduce to

521 s 1. (13a)
52’10.2
S4q = 2, (13b)
and
Syp = -JokL. (13¢)

To sinplify the crosstal k paraneters even further, we wite the three
propagation constant? in terns of effective dielectric constants:

7y = Jwege/e, S
1/2
Tev ™ jmeev /e (14b)
and
‘i - jwe;&a (l4c)



where ¢ is the velocity of light infree space. The relative effective

dielectric constant [9,13] for an isolated strip is e and the rel ative

eff’
effective dielectric constants for the even and odd nodes [13] are ‘o and

€odd’ Substituting eq (14) into eg (13), we obtain

1/2

€ 262
. _eff
S31 % 3% ez (15a)
and
(61/2 ) e1/2)£
S,, = ~jo —S¥—odd’ (15b)
41~ d 2c
S nce €off’ €ov’ “odd’ and Zo are frequency i ndependent for |ow frequencies,

Sa1 and 5,1 are proportional to jo at |owfrequencies. Paul and Everett

[14] bhave shown this for the same geonetry, and they showed experinental |y
that the resultant crosstalk waveforns are proportional to the tine
derivative of the excitation waveform(when the spectrumof the excitation
is sufficiently band |inited). Eguations (15a) and (15b) al so showthat the
crosstalk is proportional to linelength £ for short |ines.

3.  METHODS FAR NONUN FORM GEQMETR ES

The general crosstalk application wll involve nany lines and
nonuni form geonetries. For sinplicity we consider only tw lines on a
single substrate, but allowthe tw lines to have arbitrary orientation.
The two nethods that we consider can be extended to multiple lines and
nul tipl e substrates.

3.1 Scalar and Vector Potentials

In this section, we followthe nethod of Howard and Dunn {4,15] for
weakly coupled mcrostrip lines. Consider two lines of arbitrary |length and



orientation |ocated on the same substrate as in figure 3, The lines do not
have to be straight, but here we assune that they are.

W first consider line 1, the driven line, in the absence of |ine 2.
The current I1 and char ge pq @re approximated as a line current and a line

charge located at the center of the strip. The |local coordinate $q
specifies the locationon line 1. The charge and current on line 1 produce

a voltage V(x,y) and a vector potential A(x,y) at an arbitrary point (x,y)
at the surface of the substrate (z = h:

Vx,y) = [ p () g (Cq5x,y) & (16a)
line1 1 17 7e’l 1
and
Alx,y) = ’ J L 51 T Ep(syixy) dey. (16b)
I he

A

~ The unit vector ¢y is in the directionof line 1. If thelineis not

straight, then $q IS a function of position along the Iine. The functions

g and g, are Geen's functions for a grounded substrate geonetry that are
e

defined and discussed in [16]) and [17]. The sinpler case of a ground pl ane
geonetry(no substrate) is discussed i n Appendi x B.
V¢ now consider line 2(the undriven ling). The scal ar potential V and

vector potential A act as sources that excite line 22 The derivation of the

source terns resulting from V and Ais givenin [15], and the resul tant
transmssion |ine equations for the voltage V2 and the current I2 online 2

are

dv

bl

d§‘2 + JwL2212 - -ij(gz) (17a)
and

dI

il

dg-g + ijzzvz - ijZZV(fz). (17b)



A is the conponent of the vector potential in the direction of line 2:
A= A-gz. Equations (17a) and (17b) are simlar to egs (lc) and (1d) except

that the source terns onthe right side are different. In Appendix A, we
show that the two sets of equations are equival ent for the case of parallel,
uni form |ines. Paul's results for illumnation of transmssion |ines by
arbitrary external fields [10] can be shown to be equivalent to egs (17a)
and (17b) if we recognize that V and A are equal to integrals fromthe
ground plane to the mcrostrip (0 to h) of the appropriate conponents of the
electric and nagnetic fields [10].

Eguations (17a) and (17b) can be solved for I, and V2 usi ng standard

2
nethods [15]. Since the effect of line 2 on line 1 has been negl ected, the

solution for I, and v, can be considered a first-order perturbation

solution that is valid for weak coupling. To check the validity of the
nmethod, one could allowthe first order currents and charges on line 2 to
excite line 1 and determne what spacing or geonetry produces a negligible
change in the currents and charges on line 1

3.2 Induced BWW Met hod

Gonsider again the geonetry in figure 3 where line 1 is the driven
line, and its current and charge produce scal ar and vector potentials as

given by egs (16a) and (16b). V& can derive the electric field E produced
by line 1 from([18]:

E = -UV - jwA. (18)

Now consider line 2 in the absence of line 1. |f we exciteline 2 with
a voltage source at té, we can use standard transmssion line theory to

determne the current distribution 12(§2). V¢ now appl y the induced BVF

nethod which has been so wdely used in antenna analysis [19] to the




illumnation of line 2 by the electric field given by eq(18. The open
circuit vol tage Vooc (§9) iswitten as the follow ng integral over |ine 2

I,(¢,)

Vooc$9) = f E(¢,) 5, df,. (19)

line 2 Iz(gé)

(To be conplete, the integral should also extend over the termnations
between the ground plane and the mcrostrip.) Qsen[5] has used the result
in eg (190 to conpute crosstal k between | ossy transmssion |ines where the
loss effect (20} has been included in both line 1 and Iine 2 by using the
appropriate current distributions, Il(gl) and 12(;'2), for lossy lines. The

open circuit |ocation ¢ can be chosen anywhere on line 2, but is nornally

chosen to be at either end since the end points are of nost interest.
Expressions of the form in eq (190 have appeared in other anal yses of
illumnation of transmssion lines by external fields [21,22], and Paul's
anal ysis {10} shows that the potential fornulationin egs (17a) and (17b) is
equi val ent to the induced BEMF formul ation in eq(19.

VW again point out that the result in eg (190 is afirst-order
perturbation result that neglects any multiple interaction between the |ines
and that the Iline-current approxinmationis nmade on both lines. Yuan and
Nyqui st [23] have used a full-wave perturbation theory to anal yze mcrostrip
crosstal k where they have not made the |ine-current approxi nation.

4. MEASURED CRCSSTALK

For crosstalk measurenents, we prepared a circuit board with two
paral lel, uniformmcrostriplines as infigure 2. The dielectric substrate
was duroid wth relative permittivity €. = 2.2 and thickness h = 1.55 mnm,

The strip width w was chosen to be 4.8 mm, and this value yieldsa
characteristic inpedance of 50 g for a single, isolated [ine in the quasi-
static frequency range [13]. The strip separation w was chosen equal to the
strip wdth 4.8 mmin order to push the limt of the weak-coupling theory.

10



The line length Q was chosen to be 19.6 cm so the lines range from
electrically short at the lowest neasurenent frequency (50 M) to
electrically long at the highest neasurenent frequency(5 GHz).

Even though oyr prinary interest was in snaller, shorter nonolithic
mcrowave integrated circuit (MMQ lines, the larger dinensions of our
circuit board nade it easier to performneasurenents of S paraneters using
an autonatic network anal yzer. (The subject of scaling the neasurenents to
smaller lines at higher frequencies is discussed in Appendix C) W
sol dered coaxial, 50-0 connectors to each of the four ports as shown in the

photograph in figure 4. |In neasuring the near-end (84,) OF far-end (841)
crosstalk, we termnated the other two ports(ports 2 and 4 or 2 and 3 in
50-0 | oads.

For conparison wth the neasured crosstalk data, we used the weak-

coupling, uniformline theory for Sa1 iney(7) and 41 in eq(10. These

theories require values for the even and odd node characteristic inpedances

(zev and Z and the effective dielectric constant for the even and odd

odd)

nodes and the isolated strip (v’ €odd" and e Accurate quasi-static

eff)
formulas for these quantities have been published in {13] and [24], and we

used these fornulas to conpute the fol | ow ng val ues: Z,, = 51.64 q, Z ada =

48.36 0, e = 1.973, € = 1.797, and e = 1.881. The formul as used to
ev odd

eff
obtain these val ues were checked for accuracy by conpari son w th publ i shed
curves obtai ned by nurerical nethods {13]. As expected, €ov is greater than

“odd because the even node field is nore confined to the substrate.

Conparisons of neasured and theoretical crosstal k nmagni tudes are shown
in figures 5 and 6 for frequencies from50 MHz to 5 GHz in 50 Mz steps.
The near-end crosstalk 531 infigure 5 is characterized by oscillations as

predicted by eq (7). The | owfrequency theory given by eq (15a) is al so
shown and is valid for frequencies bel owabout 100 M{z. This theory has the
jw dependence that was discussed by Paul and Everett [14]. The agreenent
with the nore general theory is generally good(within 2 dB for frequencies
below 3 GHz. At higher frequencies, the | ack of agreement coul d be due to
di spersion, surface waves, or higher-order nodes that are not taken into




account in the theory. Connect or-t o-connect or crosstal k mght al so be a
factor above 3 GHz because of the cl ose spacing of the connectors as shown
in figure 4. However, these frequencies are above the nornal frequency
range of wuse for mcrostrip lines of these dinensions {13]. The agreenent
that we have achieved is nore than adequate for the application of crosstal k
estinmation where high accuracy is not required.

The far-end crosstalk (541) infigure 6 does not exhibit oscillations

because the argurent of the sine function in eq(10) never gets |arge enough
to cause oscillations. (It could for longer |ines or higher frequencies.)
V¢ see sone mnor oscillations in the neasured data above 2.5 ¢Hz, but the
agreenent renains within 2 dB. Ve did not include the | owfrequency theory
of eg (15b), but it is essentially identical to the nore general theory of
eq (100 over the entire frequency range. Both theories show the jw
dependence di scussed by Paul and Everett [14].

Conparisons of nmeasured and theoretical crosstal k phase are shown in

figures 7 and 8 The phase of Sa1 infigure 7 approaches 90" at |ow

frequencies because of the jw dependence in egq (15a). At higher
frequencies, the phase contains 180" junps where the anplitude in figure 5
exhibits nulls. Above 3 GHz, the theory and neasurenent are no longer in
agr eenent . The agreenent is qualitatively good below 3 GHz, but the
neasured phase has an extra retardation, probably because of the phase shift
associated with the connectors. The connector phase shift could be
calibrated out, but we chose not to do so. For crosstal k applications, the
anpl i tude resul ts(which do not appear to be affected by the connectors) are
much nore inportant than the phase. The extra connector phase shift (which
appears to be proportional tow) would result ina pure tine delay in the
ti me dormai n.

The phase of 541 in figure 8 approaches -90" at |ow frequenci es because
of the factor -j in eq (15b). The exp(-744) factor ineq(10) vyields a

linear phase shift, and the 360" junps occur only to keep the phase in the

range from -180° to 180°. Again the neasured phase has an extra phase shift
due to the connectors.

12



We also neasured the through paraneter Sy and it agreed vell with eq

(11). V¢ neasured Sj, to check the matching of the connectors to microstrip

lines, and it remained below -30 dB for frequencies below 1 GHz and bel ow
-20 dB above 1 GHz. To estinate the connector-to-connector crosstalk, we
soldered two connectors to the ground plane in the absence of mcrostrips
and neasured the coupling. It increased from-87 dB at 50 Mz to -37 dB at
5 GHz. (Oonsequently it coul d have been partly responsible for the deviation
at the high frequencies in figure 5.

5. CONCLUSI ONS AND RECOMMENDATI ONS

W have reviewed theories for crosstal k between a pair of uniformor
nonuni form mcrostrip transmssion lines. V& have concentrated on theories
for weak coupling because that is the usual case of interest in crosstalk
applications. For wuniform |ines, we have sinplified the theory to easily
conputed formulas for near-end and far-end crosstal k and have al so showed
that both types of crosstal k have a sinpl e jw dependence at | ow frequenci es.
VW have al so perforned crosstal k neasurenents and have shown good agr eenent
bet ween theory and neasurenents for frequencies fromS0 MHz to 5 GHz. These
neasurerments were nade on a fairly large circuit board(length = 20 cn)
whi ch can be considered a scale nodel for smaller MMClines. Scale nodel
I ssues are discussed in Appendi x C

Theories for nonuniform coupled |ines have al so been reviewed. These
theories are quite flexible and do not rely on the usual mutual capacitance
and inductance paraneters that are wused in uniform milticonductor
transmssion line theory. However, we have shown that the scal ar and vect or
potenti al theory discussed in Section 3.1 is equivalent to coupled
transmssion line theory for the special case of uniformlines. This was
done in Appendi x A by denonstrating equi val ence of scalar potential coupling
to mutual capacitance and the equival ence of vector potential coupling to
mutual inductance. This equivalence is inportant because it allowed us to
show in Appendix B that |ocal nmutual capacitance and i nductance coupling




occur over afinite length of line that is approxinately equal to twce the
l'i ne separati on.

A nunber of extensions to this work woul d be worthwhile. Loss shoul d
be included in the theories because this is likely to be inportant in snall
MMC lines and does not scale in a convenient way for scale nodel
measur enent s, as discussed in Appendix C Mre theoretical and experinental
wor k shoul d be done for conpl ex geonetries that include nonuniformlines and
miltiple dielectric layers. The potential and induced BW net hods di scussed
in Section 3 are wuseful for such cases, but their limtations need to be
determined. Time-donain theory and neasurenents [25] should be pursued
because of the inportance of pul se crosstalk [14] in digital systens. Pulse
issues could be studied directly in the tine domain or by way of Fourier
transforns of frequency-domain cal cul ati ons and neasur enent s.
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APPEND X A EQU VALENCE CF POTENTI AL AND TRANSM SSI ON LI NE THECR ES

The purpose of this appendix is to show the equivalence of the
potential source terns on the right sides of eqs (17a) and (17b) to the
coupled transmssion line source terns on the right sides of egs (le) and
(1d). The conditions that we require are that the two lines be parallel and
only weakly coupl ed(separation s should not be too snall).

VW first consider the scalar potential term jwC ) on the right

2278
side of eq (17b). king the expression for vV in eq (16a), we can wite the
potential termas

JupV(s5) = JuCyy J 0189 8. (5qi8,) &y, (A1)
ne 1
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where we have suppressed the y dependence of g . I|f we assune that g
e
decays rapidly as €, - $,l I ncreases, then we can factor out the charge

from the integral in eq(A) and approxinmate the integral over line 1 by an
integral from-« to «:

jw022V($'2) = jwC,, pl(fz_) _£-ge(§1;§2) g, . (A2)

The integral over $q iIs the potential online 2 due to a constant unit

charge per unit length online 1. Frankel [8] defines this quantity as the

element P of the potential matrix {P) which is the inverse of the usual

21
capacitance matrix. This allows us to wite eq(A2) as

‘ &% 3
JuCyyV(Ey) = JuCyy Py £1(62)- (A3)

Wsing the definition of the capacitance matrix [8]}, we can wite the
char ge pq ON line 1 as

pl(gl) - Cllvl(gl) + 612V2(c1) = Gllvl(cl)l (Ah)

where we have used the fact that the coupling is weak (IG5l is snall

conpared to C11>. Substituting eq (A4) into eq (A3), we have
JuCyoV(S,) = JuCyy Byy Cpy V3(6y). (A3

Fromthe inverse of the capacitance natrix, we can approxinate Pa1 by

-C1,/(€11G,) if we again assune weak coupling (Ci2 << €41C5,) - Then ve can

wite eq (A5) in the desired final form

jwczzv(gz) = 'jw012v1(§2)- (AG)
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Equation (A6) confirns that the source terns on the right sides of egs (1d)
and (17b) are approxi mately equal and that the scal ar potential source term
is approximately to the mutual capacitance source term  The actual
expression for the muitual capacitance is given in Appendix B for the exanpl e
of circular wres above a ground pl ane.

V¢ now consider the vector potential term -jwA(S,), on the right side

of eq (17a). sing the expression for Aineq (16b), we can wite the
vector potential termas

-JoAlg,) = -je Iin£ . I, (5)) Bu(Si8y) 965, A7)

where we have suppressed the y dependence of Yy V¢ have al so used the fact

that the two lines are parallel (gl-;zal). [f we assune that gmalso
decays rapidly as 15, = ¢, i ncreases, then we can factor out the current

from the integral in eq (A7) and approxinate the integral over line 1 by an
integral from -« to a:

-JuA(S,) = -jo I,(S,) -£ By (T1i8,) Sy, (48)

The integral over ¢ is the flux linkage with |ine 2 due to a constant unit

current on line 1. This quantity is defined as the mitual inductance L,y

(8]. Wsing this definition, we canwite eq(A) in the desired final form

Equation (A9) confirns that the source terns on the right sides of egs (le)
and (17a) are approximately equal and that the vector potential source term
is approxinmately equal to the miutual inductance source term The actual
expression for the muitual inductance is given in Appendix B for the exanpl e
of circular wres above a ground pl ane.



APPEND X B, TRANSM SSI ON LI NE PARAMETERS FCR 0 ROULAR WRES

In general, the mcrostrip geonetry of figure 1 does not permt a
cl osed-form analysis, and nunerical techniques are required to obtain the
transmssion line paraneters [12]. The difficulties are that the strips
support an unknown current or charge distributionthat must be conputed
nunerically and that the dielectric substrate |eads to fairly conplicated
Geen's functions, Be and g, (171. However, it is instructive to anal yze a

sinple, circular-wire geonetry to see howthe various transmssion line
paraneters and Geen's functions are rel at ed.

Consider the two-wire transmssion line geonetry in figure 9.
Identical circular wres of radius a are located at a height h and a
separation s above a perfectly conducting ground plane. The wires are al so
perfectly conducting. V¢ consider the weak coupling case where we assune
s/h >> 1. W also nake the thin-wre assunption (h/a >> 1.

V¢ consider first the electrostatic problem which leads to the
capacitance mtrix [Q. Line 1 supports a uniformline charge per unit
| engt h e and is at a potential vy Line 2 also' supports a |ine charge per

unit length Py and is at a potenti al V2. Foll ow ng the fornal i smof Frankel

[8], we wite the voltage colum vector [V] as the product of the potenti al
matrix [P] and the charge matrix [p]:

[Vl = [P][r]. (B1)

The potential nmatrix is the inverse of the capacitance matrix [(:
-1
[P] = [C] ". (B2)

The el enents of the potential matrix are [ 8]

o 1
11 22 7 2x

s
-]
!

In(2h/a) (B3a)
€

0

and
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=P . =%

21 % 2re n(d/s), (B3b)

P12

where d zx[s2 + (2h)2]1/2. S nce we have assumed that s/h >> 1, we can
sinplify (B3b) to

12 21 © 2° (B4)

The el enents of the capacitance matrix are obtained fromthe inverse of {p):

2 2
Cyq = Ggy = Pn/(P11 - Plz) = 1/1=ll (B5a)

and

2 2 2
Cig = Gy = P/ (Pyy - Prp) = -Py,/Py,. (B3b)

Substituting eqs(B3) and (B4) into (B5), we obtain

ero
€11 = %22 * In(2n/a) (B6a)
and
-4me b’
Gyo = €y » 75 (B6éb)

s2 mm?(2h/a)

It is also interesting to showhow the coupling term;(P12 = Ppy) in

the potential matrix can be derived from the integral of the Green's
function 8- V¢ can wite the Geen's functionin the follow ng form

Ee(flufz) - 4“',50 (r % ri )r (Bj)

wher e

12

2
21172 and £ = [s? + (2n)% + €y " S 1 -

N CHE (R
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Then we can wite le as the followng integral :

1
2weo

P, = [ 1 (r_'1 - ril) ac, = Ln(d/s), (B8)

which is in agreement with Frankel's result [8] in eq (B3b).

It is also useful to perform the integral ineq(B3) over finite
limts, -Ltol, todetermne what length of the transmssion |ine actually
contributes significantly to the coupling represented by P, Thus we

defi ne Pyyp 8 the followng finite integral :

L
1 <1 7
Poin ™  ame. (Fo " - Top ) ¥y (B9)
.1, beg
wher e
rp ~(s2 + O and ry ~[s2 + am? + V2.

This integral can be evaluated in terns of |logarithmc functions and
approxi mated to the follow ng form

h2 52 52
P = (1 ~—")mwP. (1= ). (B10)
21L weodz 21‘2 21 2L2
For P,,, to be approxinately equal to Pypr We need the second termin the

parent heses to be snall conpared to 1. This yields

12/s% > 1/2. (B11)

The physical interpretation of eq (8ll) is that the capacitive coupling to a
given point on a parallel line occurs prinarily fromthe charge over a
| ength 2L approxi natel y equal to 2s.




Because the inductance natrix [L] is closely related to the potentia
and capacitance natrices, we can obtain the elenents fromthe previous
anal yses. The sinpl est relationship involves the potential matrix [8]:

[L] = BocolPl. (B12)
Fromeqgs (B3a) and (B12), the diagonal el ements, Ly and L, are
Fo
Liq = Lyy = BpeoPyy = 3, In(2h/a). (B13)
Fromegs (B4 and (B12), the coupling el enents, L, and L,,, are
pohz
Lig = Loy = #gegPyg = "y ke

The derivation of L12 by integrating the nagnetic Geen' s function gy OVer a

line with either infiniteor finitelimts follows the sane nmathenatics as
the el ectrostatic case in eqs (B7)-(B1l) and will not be repeat ed.

APPENDI X € SCALE MIDELS

For crosstalk applications involving snmall mcrostrip I|ines,
nmeasurenents are nore conveniently done on | arger scal e nodel s, such as the
coupl ed microstrip lines pictured infigure 4 Fox the tine-harnonic form
of Muxwell's equations, scaling of frequency and | ength in nondi spersive,
lossless nedia is well known.  For the exanpl e of frequency-i ndependent
antennas (26}, "the entire electrical performance is frequency-i ndependent
if all length dinensions are scaled in proportion to frequency."

Now consi der a | ossy, inhonmogeneous nedi um(such as a small mcrostrip

line), characterized by position-dependent permttivity ¢(z), perneability
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p(t), and conductivity o(r). If we wsh to scaleup insize by afactor S,
then the new (prined) paraneters need to be related to the origina
(unprined) paraneters by [(27)

r' = Sr, (Cla)

w' = w/s, (Clb)

o' (£') = o(r)/S, (Cle)

€'(r') = e(r), (Cld)
and

p'(x') = p(x). (Cle)

The length and frequency scaling is as expected, and keepi ng the
perneability x* equal to the original x is autonatic for nonmagnetic
materi al s. Keeping the substrate permttivity constant can be done
approximately for |owdispersiondielectrics, but the main difficulty comes
in scaling the mcrostrip and ground-plane conductivities. These
conductivities of the scale nodel should be multipliedby a factor 1/s.
(This neans a decrease for S> 1.)

The required decrease in conductivity for the netal strips and ground
pl ane obviously represents a materials problemunl ess a different netal with
the required | ower conductivity can be used. Nornally this is not practical
because it nore convenient to use copper in both the original and scal e
nmodel .  Another possibility would be to adjust the thickness of the strips
and ground plane to obtain the desired resistance R per unit length. The
scaled resistance R’ per unit |ength should equal the original resistance R
per unit length times 1/s. The difficulty in controlling R by adjusting
metal thickness is that R’ depends on thickness in a rather conplicated
manner and is strongly dependent on the ratio of skin depth to thickness.
If the netal conductivity and thickness are both scal ed according to eq

23




(c1), the ratio is naintained because both the thickness and skin depth

increase by a factor § upon scal i ng.
1£ the nmetal conductivity is not scaled, then a good |oss theory is

required to nake the proper adjustnent in netal thickness. The present
choi ces are between approxi nate theories, such as the increnental inductance
rule [28,29] or the phenonenol ogi cal | oss equival ent nethod [30]), and full-
wave nurerical nethods [31,32]. Mre work is needed in this area
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Figure 1. Cross-sectional geonetry for a pair of identical mcrostrip
transm ssion |ines,
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line 1 line 2

i - Figure 2. Two identical mnicrostrip lines termnated in the characteristic
Mt i i npedance Z0 of an isolated line. Line 1l is excited at port 1.
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line 2

Figure 3. Two microstrip lines of arbitrary orientation |ocated on the same
substrate.
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mcrostrip lines with coaxial connectors.
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Figure 4.

e —
e e Ee—
e e e R e . e e ———
e — - = - = -




c-e-e-eo Theory
=ess8 | ow—Frequency Theory
ee-se-9 |\casurement

ﬂ‘ 1‘" )

..‘,""!“

i .'- "I N

!

? %

AL

_60I1[|| | 1 I SN R N N I I 1 i L

5 5

100 1000

FREQUENCY  (MHZ)

Figure 5. Magnitude of Sa1 (near-end crosstalk) from theory and

neasur enent .
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Figure 6. Magnitude of Si1 (far-end crosstal k) fromtheory and measurenent.

Results for the |owfrequency theory are not shown because they
are essentially identical to the nore general theory.
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Figure 9. Two identical circular wires located in free space over a perfect
ground plane.
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