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ABSTRACT: A method for mitigating the return loss and crosstalk corresponding to coupled
vias is presented in this article. The method is based on selecting the proper dimensions for the
antipad holes related to vias as well as the most adequate distribution of the ground vias,
which allows to simultaneously reducing impedance mismatch and undesirable via coupling.
The usefulness of the method is demonstrated by improving the performance of a 2 x 3 array
of six signal vias. As a result, return loss levels below —45 dB and crosstalk levels below

—40 dB are obtained in the 0-50 GHz frequency range.
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1. INTRODUCTION

Modern electronic packaging involves the design of high-
speed and low-power interconnects in compact spaces to
take advantage of advanced integrated circuit technolo-
gies. As a result, packaging approaches based on very fine
pitch traces, low-loss dielectric materials, and via struc-
tures are being developed as a promissory solution to the
problems related to current and future electronic systems
[1]. In fact, these packaging approaches must allow the
implementation of chip-to-chip links, which must be capa-
ble of transmitting digital signals with very short rise/fall
times at data rates that are higher than those presented in
conventional packages and printed circuit boards (PCBs).
Furthermore, transmitting this type of signals represents a
challenge because of the signal degradation and distortion
introduced by the chip-to-chip link, as the frequency
increases. Unfortunately, although vias play a key role in
the development of reliable links, these structures are
responsible for severe signal integrity problems such as
impedance mismatch, crosstalk, mode conversion, and
electromagnetic interference [2]. For this reason, much
research effort is being dedicated to modeling [3-5] and
reducing [6-8] the undesirable effects introduced by via
structures in multilayer packages and PCBs. In particular,
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return loss and crosstalk mitigation in vias is mandatory
in modern packaging technologies to avoid signal degra-
dation because of reflections and parasitic coupling.
Nowadays, a common practice for designing PCBs and
advanced packages is using full-wave numerical methods
to analyze coupled vias by applying the Foldy-Lax
approach [9-11]. Although this approach is faster than
commercial full-wave simulators, it still requires consider-
able simulation time, which may be prohibitive in early
design stages. Furthermore, simultaneously minimizing
the return loss and crosstalk in coupled vias is very hard
to achieve based on full-wave approaches due to the diffi-
culty of correlating the geometry and dimensions of these
structures with the corresponding electrical properties.
Nevertheless, despite these inconveniences, using full-
wave solvers as the main tool for analyzing return loss
and crosstalk effects in modern packaging is still a com-
mon practice, leading to the development of optimization
approaches [12]. Alternatively, impedance matching tech-
niques and equivalent circuit models can be used as
described in Refs. 13 and 14. Nonetheless, these techni-
ques are restricted to single-ended vias and Ref. 13 may
be not suitable for practical applications due to the diffi-
culty of fabricating ellipse-shaped antipad holes. Another
problem occurring in PCB and package interconnects is
the propagation of parallel-plate waves (PPW) in the
cavities formed by the planes in multilayered structures.
This problem has been solved by strategically placing
ground (GND) vias, which allows reducing crosstalk
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P signal vias and Q GND vias inside a cavity formed by a parallel-plane pair and the corresponding dimensions: (a) perspec-

tive view and (b) lateral view. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

effects due to parasitic PPW propagation [7]. However,
the number of necessary GND vias as well as the impact
on the corresponding electrical performance is not
provided.

Thus, as there is a lack of proposals for mitigating the
return loss and crosstalk associated with coupled vias in a
systematic and easy way, we propose a method for miti-
gating these effects in coupled vias. In this regard, we
propose a simple and accurate circuit model based on the
one reported in Ref. 15 for representing signal vias shar-
ing many GND vias. Furthermore, closed-form expres-
sions for calculating the corresponding circuit parameters
are developed. Afterward, a rigorous analysis of the sim-
plified circuit model is carried out to establish the neces-
sary conditions to simultaneously minimize the return loss
and crosstalk. These conditions are used to develop a
method based on a systematic design of the antipad holes
related to vias as well as the corresponding distribution of
the GND vias, which leads to minimizing the impedance
mismatch and the parasitic coupling. Finally, the proposed
method is applied to improve the return loss and crosstalk
corresponding to a 2 x 3 array of six signal vias. Results
show that the proper design of the antipad holes and the
distribution of the GND vias is an effective technique to
reduce return loss and crosstalk effects at high
frequencies.

2. CIRCUIT MODELING FOR COUPLED VIAS

Vias are widely used to interconnect devices located at dif-
ferent layers in a package and therefore present a multi-
layer nature. However, to simplify the analysis presented
here, we consider the case where vias are embedded
between two metal layers, that is, vias crossing a single
cavity. The case for vias crossing several metal layers can
also be obtained using the proposed technique by sectional-
izing the structure and applying cascading concepts.
Figure la shows P signal vias (i.e., used as signal paths)
and Q GND vias inside a cavity formed by a rectangular
parallel-plane pair with dimensions x; and x,. Notice that
Ry is the distance separating vias k and [, Ry, is the
distance between via k and GND via ¢, whereas R, is the

distance separating GND vias p and ¢. In addition,
Figure 1b shows a side view of Figure la, where the barrel,
pad, and antipad hole radii corresponding to via k are
denoted as 7y, ai, and by, respectively, whereas r, is the
radius of the barrel associated with GND via ¢. In this
structure, the metal planes present a thickness 7. and are
separated by a dielectric layer with a thickness 4. The
dielectric material presents a relative permittivity &, and a
loss tangent tan 9.

Before starting with the analysis, it is important to point
out the fact that various equivalent circuit models have
been reported to simplify the analysis and design of vias in
high-speed interconnects. In this regard, one of the main
contributions is the development of physics-based models,
such as those proposed in Refs. 15-17. Because the circuit
elements in these models are associated with physical
effects occurring in the structure, there is a correlation
between the geometry and disposition of vias with the cor-
responding electrical properties. This is an important char-
acteristic for a model, because this allows to implement
representations that are scalable. A model of this type is
presented in this section for coupled vias crossing a single
cavity.

A. Circuit Model Topology
Taking into account that the typical dimensions of vias
are within the order of micrometers (um) for modern
packaging applications, h, ¢, a, by, Ry, Ry, and R, can
be considered as electrically small in the frequency range
of some tens of gigahertz. On the other hand, if signal
vias are located away from the edges, and the package
has a high count of GND vias, the cavity resonances are
small, or even, negligible [8]. In this way, the boundaries
due to the finite size of the cavity disappear, and the
waves propagating along the cavity are not reflected.
Thus, vias can be assumed to be embedded into a circular
parallel-plate cavity with infinity radius. Under these con-
ditions, vias in Figure la can be modeled using the circuit
model depicted in Figure 2, which is a simplified version
of the circuit model proposed in Ref. 15.

In the model of Figure 2, each via can be regarded as
a two-port m-network coupled to several two-port m-
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Figure 2 Simplified physics-based circuit model corresponding
to vias in Figure la. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

networks that represent other vias. For vias within the um
range, the capacitances due to high-order modes (C‘l,) and
the zero-order propagating mode (CY) proposed in Ref. 15
can be neglected due to that these are smaller than shunt
capacitances. Hence, the capacitance C; (k =1, 2..., P) is
used to model the total electric field distribution around
the via &, and this can be calculated as:

Cv=Cp+CE+CY (1)

In this case, CT and CP are the pad-to-plane and the bar-
rel-to-plane capacitances, respectively, and these are associ-
ated with the electric field distribution corresponding to
high-order transversal magnetic (TM) modes around the via
k, whereas C¢ is the coaxial capacitance component which
is due to the coaxial transversal electromagnetic (TEM)
mode at the antipad hole. All these capacitances can be
calculated using the following expressions [15]:

. 2
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where the functions F,(a;) and F,(r;) are defined, respec-
tively, as:
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In these equations, p; is an auxiliary parameter which
defines a circular virtual boundary around via k that is
used to include the significant TM modes in the capaci-

. 2 . .
tance calculation, &, = kéuosos,. — (%) is the radial

wavenumber, n is the mode number, 0, is the Kronecker
delta, and Wyg(x, y) is an auxiliary function defined as the
determinant of the zero and first Bessel functions, Jo(y)
and J;(x), and the zero and first second-order Hankel

functions, H (y) and H (x)

WIO(x7y) - (7)

In the case of vias without pads (i.e., when a; = ry),
the pad-to-plane capacitance C? is negligible. Therefore,
Cy is reduced to the sum of the capacitances expressed in
egs. (3) and (4).

On the other hand, because &, Ry, Ry, and R, are fea-
tures electrically short, all high-order TM waves are evanes-
cent and well-confined inside the boundary defined by p,.
Therefore, the inductance L; (k =1, 2..., P) can be used to
represent the total magnetic field distribution around the via
k, whereas the mutual inductance My; can be used to model
the coupling between the via k and the via / due to the prop-
agation of the zero-order TM mode in the parallel-plane
pair. In this case, L, can be computed as:

Ly =207 + L) ®)

where L} is the inductance due to the coaxial TEM mode
at the antipad hole of the via &, and this can be found
using the expression for the per-unit-length inductance of
a coaxial transmission line:

tote In(by/ar)

LE - 21

©

and L) is an equivalent inductance which takes into
account the inductance due to the via k as well as the spa-
tial distribution of QO GND vias around it. To illustrate
how L,Y and My, are calculated, consider the via k and the
via [ sharing Q GND vias as depicted in Figure 3. Notice
that the currents /;, and /; are injected at the upper ports
(2k — 1) and (2/ — 1), respectively, and these currents
travel along the barrels of the via k and the via [,

Port (21 1)

Figure 3 Two signal vias sharing Q GND vias and the related
self and mutual inductances. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 4 (a) Circuit model for two vias sharing Q@ GND vias and (b) combination of O GND vias and two vias into two self inductances
and one mutual inductance. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

originating the inductances L} and L} as well as the mu-
tual inductance M%,. If vias are located away from the
edges of the cavity, the following closed-form expressions
can be used to find L}, LY, and M3, [18]:

Hoh X1 +x
L3 =207 —0.75 10
v i) e
s_pdi [ xatx )
My =5 {m ( I r;)) 0.75] an

Due to the fact that GND vias provide a low-impedance
return path for the injected currents at the upper ports, these
currents return throughout the GND vias originating the
inductances Lg (g =1, 2, ..., Q), the mutual inductances
M,fq (between via k and the GND vias), the mutual inductan-
ces M,Sq (between via [ and the GND vias), and the mutual
inductances Mg, (between GND vias). Replacing 7y by r, in
eq. (10) and Ry by Ry, Ry, and Ry, in eq. (12), LE, qu,
Mlsq, and M§ can be calculated. Continuing with the analy-
sis, the circuit in Figure 3 can be rearranged as shown in
Figure 4a, which indicates that the voltages across the
inductances associated with the GND vias are the same
(marked as Vg in the figure). Therefore, the currents and
voltages at the defined inductances can be related through
the following matrix equation:

Iy
I
R
jo | 5
R
Iy
[ gk kil ! I
By B, B]f_z Blf(Q+z) Vi
BY,  BY B Bl ||V
= B§11 Bélz Béls B§1(Q+2) Vk
B B BK BH Vi
L (@+2)1 (0+2)2 T(0+2)3 (0+2)(0+2) |
(12)

where the matrix B is given as:

[ oMy My M, M,
My LY My M} My,
o | MiooMy LY Mj Mi,
B s, s e 1 ME a3
k2 2 2 2 2
S S g g g
[ Mo My Mg M Ly |

Because the voltage is the same for every GND via
and the total current flowing through the GND vias is the
return current, that is, Iz = 5.2 IF ==}, +1). eq
(12) can be simplified to:

2
PR I T D v I 1
jo| L |=| B B3, Dy Vi
Ig 2 ik 2 2 2 Vi
NPT B YTy Y2 Y B
(14)

By inverting the 3 x 3 matrix in eq. (14), eq. (12) can
be rewritten as:

kl kl kl
Vk Leq_ll Leq-lZ Leq-lS [k
— kl Kkl kl
Vi| = Jo Leq-Zl Leq_22 Leq_23 I (15)
VR Lkl Lkl Lkl [R
eq-31 eq-32 eq_33
where
kl kl kl
Leq_ll Leq_12 Leq_13
ki kl kl
Leq_Zl Leq_22 Leq_23
ki kl kl
Leq_31 Leq_32 Leq_33
ki kl 0+2 pk -1
Bll BlZ Z/:3 Blj
_ Kl ki 0+2 pkl
= By By, > By (16)
0+2 pkl 0+2 pkl 0+2 \0+2 pk
Zj:3 le Zj:3 Bj2 =3 j=3 Bz’j

In this way, the contributions of the QO GND vias that
share the return current are combined, and the (Q + 2) x
(Q + 2) inductance matrix in eq. (13) is transformed into a
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3 x 3 equivalent inductance matrix in eq. (16). Thus, the
circuit in Figure 4a can be simplified to the circuit depicted
in Figure 4b. Consequently, eq. (15) can be reduced to:

sl
where
LY =L, + Ly 5 — Ly 5 — Ly 1 (18)
L) = Loy ;o + Loy 33— Lig 23 — Liy (19)
My = Lg,_lz + L/;/q_z.% - L/;/q_az - L/;;_IB (20)

In this case, L)', L)', and M,; denote the equivalent self
inductance associated with the via k, the equivalent self
inductance associated with the via /, and the equivalent
mutual inductance between the via k and the via /, respec-
tively. For the case of vias without pads, the inductance
given in eq. (9) must be calculated replacing a; by 1, As
mentioned before, circuit models for multilayer vias can
be obtained using the circuit model for a single cavity in
Figure 2 considering that multilayer vias are composed by
many cascaded cavities.

3. CONDITIONS FOR MINIMIZING THE RETURN LOSS
AND CROSSTALK

The circuit model developed in the previous section pro-
vides means of relating geometry parameters with electrical
properties. This fact allows finding the necessary conditions
for analytically minimizing the return loss and crosstalk. In
accordance with Figure 2, the return loss at the upper port
corresponding to the via k can be written as:

See-nEk-1) = W; -
in | portk

where Yinlyor « is the input admittance seen at port 2k — 1
when an impedance Z; is connected at the port 2k, whereas
Zy is the reference impedance associated with the network
ports. The input admittance Yjlpor « can be found by short-
ing the remaining ports in Figure 2. Therefore, when a cur-
rent is injected at the port 2k — 1, it returns throughout the
inductances associated with the remaining vias. Considering
Z1 = Zy, the circuit model in Figure 2 can be simplified
into a two-port network (using a similar procedure as that
described in Section 2) as shown in Figure 5. In this case,
L{ is the effective inductance seen at port 2k — 1 given as:

k
L=

k k k
eq-11 + Leq_22 - Leq_2l -L

eq_12 (22)

where the elements Lifqij are determined using the follow-
ing equations:

P -1
> 2 Bl

qu 11 LL;q_IZ _ Bll(l (23)
k k - P P P
Legor Legn Yo Bl Y3 Bj

Port 2k-1 Port 2k-1
+ 1]— }’:,,lpmk Ym WM__I "
— | — =3 I—I—
(’k’,,-"‘"- I kdy C,
S M LM N i
Lk - dey, (2 L'..fr
= C;
Z L Zn

Figure 5 Circuit model for calculating the input impedance
Yinlport « at port 2k — 1 and the corresponding simplification.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Lk Mkd] Mkdz v Mde
Mdlk Ld1 Md]gl MdlgR
B = | May Mea,  La, M, e, (24)
Mde MeRd1 Ml’Rdz e LdR

In this case, B¥ is a P x P matrix with subindexes
defined as {d,,..., dg} = {ey,..., eg} € {1,2,....P} — {k}.
Taking into consideration that the port impedance Z; is
purely real, accordingly to Figure 5 the input admittance
Yinlport « is found to be:

(I/Z()) + joCy
1-— wzCkL;; +iji(1/ZO)

Yinlpore=JOCr +

portk —

(25)

Then, substituting eq. (25) into eq. (21) and after sev-
eral mathematical manipulations, the magnitude of the
return loss corresponding to the via k can be expressed as:

IS 2k—1)2-1) |

4(bho* + bso? + 1)

(bho* + Bew® + 2)2+(a’§w5 +dio’ + a’fw):

(26)
where
b = (LiCy)” @n
by = Li(L;/Z5 — 2Cy) (28)
Y =20(2C — LY/ Z5) (29)
di = ZoL (LiCr/Z5 — 3CF) (30)
d = 7y(Ly)°C} (1)

From eq. (26), it is clear that the return loss at via k
vanishes at all frequencies if the following condition is
satisfied:

4(Bio* + bsow? + 1)

(br* + o +2)°+(dk o’ + dho® + d o)’

=1 (32
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Figure 6 Test structures to investigate the impact of the number of GND vias and the corresponding spatial distribution in the value of
L;: (a) two GND vias, (b) three GND vias, and (c¢) four GND vias. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Bearing in mind that vias in modern packaging present
dimensions within the pum range, the coefficients in eqs.
(27) and (28) can be ignored, because C; and L; present
values of femtofarads (fF) and picohenries (pH), respec-
tively. Thus, the condition for zero return loss at via & in
eq. (32) can be rewritten as:

&0’ +dio’ +do =0 (33)

Notice that eq. (33) is satisfied at all frequencies, if
coefficients in egs. (29)—(31) are equal to zero. Obviously,
this is the ideal case, when C; and L{ are equal to zero,
which is not possible in practice due to the parasitics asso-
ciated with the via k. Although eqgs. (29)—(31) cannot be
set to zero simultaneously, an acceptable reduction in the
return loss is obtained, when eq. (29) is equated to zero.
In this case, the well-known impedance matching equation

is obtained [13, 14]:
\/L§/2C = Zy

The left member in eq. (34) can be seen as the equiva-
lent impedance Z related to via k including coupling
effects. When Z is equal to Z,, impedance matching is
achieved and the return loss of the via k is minimized in a
determined bandwidth. Nevertheless, for high-speed pack-
aging applications, this bandwidth may not be enough to
avoid signal distortion due to reflection noise. This is
because digital signals with very short rise/fall times have
a wide spectrum with high-frequency harmonics. Conse-
quently, the return loss has to be minimized in a wide
bandwidth to avoid distortion due to high-frequency har-
monics. From eq. (33), it is clear that the bandwidth
where return loss is minimized can be extended, if coeffi-
cients in eqs. (30) and (31) are reduced as much as possi-
ble, while eq. (34) is fulfilled. Because eqs. (30) and (31)
depend on Lj, these coefficients can be minimized if Lj is
reduced. Hence, impedance matching as well as minimiza-
tion of L{ must be simultaneously carried out to extend
the bandwidth where return loss is mitigated.

Finally, the condition for minimizing the crosstalk
effect in coupled vias can be derived using Figure 2. In
accordance with this figure, the magnitude of the near-end

(34)

crosstalk (NEXT) between the signal via k and the signal
via / is given as:

oMy
27y

ISei-n@i-n| = (35)

From eq. (35), it is clear that the magnitude of NEXT
between the via k and the via / vanishes at all frequencies,
if the mutual inductances M,, are equal to zero. Unfortu-
nately, due to the fact that in practice My, is different
from zero; crosstalk mitigation is carried out by reducing
M, as much as possible.

4. METHOD DESCRIPTION

As previously mentioned, return loss and crosstalk can be
mitigated, if impedance matching and minimization of L{
and My, are simultaneously achieved. As Cy, Lj, and My,
depend on the geometric features of vias as well as on the
material properties, impedance matching and the minimi-
zation of L{ and My, can be performed for particular mate-
rials by systematically selecting an appropriate geometry
for the vias as well as the number of GND vias. In other
words, the design parameters are &, tan 0, h, 1y, Iy, ag, by,
te» Ris Rigs Rpy» and Q. Ideally, any parameter related to
geometry can be changed to obtain the adequate values
for Cy, Lj, and My, However, there are limited features of
the geometry corresponding to the vias that can be easily
changed. For instance, & determines the height of the cav-
ity and therefore the height for vias and GND vias is the
same, Ry, is determined by the pitch in the escape routing
area of ball-grid-array packages, a; is regulated by the
dimensions of the solder balls, and r; and r, values are
restricted by the manufacturing process. Thus, the parame-
ters that can be easily changed are by, Ry, R,, and Q
(which are related to the antipad holes and the GND via
distribution).

From eqs. (2)—(4), it is clear that C; can be set to a
desired value by changing b;. Thus, C; can be reduced/
increased, if by is increased/reduced. On the other hand, in
accordance with eqs. (22)—(24), L} depends on the values
corresponding to L; and My, and therefore, L; depends on
b, Rig» Rpg, and Q. From eq. (8), it is clear that L
includes the effect of LF and LY, and because L} is
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Figure 7 L, versus 0 and R for the test structures shown in: (a) Figure 6a and (b) Figures 6b and 6c¢. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

inversely proportional to C; as can be seen in eq. (9), the
only way to reduce L; is by means of reducing LkV (which
depends on Ry, R,,, and Q). Now, to investigate how the
GND via distribution affects the value corresponding to L,
and therefore L{, consider the via k with two GND vias
disposed in a circle with a radius R as shown Figure 6a,
where the via / is placed far away from the via k. The
corresponding dimensions for &, ai, by, i, and r, are 30,
54, 104, 26, and 26 um, respectively. The material proper-
ties for this structure are & = 3.4 and tan 6 = 0.02, both
at 1 GHz. Notice that the GND via 1 is fixed, whereas
location of the GND via 2 depends on the angle 0.
Closed-form equations provided in Section 2 were used to
calculate L; as a function of 0 and R. Additionally, L, was
determined using full-wave simulations to assess the
accuracy of the developed closed-form expressions. In this
case, L, is extracted from simulation results using the
following expression:

- 1/Im(Y21)
L= 27f;

where Y5, is the admittance parameter from port 1 to port
2 (these ports are located at the top and bottom antipad
holes of the via k) and f; is the frequency at which Y,; is
calculated. L; as a function of 0 is plotted in Figure 7a for
R = 250, 200, and 150 um, respectively. As can be seen,
eq. (8) predicts very well the value of L, extracted from
full-wave simulations with f, = 1 GHz). In this case, L;
decreases as 0 increases, because the mutual inductance

(36)

, GND via 2
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Figure 8 Test structures to investigate the impact of the num-
ber of GND vias and the corresponding spatial distribution in the
value of M;;: (a) one GND via and (b) two GND. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

between GND vias 1 and 2 decreases. Thus, when the two
GND vias are on opposite sides (i.e., 8 = 180°) L; is
minimized. On the other hand, when R decreases the mu-
tual inductance between the signal via and the two GND
vias increases, decreasing L. Because L{ needs to be
minimized to extend the bandwidth where the return loss
effect is mitigated, Figure 7a suggests that GND vias need
to be placed in opposite sides and close to the signal via
as much as possible to minimize Lj. To corroborate this
fact, consider the same structure in Figure 6a but now
with three and four GND vias disposed in a circle with a
radius R = 150 pm, which is shown in Figures 6b and 6c.
Figure 7b shows L, calculated using eq. (8) and extracted
from full-wave simulations. As can be seen, excellent
agreement between the two approaches is achieved.
Notice that the curve corresponding to L, for three GND
vias presents a discontinuity from 90 to 150°. This is
because at these angles, GND vias 2 and 3 intersect
between them, and therefore, this angle range was
excluded from the L, calculation. A similar situation
occurs for the curve corresponding to L, for four GND
vias. In accordance with Figure 7, by adding extra-GND
vias at opposite sides, L, is considerably reduced. If GND
vias cannot be placed at opposite sides due to either
design or layout restrictions, these must be placed away
from each other as much as possible to reduce the mutual
inductance between GND vias.

— Using closed-form equation (20)
O Extracted from full-wave using (37)

.+ One GND via
3

B

Mutual inductance (pH)
()]

2 §=200 pm

500 -300 -100 100 300
Distance (pm)

500

Figure 9 M), versus D for the test structures in Figure 8a and
Figure 8b. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Via2
b)

Figure 10 Six signal vias disposed in a 2 x 3 array with (a) two GND vias and (b) seven GND vias. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Additionally, the number and distribution of GND vias
between via k and via / determine the value correspond-
ing to My, in accordance with eq. (20). Thus, to investi-
gate how the distribution of GND vias can be used to
minimize M}, consider two vias with one GND via
placed as shown Figure 8a and two vias with two GND
vias located as shown in Figure 8b. The parameters /4, ay,
by, 1, and r, for these structures are the same as those
shown in Figure 6a, with R = 200 um. In the case of the
analysis based on Figure 8a, the distance D is varied
from —500 to 500 pum, whereas D in Figure 8b is varied
from 0 to 500 pum. M, between the two vias, in both
cases, was calculated using eq. (20). Additionally, to
assess the accuracy of eq. (20), My, was extracted from
full-wave simulations using:

Z()Im(Sk[)

My = :
iy

(37

where the port k£ and port / are located at the top of the
via k and the top of the via /, respectively, and f; is the
frequency at which S,; is computed. Figure 9 shows My,
as a function of D. As can be noticed, closed-form eq.
(20) predicts very well the value of My, extracted from
full-wave simulations. According to Figure 9, one GND
via placed between the two vias reduces M. Furthermore,

28-
T 26 L
£ 3
82 o I5(k=1256) 155
E O L5(k=34) g
220 0 (,(k=12..56)103

100 120 140
Antipad radius (um)

a)

80

Figure 11
issue, which is available at wileyonlinelibrary.com.]

adding extra-GND vias close to both vias reduces My,.
Thus, double benefit is obtained when GND vias distribu-
tion is carefully designed, because minimization of Lj and
M, can be simultaneously carried out.

Based on the previous results and on the fact that the
antipad holes and the GND via distribution are the fea-
tures that can be easily modified to achieve impedance
matching as well as the minimization of L} and My, a sys-
tematic method for finding the geometry which simultane-
ously provides return loss and crosstalk mitigation can be
resumed in the following steps:

1. Considering that the geometry features related to vias
h, 1, T'q» Ags Tes Ry, and Q are fixed parameters, calcu-
late Cy, L{, and My, using egs. (1), (22), and (20),
respectively; determine also b, that satisfies impedance
matching (notice that M, are independent of by). The
resulting values are called b*, C;*, Li*, and M/*.

2. Determine the return loss and crosstalk using eqs. (26)
and (35) with C;*, L{*, and M,*. If the level of return
loss and crosstalk is satisfactory within the desired
bandwidth go to Step 4, otherwise go to Step 3.

3. Add extra-GND vias (distant from each other) around
vias to reduce Lf, and My,. Afterward, calculate Cy, Ly,
and My, using egs. (1), (22), and (20), respectively;
determine the new value of b;* that satisfies eq. (34).

B ork=1256) o
T23\ O Li(k=34) 250
= =12.56 20
21 Q
g ...... SE
519 S
3 °%
£17 or® S

1!: x " " I

B0 80 100 120 140 160 180
Ant?pad radius (um)

b)

Ci and L{ corresponding to vias depicted in (a) Figure 10a and (b) Figure 10b. [Color figure can be viewed in the online
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Figure 12 Equivalent impedance Z; corresponding to vias
depicted in Figure 10. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Modify the old values for C;* and L{* with the new
values and go to Step 2.

4. Perform a full-wave simulation of the optimized geom-
etry (h, 1y, g ax, b, te, and Q) to verify the results.
Taking into consideration that b,* can be an approxi-
mated value, fine tuning may be required to determine
final values.

5. EXAMPLE AND DISCUSSION

To demonstrate the concepts discussed throughout this ar-
ticle, the return loss and crosstalk mitigation correspond-
ing to a 2 x 3 array of six vias (as shown in Fig. 10a)
was carried out by applying the method described in the
previous section. The dimensions A, 1y, 7y, a, te, and Ry,
are 30, 26, 26, 54, 15, and 400 um for k = 1, 2,..., 6,
respectively. Regarding to material properties, the dielec-
tric material presents a dielectric constant ¢ = 3.4 and
loss tangent tan 6 = 0.02 (both at 1 GHz), whereas copper
is used for the GND planes. These vias are intended
to transmit high-speed signals in a 50-Q system (i.e.,
Zy = 50 Q) and the following specifications are given:
return loss <—40 dB and crosstalk <—30 dB, both in the
0-50 GHz range.

First, L{, Cy, and My, corresponding to vias in Figure
10a were calculated for b, within 64—180 um range (see
Fig. 11a). As can be seen in Figure 10a, C; is reduced if
by is increased, whereas Lj increases when by increases
(due to the pad inductance Lf which depends on by).

R
(=]

A D
S o

Magnitude (dB)
oy
o

5 -8~ Impedance matching
oAl &~ Proposed method

8% 5 10 15 20 25 30 35 40 45 50

Frequency (GHz)

a)

Also, notice that Lj for vias located at the center (k =
3,4) is lower than L{ for vias located at the corner edges
(k =1, 2,5, and 6). This is because the vias at the center
have the GND vias closer than vias at the corner edges,
and therefore, Lj is smaller. On the other hand, because
My, is included in L, and this value is independent of by,
these values are not plotted (consider the value corre-
sponding to M, = 6.8 pH as an example). The equivalent
impedance Z; for each via was calculated using eq. (34)
and thus, b* to obtain impedance matching was deter-
mined. From Figure 12, notice that b;* = 135 um for vias
located at the corner edges and b;* = 145 um for vias
located at the center. Afterward, return loss and crosstalk
for each via were determined using eqs. (26) and (35). In
this case, specifications are not fulfilled.

Because the return loss and crosstalk specifications are
not fulfilled, five GND vias were added to the vias in Fig-
ure 10a, as shown in Figure 10b. In this case, L{ and Cy
are plotted in Figure 10b and as can be seen, L{ is
reduced with respect to L; plotted in Figure 10a; in addi-
tion, M, was reduced from 6.8 to 2.5 pH. Afterward, Z;
for the signal vias with seven GND vias was calculated
and plotted in Figure 12. As can be seen, for signal vias
with seven GND vias, the new values for the antipad ra-
dius at which impedance matching is achieved are: (1)
bi* = 155 um for vias located at the corner and (2) b*
= 165 um for vias located at the center. Again using egs.
(26) and (35), return loss and crosstalk were calculated,
and at this time, the specifications are fulfilled.

As a final step, 3D models for vias with two and seven
GND vias using the optimized geometry were imple-
mented and simulated in Ansoft’s HFSS 11 within the 0-
50 GHz frequency range to corroborate previous results.
Additionally, a 3D model for vias with two GND vias and
by = 50 um was simulated. The magnitude of the return
loss for vias in the corner edges as well as the return loss
for vias in center is plotted in Figure 13. As can be
noticed, the return loss for vias with two GND vias and
by = 50 pm is higher than the return loss for vias with
two GND vias and b;* = 135 and 145 um, because im-
pedance matching is achieved in the second case. On the
other hand, although vias with two GND vias and b * =
135 and 145 pm significantly reduce the return loss, the
vias with seven vias (b* = 155 and 165 um) provide a
better performance compared with the first one. This is

v 8- Impedance matching
. ; &~ Proposed method
8% "5 10 15 20 25 30 35 40 45 50
Frequency (GHz)
b)

Figure 13 Magnitude of the return loss corresponding to (a) vias at the edge corners and (b) vias at center of the array. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

International Journal of RF and Microwave Computer-Aided Engineering/Vol. 22, No. 2, March 2012



== No impedance matching

Magnitude (dB)
n
o

-80 B ) -8 Impedance matching
|4 &~ Proposed method
%" 5 10 15 20 25 30 35 40 45 50
Frequency (GHz)

Figure 14 Magnitude of NEXT between vias 1 and 3. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

because L was reduced using additional GND vias, and
therefore, better matching impedance is achieved in a
wider frequency range than for the case with signal vias
with two GND vias. The results for the latter case are:
reflection-loss lower than —40 dB for vias at the corner
edges and —50 dB for vias at the center; both in 0-50
GHz frequency.

Finally, the magnitude of NEXT between via 3
(located at the center of the array) and via 1 (located at
the left corner) is plotted in Figure 14. Although vias with
two GND vias and b* = 135 and 145 um reduce the
return loss by impedance matching NEXT is not reduced.
Conversely, for vias with seven GND vias and b;* = 155
and 165 pm, the return loss as well as NEXT are reduced
about 10 dB compared to vias with two GND vias. This is
because by adding GND vias close to signal vias, the
value corresponding to M, and the impedance mismatch
are reduced at high frequencies.

6. CONCLUSIONS

A method for mitigating the return loss and crosstalk in
coupled vias has been presented. For this purpose, a sim-
ply physics-based circuit model was developed to repre-
sent coupled vias inside a cavity and the corresponding
GND via distribution to establish the necessary conditions
for simultaneously mitigating the return loss and crosstalk
effects. From the analysis presented in Section 3, it is
clear that the bandwidth where return loss and crosstalk is
mitigated can be extended by means of reducing the effec-
tive inductance value seen at each via as well as by reduc-
ing the mutual inductance between vias in addition to im-
pedance matching. As it was demonstrated, reduction of
the effective value seen at each via and mutual inductance
between vias can be simultaneously performed by adding
GND vias.

The proposed method was applied to a 2 x 3 via array
to improve its performance. The results show that a care-
ful design of the antipad holes as well as the GND via
distribution in coupled vias is a powerful technique to
reduce the return loss and crosstalk at high frequencies.
Finally, the method can be extended to arbitrary number
of vias bearing in mind that the height and the distance
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between them are electrically short. Because the method
is based on closed-form equations, this can be used in
early design stages of chip-to-chip links to optimize the
electrical performance in a fast and straightforward way.
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