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Abstract—The effectiveness of dc power-bus decoupling is leaded components. However, the inductance associated with
impacted by the inductance associated with interconnect vias vias is still typically on the order of a few nanohenries for a
in printed circuit boards (PCB’s). Adequate characterization 10 mil layer spacing. The effectiveness of decoupling with an
of these interconnects is necessary to facilitate modeling and . o .
simulation, and to assess the effectiveness of added decoupling. InS,MT de?‘)UP"”g capac!tor . “m't?d by the inductance assfo—
this study, a measurement procedure is presented for determining Ciated with the traces/vias of the interconnect for frequencies
the series inductance and resistance of an interconnect with a greater than a few megahertz [4]. Adequate characteriza-
network analyzer. The validity and limitations of the procedure tion of the series inductance and resistance of interconnect
are discussed. Experimental results of interconnect parameters traces/vias is essential for developing both lumped-element
on an 8 x 10 in ten-layer test-board corroborate those measured L
with a precision impedance analyzer. The measured interconnect and distributed power?bus models, aIFho.ugh a lumped-element
values are used to simulate several cases of power-bus decoupling?OWer-bus model valid below the distributed resonances of

which show good agreement with two-port swept frequency the PCB board is treated herein in particular [5], [6]. The

measurements. interconnect inductance can be measured with an impedance
Index Terms— Decoupling, interconnect model, multilayer analyzer, such as the HP 4291A (1 MHz-1.8 GHz), with high
PCB, power bus modeling accuracy. The HP 4291A impedance analyzer is a recently

introduced instrument that has better accuracy for measuring
large and small impedances than a conventional network
analyzer employing square-law detectors [7]. However, this
HE rapidly increasing speed of digital devices raises coBpecialized precision instrument may not be available in many
cerns for signal integrity (SI), as well as electromagnetighoratories. This study introduces a two-port procedure for
interference (EMI) problems that result from simultaneousharacterizing decoupling interconnects on a multilayer PCB
device switching. Adding decoupling capacitors between thgwer-bus having entird’..-GND planes using a network
power and ground planes on a multilayer printed circugnalyzer. The interplane capacitance is first determined with
board is a common strategy for mitigating the simultaneogs, LCR meter. A metal strip is then applied to short the
switching, or delta-I noise [1]-[3]. As compared to singlemterconnect of concern, whose inductance is determined from
or doubled-sided boards, a muItiIayer printed circuit boaﬂﬁe resonance frequency ¢§21|' and resistance from the
(PCB) can accommodate a low-impedance power-bus structifigut impedance (real part) at Port 1. Interconnect parame-
as a result of one or multiple sets of planes dedicated f&s measured on the ten-layer test-board using the proposed
both V. and GND. Critical power-bus issues include th@yo-port procedure are compared with more accurate results
total capacitance, individual capacitor values, and locatioggtained from an impedance analyzer. Experimental results are

of the decoupling capacitors. Models to aid the designer jilesented to demonstrate the approach, and the limitations of

developing and evaluating a power-bus design must inclugis procedure are discussed.

the parameters of the external decoupling interconnects. A

simple procedure is presented herein for measuring surfac

mount technology (SMT) interconnect parasitics on PCB’s thatﬁ' A L UMPED ELEMENT MODEL OF THE DC POWER-BUS

use entire planes fol,. and GND. This study employs a

test-board with high-capacitance low-inductance power plans Test Board Geometry

with a 10 mil layer spacing. A ten-layer 8x 10 in test-board with 10 mil layer-spacing
SMT decoupling capacitors have greatly reduced the imras employed for the measurements. The board had a total

terconnect inductance to PCB power planes as comparetfdb3 pairs of bonding pads for connecting SMT decoupling

capacitors between the power and ground planes. The top
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k dole-o e ° The interplane capacitance is simply modeled by a lumped
Tl o 3\ capacitorCy. For theith (1< i < N, andN = 63 for the test-
¥ Ve o] . . . .
o g shilo o o P2 board) interconnect branch, the series inductancg4jsand

the resistance id?y;. The overall model is shown in Fig. 4
if every branch has a decoupling capacitor mounted, where
Ry 2, Ly - are the resistances and inductances associated with
P5 probes at Ports 1 and 2, respectively, in%®mn measurement.
In the frequency range where the interconnect inductance is
measured, and the lumped element model applies, the location
, P7 of a decoupling capacitor interconnect does not impact the
e measurement. For example, thg, data shown in Fig. 5 for
_ _ configuration P7 shorted and no external decoupling capacitors
Fig- 2. A typical test pattern on the ten-layer test-board. applied, at locations 2P7, 8P7, and 6P7 are nearly identical. In
e case when th&h branch is shorted across the SMT bond-
pads and no SMT decoupling capacitors are mounted, only
e series branch dky; and L,; is necessary in this model.
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Fig. 2. Every pair of bounding pads are identified by the groJ
index and the pattern labels, e.g., 6P3 is the pair of bondi
pads in Group 6 and the third pattern in that group. A cros&
sgctional view _of the test_board layer stack-up is shown @ Measurement Approach

Fig. 3. Two pairs of bonding pads were employed as Ports i i

1 and 2 in a typicalS-parameter measurement. The 0.085 in 'Nere are several factors upon which the proposed inter-
semi-rigid coaxial-cable probes were attached in a manner th@Pnect characterization procedure are based. It is intuitive
minimized the probe inductance, though this had little effel? mo_del the sets of_power-grou_nd pla_nes by an interplane
on the interconnect inductance measurement in practice. AfRPacitanceCo. A naive calculation, withe, = 4.2 and
other pair of bonding pads can be investigated by mountiﬁﬁns'de”ng the two parallel .plate ca_lpacnors connectged in
a decoupling capacitor on them or shorting them with a widiaralle! for the test board considered, yiefds~ 15.1x 107
copper strip. In measurements with both the vector network N general, thep value of a PCB power-bus with entire

analyzer and the impedance analyzer, calibrations were m&fd1es may range from 200 pF to 0.0, for typical high-

at the connectors of the semi-rigid cable test probes, then pGR€€d designs, and depends on the power plane separation and

extension values were set to extend the reference planes tol@i@l réa. The range of interconnect inductance in practical
tips of the probes. designs can be estimated with a crude wire-loop model to

be aroundL ~ 0.5-15 nH [9], [10]. The proposed lumped

B. The Lumped Element Model for the element model is limited to frequencies such that

Power-Bus with Interconnects

A lumped element model of the power-bus with multiple fo 1

=7 <o 1)
decoupling branches has been previously introduced by [8]. 2mv/ L4iCo
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Fig. 5. MeasuredsSs:| response between 9P1 and 1P1 when one of tidg. 6. Measured|S2i|ap for closely-spaced probes (dashed line) and
following locations is shorted—2P7 (square), 8P7 (solid circle), and 6Rfstant probes (solid line).
(triangle).

_ - _ The transfer impedancg,; between two ports is a more
wheref. is the critical frequency, beyond which the power-bugirect indicator of the effect of a noise source on other devices
exhibits a distributed behavior and a simple lumped elemeffough the common dc power-bus, which is related to the
model for the planes fails. Such a condition is usually satisfigflparameters by
for typical designs. It should be noted that the lumped model
serves merely as a vehicle to extract interconnect parameters Vo 2521

; . 2 = — =2 . @
rather than a comprehensive model to describe the power bus It |p,—o (1=511)(1 = S22) — 51252
response in a wide frequency range.
In the S-parameter measurements, the input impedanEer most measurements involving interconnects on the power-
(Z:) seen at either Ports 1 or 2 is usually much smalldus,|Ss1], |S12| < 1. Also Si1, Se2 ~ —1. Then
than the probe characteristic impedangg € 50 2) over the
frequency range of interest. Sinég; = (Zin — Zo)/(Zin + | Zor | |S21] 7 3)
. . 21| ~ 0-
Zy), then |S11| ~ 1. An inductance measurement using 2
requires well-char riz nd preci fixtures for . .
S11 .equ es well-characterized and prec Se. test .tu €s ﬂﬁnce, another reason for choosifig over Si; is that|Ss |
locating reference plane and accurate phase information, whic . :
a scaled version 0fZ,;|. In other words,|S2;| is a good

is difficult or expensive to achieve. In fact, only the resonat 2 , .
f ) L . Indicator (measurable with a network analyzer) of a noise
requency manifested by a peak [$2;| is important in

determining interconnect inductance. Consequeny | is voltage at the victim locationl) caused by a sudden draw of

chosen as the primary measurable quantity. Experiments sh%L\j/\r/rent at the source locatior,§ through the dc power-bus.

that the S»; responses are consistent with a single lumped

capacitance model for thié..-GND power-bus structure when IIl. EXPERIMENTAL CHARACTERIZATION
the two port locations are widely spreagtd.6 L, where L OF DECOUPLING INTERCONNECTS
is the longer side of the test-board). Anomalies are observec‘(t[H

when the two probe locations are separated by less than Oa%

he interplane capacitaneg,, the branch inductancg;,

. the branch series resistangg; (for ¢ = 1 to N) must

dL', tvygetredthe|521| for th‘e wgasurefBBeaHboir:. exhibits Be determined in order to experimentally characterize decou-
istributed resonance (a "null’) near Z. This resonan ‘ﬁng interconnects. Further, the effect of the inductances and

pannot .be accpunted for by a Iumpgd element quel, létsistances associated with the two probes must be assessed.
is predicted with a full-wave analysis [6]. Increasing the

probe separation, e.g., putting the two ports near the opposite o

ends of the board, increases the first distributed resonafiteDetermination oo

to approximately 250 MHz. For the test-board, the upper Several possible schemes for measurifig have been
frequency for the model to be valid is 200 MHz. The probeonsidered, including curve fitting>; measurements (with a
positions do not significantly impact the measured interconnawtwork analyzer), or one-port impedance measurements (with
inductance values, since the resonance frequencies from whachimpedance analyzer), and measurement with an LCR meter.
the Ly; are determined are well below the distributed boargor the test-board, the three different methods yiel@gd~
resonance frequencies even for closely spaced probes. Figl4.9, 14.1, 15.2)x 10~° F, respectively. A naive parallel
shows the typical| Sy |qp response for a bare board withplate capacitor calculation ang = 4.2 yieldsCp ~ 15.1

two different probe spacings. Even though the first distributed 10~° F. For a routine power-bus characterization, a direct
“null” can vary with the probe-to-probe distance, the conditiomeasurement o€, with a low frequency LCR meter (e.g.,

in (1) still holds. HP 4263B) is adequate.
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The series inductance and resistance of an interconnect can
be determined frony,; and S;; measurements, respectivelyFig. 8. A typical [S21|qp response obtained by an HP8753C network
In a sequence of measurements, the locations of the two proﬁ@éyzer. Port 1 is at 8P1, Port 2 is at 2P1, and a SHORT is applied at 6P2.
were fixed such that the inter-probe distance was larger than
0.6 L, although this was not absolutely necessary for charaphe resonance frequency is then

terizing typical decoupling interconnects. A wide copper strip 1
was used to short across the decoupling capacitor bonding pads wo = JCoL (6)
for the:th interconnect and all others remained open-circuite . 0
Because the contact areas with the bonding pads were Iarlgglfs’ the peak in thZ;,| response corresponds to
and the shorting-strip was wide, the additional resistance and Fpeak = 1 )
inductance of the strip were negligible. For simplicity in the 2mv/ LCy
following development, the branch inductankg; and series (to within 0.5% [12]), and the inductance of the interconnect is
resistance?y; will be designated. and R, respectively. The - 1 (8)
circuit model in Fig. 4 for this particular arrangement can be (27 fpear)?Co
simplified as shown in Fig. 7. The impedance at the generatorrhe transfer impedanc,; for this particular arrangement
terminals is . is simply [13]

Zin(s) =Ry +sL1 + o I I Ty = 1 (9)

s 0+R+8L+ZO+R2+3L2 jwco-i-m
~I+sLy + R+ sk which has the same pole location &g, implying that there is
) ,1 +5Co(R +sL) also a peak abg in the |Z; | response. Consequently, there is
where the approximations a peak atug in Sy, as well, by virtue of (3). A typicalSa: |as
Ry~ Ry, |sls| =wly ~wli € Zy (4) measurement with probes located at 8P4 and 2P4, and 6P2

are used sinceZ, = 50 2, Ry» < 1 Q, L;.» ~ (1-15) shorted is shown in Fig. 8. The probe inductan¢és, L.}

nH, and the frequency range for the lumped element circ@é Well as probe resistancgf:, i} virtually always satisfy
model for the test-board isx < 2rx 200 MHz ~ 1.3 all the conditions of (4) (which will be later justified by

x 10° s71. The applicable ran_ge of the lumped elemerffeasured results in Section 1V), and have no effect on the peak
model is approximatelyD < A/4 (D is the representative frequency. Hence, even though the measurement is unfixtured,
board dimension) below which the distributed effects begthe interconnect inductance can still be well determined.

to manifest themselves [11]. For typical values @ and At this point, the board capacitancg,, and interconnect
interconnect inductances, the approximations are valid finductance have been determined from measurements. The
most PCB’s used in practice. The poles &f,(s) can be series resistance of the decoupling capacitor interconnect can

found as be calculated from the input impedance measured at Port 1
R /1-1/(4Q% at the resonance frequency when the decoupling capacitor
so="57 *J  JGoL bonding pads are shorted together with a wide copper strip.

A typical S;; measurement is shown in Fig. 9. The input
impedance is related to the probe and interconnect parameters
Q= L/CO_ (5) at the resonance frequency by
R
Zin(w) E-Rin((*‘)) + Xin(w)
0310 =R +ij1 + [jwCo + (R+ jwL)™ + Z5 '™t
:Rl + jCULl
consequently 1
_l’_
_r it jwCo + (R — jwL)(R? + w2L?)~1 4+ 75t
2L =7 \/CoL (10)

where

For typical PCB board

S0 ~
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Fig. 9. A typical S;; Smith Chart display with an HP8753C network

analyzer. Port 1 is at 8P4, Port 2 is at 2P4, and the SHORT is at 6P2.

where Rs, |woLs| < Zo are assumed. The real part of the

Zi (w) is

Rin(w) =Ry +[Z5 ' + (R + W LY LR]/
{[Zo—l + (R2 + w2L2)_1R]2
+w?[Co — (R + WL (1)

At the resonance frequency, using= wo = 1/4/LCy, (11)
yields

L(CoR* + L+ CyRZy)

CoR2L + (L + CoRZ)?
1+ (R/Ry)* + ZoR/ R}

(R/R,)2 + (1+ ZoR/R2)?

Rin(wo) =R1 + Zo

=R+ 2y

(12)

where R, = y/L/Cy. The second term i, R,,, andZ, can
be compared td?; by defining the function

HR, Ry) = 7o B/ B)” + BRI

R+ Ry )

It will be demonstrated below by plotting( 2, R,) graphi-
cally that for practical values oR and R,

Ry < f(R, R,). (14)

The domain off(R, R,), for typical values ofR, L, andCy,
is 0.0012 < R<1Qand 0.012 < R, < 10 Q. A contour
plot of the functionf(R, R,) is shown in Fig. 10 over this

domain, andf(R, R,) values are marked on several equa
value contours in thek—R, plane. The two dashed lines in
Fig. 10 correspond to two conditions that are typically satisfi

R, >10R, R, < \/RZ,. (15)

The dark solid line marks a realistic limik > 5 mf.
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Fig. 10. A contour plot off (R, R.).

TABLE |
INDUCTANCES AND RESISTANCESASSOCIATED WITH TRACESVIAS
FOR THE BONDING PADS DETERMINED WITH THE |MPEDANCE
ANALYZER (1) AND THE NETWORK ANALYZER (2)

LOGH) | BV (mQ) | 2P () | B (m)
P2 064 128 0.61 11.9
P3 1.44 18.5 1.33 15.5
P4 2.15 22.6 2.05 19.9
P5| 7.3 517 6.79 482
P6| 156 884 115 82.3
P7 | 104 55.3 101 544

guadratic equation

Rin(wo) = f(R, Ry)
1+ (R/R,)? + ZyR/R?
(R/R.)? + (1+ ZoR/R2)?

where bothCy and L have been previously obtained.

=27 (16)

C. Characterizing a PCB Power-Bus
with an Impedance Analyzer

A multilayer PCB dc power-bus can also be character-
ized by precision one-port measurements with an HP4291A
impedance analyzer. For a bare board, the impedance seen at
any interconnect (where the probe is mounted) is

JwCo’
Here, {R,,, L,,} are the resistance and inductance associated
with the probe and interconnect. A typical input impedance
{:neasurement for a bare board is shown in Fig. 11. The
impedance analyzer provides a curve fitting option for deter-

ining a lumped element model from the measured response.

aking Z;,, measurements at eight (or any other number
that is perceived as a good for statistical sampling) different
port locations, the average measured interplane capacitance is
Co = 14.1 x 1073 pF. There is a 0.1x 10~2 yF variation

Zin = Rp +jWLp + (17)

The triangular region enclosed by these three constraifitsm location to location in the measurement results, which is
correspond to arf(R, R,) value greater than 500 ¢ In attributed to the small differences in the probe connections. To
practice, R;, which is the probe resistance associated wilhgood approximatior(, can be considered to be independent
the connector to the power planes is expected to be slightlf/location. OnceC is found, the inductance and resistance
greater than those of an interconnect (Table 1) and still mugl®,,, L, } of a specific decoupling capacitor interconnect can
less than 500 &, which leads toR; < f(R, R,). Thus, be determined by shorting the bonding pads of the interconnect
the interconnect resistance can be determined by solving tifeconcern with a copper strip. A typical measurement for this
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Fig. 11. A typical measurement @F;,, | for a bare board with an HP4291A Fig. 12. A typical measurement d;,| with an HP4291A impedance

impedance analyzer.

configuration is shown in Fig. 12. The input impedance seen

at the probe terminals is
. 1 .
Zin —Rp +JCULP + m//(R +JwL)
= [(LpLCo)(jw)* + (LR,Co + Ly RCo)(jw)?
+ (Lp + L + Ry RCo)(jw) + (Bp + R)]/

[1+ (jw)RCy + (jw)?CoLl. (18)

analyzer when one decoupling capacitor interconnect is shorted.

TABLE I
THE Q FACTOR CALCULATED FROM THE MEASURED (WITH HP4291A
IMPEDANCE ANALYZER) INTERCONNECT{L, R} PARAMETERS. Cp = 0.0141uF

L {nH) |R(mQ) [ Q
P210.64 12.8 16.5
P3 {144 18.5 17.2
P4 215 22.6 17.2
P5| 713 51.7 13.7
P6 | 15.6 88.4 11.8
P7110.4 55.3 15.5

The denominator is a quadratic polynomial with a natural

resonance frequency
1

n= ——— 19
/ 27/ CoL (19)
and quality factor
VL/C
Q= }g 9. (20)

When @ > 10, the peak in théZ| response isfpeax & fu tO
within 0.3% [12], and the interconnect inductance is
1

L=———. 21
(27rfpeak)200 ( )
Also
L\’ L I\’
Z max — R) b - - 22
7 <‘+Rco>+<¢L—co co> 2

and the interconnect resistance can be solved for as
L

J 2l = (Lo/VITs = VEIGO) = By |
(23)

R=
Co

Table 1. Bonding pads P1 and P2 have identical configurations,
so only data for P2 are listed. The discrepancies between
the measured values using the two methods were less than
7% for L values, and 2-15% faR values. The experimental
results demonstrate that characterizing a dc power bus (entire
planes) of a multilayer PCB with a network analyzer can
yield results for the interconnect inductance and resistance,
very close to those measured with a precision impedance
analyzer. The conditions in (4) evaluated for the measured
values of interconnect inductance and resistance are tabulated
in Table II. For all casesy > 10. Hence, the approximations
made in developing the measurement procedures are satisfied.
The experimentally determined lumped element parameters
were used then to simulate the PCB response with multiple
decoupling capacitors. The lossy X7R SMT decoupling ca-
pacitors employed were modeled as a series RC branch, and
the internal resistance was determined by precision impedance
measurements with the HP 4291 Impedance Analyzer and
HP 16192A SMT test fixture. Interconnect inductance and
resistances were characterized as previously described. Three
cases were studied with 8P4 as Port 1 and 2P4 as Port 2:

Thus, characterizing the interconnect with an impedance allr)i—The bare-board. 2) A 0.LF SMT decoupling capacitor

lyzer is a straight-forward process.

IV. EXPERIMENTAL AND SIMULATION RESULTS

(40 m2 internal resistance) connected at 6P4, and a PPl
decoupling capacitor (110 $hinternal resistance) connected
at 5P4. 3) A 0.1uF decoupling capacitor (40 ¢ internal

The results from four measurements using different prolbesistance) mounted at 6P4, and four O 0F decoupling
locations using the HP4291A impedance analyzer were repezapacitors (100 g nominal internal resistance) mounted at

able to within 1% forC), 2% for all L values, and 5% for all 3P4, 4P4, 6P4, and 7P4, respectively & 2.17 nH for

R values. In using the HP8753C network analyzer, the resudt). The simulated|S2;| results, using the lumped element
were repeatable to within 4% for all values and 6% for all model and independently determined element parameters, are
R values. The measured valuesio$ andRs for the different plotted together with the measured data in Fig. 13. In all three
interconnect configurations using both methods are given dases, the parallel (maximums in t}#&; | response) and series
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plied for characterizing several real-world power-bus designs
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