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Estimating the Power Bus Impedance of Printed
Circuit Boards With Embedded Capacitance

Minjia Xu, Member, IEEEand Todd H. HubingSenior Member, IEEE

Abstract—Embedded capacitance is an alternative to discrete much less than @ above a few megahertz) [8]. The impedance
decoupling capacitors and is achieved by enhancing the natural associated with active devices mounted on the board surface
capacitance between closely spaced power and return planes. Thistends to be much higher than the power bus impedance. There-
paper employs a simple cavity model to investigate the features af- f ive devi b deled Th
fecting the power bus impedance of printed circuit boards with em- ore, mostactive devices can e modeled as current sources. The
bedded capacitance. power bus voltage at one location due to the current drawn by a

. . . . component at another location can be calculated usin
Index Terms—Cavity theory, conduction loss, dielectric loss, P 9

embedded capacitance (buried capacitance), power bus decou- Vivoise = Liowice X Z 1)
pling, power bus impedance, power bus modeling, power bus noise nowse evee 2
(delta-1 noise, ground bounce noise, simultaneous switching noise),

. whereZs; is the power bus transfer impedance between these
power bus resonance, power plane, quality factor, return plane.

two locations. Several texts and papers have proposed methods
to estimate the total transient current drawn by active devices
I. INTRODUCTION (e.g., [9]-11]). Regardless of the technique used to determine

OISE on the power bus due to a sudden change in the Cm@ source current, the key to reducing the power bus noise

rent drawn by active devices (delta-I noise) is a commo\ﬁ)ltage is minimizing the power bus transfer impedance at all

L ; A requencies of interest.
problem in high-speed printed circuit board (PCB) and multlc At low frequencies, the behavior of a closely spaced

chip module (MCM) designs [1], [2]. Delta-1 noise can result | : be d ived by 4| d-el
in signal integrity problems and is a potential source of radiat@&’v(‘;erl_rzturlr_]| plane palrtc?n € desch eh y athumgg -element
electromagnetic interference (EMI) [3]. Decoupling capacitorg'othee b[ogrd g\rl\ée\r?(a)t[, e?ectrr?cqa;:@ngﬁznwit ?sreneciss;rr];rt]j "322
are commonly used to mitigate delta-I noise. Typical high-spe L ; '

y g yp gn-sp mplex distributed models. Rubin and Becker have modeled

digital designs require dozens or even hundreds of discrete b trically | inted circuit board : id of | d
coupling capacitors. These capacitors take up space and carfreccally large printed circuit boards using a grid ot lumpe

duce the reliability of the product. In addition, the effective frer_estlstors, .ca.pac;.tors ?nd II’(;dlIJCtOI’S [1b2]' Ntovatk usedlsa %r;‘d
guency range of discrete decoupling capacitors on printed c?nf- ransmission fines o model power bus structures [13]. Shi
d Fan developed a circuit extraction approach based on an

cuit boards is generally limited to several hundred megaheﬁ?t | tion lation f vz b ¢
due to the interconnection inductance [4]. integral equation formulation for analyzing power bus systems

Embedded capacitance is an alternative to discrete dechill- Each of these techniques can be used in conjunction
pling capacitors for reducing power bus noise [5]-[7]. Thivith SPICE models of active devices to simulate the behavior

method takes advantage of the natural capacitance betw& g}_r!nted cireuit boards W'th power—return plang pairs. In
solid power and return planes. In most PCB designs, t ition, general two-Q|menS|onaI (2-D) or three-dimensional
natural capacitance is too small to be effective. Howev -D) full wave numerical methOdS such as FDTD’ FEM’ and
by minimizing the distance between the two solid plan .oM have also been applled. to model printed circuit boards
and filling this space with a material that has high relativ\@"tr:j ;ljower—reltu_rn lplane p|)a|rs [1dS]’h [16]. H.oweve.r ' t_?_ese
permittivity, the board capacitance can be greatly enhanced.R§%€ St a;?_ re atlvg Y corr:p e?’ an It €y rtequwe ? significant
a result, it may be possible to eliminate the local decoupli Soun OI ime atl'n texpe; ISe 10 Imdp emen'tpropedr >I/.t h
capacitors (e.g., capacitors with a value of 0.01 microfarads: everal investigators have used a cavity model o charac-
or smaller) in boards with embedded capacitance. Normal rze the power bus systems of printed circuit bo_ards with
bulk decoupling capacitors (e.g., capacitors with a value of lid power and return planes [13], [17]-[20]. The input and

microfarad or greater) are still used in boards with embedd dtr?nfsfefr |rr|1pedancZ expreSS|c3[ns rels ulting _from thel ‘i‘?‘v'tly
capacitance to reduce low-frequency power bus noise. modet ot closely Spaced poWer—return plane pairs are refatively

With closely spaced power—return plane pairs for power digi_mple and reasonably intuitive. This paper uses a cavity model

tribution, embedded capacitance boards can achieve very %@nalyze printed circuit boards with embedded capacitance.
m

power bus impedance over a wide frequency range (general model results are validated by power bus |mped§nce
asurements. According to the cavity model, the magnitude

of the power bus impedance near resonances is determined by
Manuscript received February 29, 2000; revised September 23, 2002.  the quality factor of the cavity structure. This paper examines
M. Xu is with the Hewlett-Packard, San Diego, CA 92127-1801 USA.  the quality factor for typical embedded capacitance geometries,

T. H. Hubing is with the Department of Electrical and Computer Engineering, . . .
University of Missouri-Rolla, Rolla, MO 65409 USA. dind Qetermlnes the dominant source of loss affecting the
Digital Object Identifier 10.1109/TADVP.2002.806733 amplitude of power bus resonances.
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Z A - power dissipated in the components. For an unpopulated thin
power—return plane structure with a reasonably good dielectric
b / Power?"e and conductor, it has been shown that the transfer and input
ground  impedance is still approximately determined by (2) and (3) as
feeding port plane long ask? is replaced by-~2 [23], where
’ m T vy . [1 i +j>RS} | @
khn

In (4),7n is the intrinsic impedance of the dielectric substréig,
is the surface impedance of the two conducting planeskasd
the wave number in the lossy dielectric substrate represented by

Fig. 1. Geometry of a rectangular power—return plane structure. k=w \/M0€0€r(1 — Jjtan 5) (5)

Il. CAVITY MODEL FORCLOSELY SPACED PowerReTury ~ Wheretan é is the loss tangent of the dielectric substrate be-
PLANE PAIRS tween two solid planes.

) The input and transferimpedances given by (2) and (3) are ex-

The structure under study is a rectangular power-retUsfessed as double infinite series that need to be truncated in prac-
plane pair separated by a dielectric substrate as shown in Figjda| calculations. The number of terms needed for convergence
Since embedded capacitance boards are electrically thin, tag\ pe determined by the highest frequency of interest [18]. The
can be modeled as a 2-D TMavity with two perfect electric ¢omputation can be accelerated by reducing the double infinite
conductor (PEC) walls representing the power and retuggries to a single infinite series using trigonometric Fourier se-
planes. The sides of the rectangular board can be modeled wjgy [24].
four perfect magnetic conductor (PMC) sidewalls. The feed 14 validate the cavity model, the input impedance of a
port is modeled using a-directed current source located a5 g.cm by 10.6-cm double-sided FR4 board was calculated
(i, yi) with an electrically small rectangular cross section ofccording to (3)—(5). The dielectric layer between two solid
size (dx;, dy;). The receiving port located at;;, y;) has an planes was 30 mils thick with a relative permittivity equal to
electrically small rectangular cross section of side;, dz;). 3.86 and a loss tangent equal to 0.019. The board was fed by
The transfer impedance between these two ports is given by;, smA jack at location (4.6 cm, 2.6 cm). The radius of the

center conductor for the SMA jack was 30 mils. The input

oo oo 2
Zi; = jwph Z Z bORZ 4 k2 — ) cos(kyn¥yi) !mpedance of this test board was measured using an HP4291A
m=0n=0 zm T yn impedance analyzer from 1 MHz to 1.8 GHz. The cavity model
% c08(Fams:) i kyndyi\ . [(kemdz; estimate for the magnitude of the input impedance agreed
COS\Ram i) SINC s N pretty well with the measurement as demonstrated in Fig. 3.

C (kyndy;\ . (kemd; The calculations were performed up#te = n = 1000 to
XCOS(kynyj)COS(kxml‘j)SmC< . B) ]>SIHC< 2 J) achieve a 5% maximum error at all resonant frequencies.
@) Compared to the measurement results, the calculated resonant
peaks were slightly higher at the cavity resonance frequencies.
wherek,,, = mr/a, ky, = nr/b, k = w\/eoe, . x2,, = 1 This difference may have been due to the PMC boundary
form=mn=0;x%, =2form=0o0rn = 0; x2,, = 4for assumption in the cavity model, which neglected the fringing
m # 0,n # 0[13], [18], [19]. Withi = 3, the input impedance field at the board edges.

at the feed port becomes Fig. 3 provides another example where the cavity model was
— e used to calculate the first null and peak of the input impedance

Tin = jonh 3° %) Xn €08° (kynyi) c08? (kam ;) for a 15-cm by 10-cm board [25]. The two planes of the board
' fovar v ab(k2,, + k%, — k?) were separated by a layer of 55-mil FR4 with a relative permit-

fed by a low impedance 85-mil semi-rigid probe at (4 cm, 5cm).

The radius of the probe’s center conductor was 10-mils. Using
In a typical printed circuit board, the transient current flowan HP4291A impedance analyzer, it was found that the input
through a lead or a via to reach the power or the return plamepedance of the structure exhibited a series resonance at 198
For a coaxial feed such as this, the feed port can be represemiitlz, and a cavity resonance at 488 MHz. The cavity modeling
by a square whose effective cross-section is equal to the areassiults were obtained by truncating the double infinite series in
the circular feed probe [22]. equation (3) ain = n = 300.

Equations (2) and (3) assume that the structure is losslessAs shown in Figs. 2 and 3, the impedance of the power—return
However, power—return plane pairs in real printed circuit boarg$ane pair exhibits a series of poles corresponding to the cavity
exhibit losses due to the finite resistance of the copper wallesonances. To help understand this behavior, an equivalent cir-
loss in the dielectric, radiation loss, losses due to surface wawest based on the modal expansion method for the power—re-
induced on the outer surface of the copper, and losses due tottlra plane structure is shown in Fig. 4. In this equivalent cir-

. , ko ds tivity equal to 4.3 and a loss tangent equal to 0.2. The board was
. 2 yn y7, . 2 rm ‘1:’1,
X s1nc <—> <7> (3)
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Zin of a 15.6cm by 10.6cm 30-mil FR4 bare board Roo Rio Rmn
20 T : : : : : : A
[ ¢ measurement result
18 —_cavity modeling result 1 —/\/— Lig Lim n
16 _— (J4 g9
1Zn| _"__
Ohm
Zin CUO Cl() Cm n
—>
Fig. 4. Equivalent circuit for a lossy power—return plane structure.
Rmn
R< C< Lmn L> R>
R A Vi — — T
0 2 4 6 8 10 12 14 16 18
Frequency (Hz ) x10° 7. => Comn
Fig. 2. Input impedance of a 10-mil thick 15.6-cm by 10.6-cm double-sic

FRA4 test board fed by an SMA jack at location (4.6 cm, 2.6 cm): measurement
vs. lossy cavity modeling results. Fig. 5.
structure.

Narrow-band equivalent circuit for a lossy power—return plane

15cm by 10-cm, Er_43 h=55 mil, Pon(4cm 5cm), r=10mil

— Cavny Model
— Measurement

35

T

The magnitude of the input impedance for the power—return
plane pair is finite around the cavity resonances due to the var-
ious losses inside the structure. The equivalent loss resistance
R,,,, for the resonant Th,, mode can be expressed as

Qmn

wmn Cmn

30

1Zn1 25

Ryn = ®)

Ohm

20
A narrow-band equivalent circuit for the power—return plane
structure near the resonant frequency of the, JMnode is pro-
vided in Fig. 5. In this equivalent circuif/. andR. represent
the total contribution to the power bus input impedance from
those modes whose cutoff frequency is lower than the cutoff
frequency of the TV,,, modew,,... L~ and R, represent the
contribution of all modes whose cutoff frequency is higher than
wmn - Although the magnitude of the input impedance around
the resonance cannot be directly calculated fid,, itis gen-
erally dominated by the contribution from the resonant branch.
Fig. 3. Input impedance of a 10-mil thick 15-cm by 10-cm double-side FRAT @ frequencyw, that is slightly higher tha,,.,,, the contri-

test board fed by an SM jack at location (4 cm, 5 cm): measurement vs. logsytion from this dominant branch can be calculated using [26]
cavity modeling results.

15H

frequency

Rmn
Zmn(wo) (Wo—Wmn) (9)
cuit, the impedance contributed by the TM mode is modeled 1+ 2jQmn O
by an LCR parallel branch with a resonant frequency equal é%bstltutmg (7) and (8) into (9) yields
the cutoff frequency of this mode. The contribution to the total
impedance from the T,, mode is given b x2A?B? 1
P K given by Znn(t00) = T (10)
CBoard o + 2J (wo - wmn)
Lonn = : ©)
" jwCmn — 7/ (WLhmn) + 1/ Ry, whereCpoarqa = abege,/h. According to (10), the magnitude
of the power bus input impedance near the resonances is related
where to the location and the dimension of the feeding port, the board
212 capacitance, and the quality factor of the structure. Higher loss
abege, 1 X2, A’B . . : : o
Con = 2 AR mn = ph b m in the cavity results in a lower quality factor, which in turn leads
Ximn yn to a lower power bus impedance near resonant frequencies.
A = sinc < kyndy; > sinc (ka."m dz; ) _ As_stated before_, power—retgrn plgne str_uctu res i_n real printed
2 circuit boards exhibit conductive, dielectric, radiation, surface
B =cos(kynyi) cos(kem:)- (7) wave, and component losses. Formulas for the quality factor
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due to conductive loss and dielectric loss are well documented TABLE |
[27], [28]. For very thin dielectric layers between power and ~RESONANT FREQUENC'ESSSERTDH(E,}A?_@)CF“BY 10.6 cm FR4 BRE
return planes with arbitrary shape, an approximate formula for

the quality factor due to conductive losses in the top and botton J1oqe TM 10 1 T™MO01 T T™M 11 1 T™M 20 | T™ 21
planes is given by Modeling | 489.4 | 7203 | 8708 | 9788 | 1215.3
Measured | 486.7 |[7184 |873.5 9747 |12176
Qc~ hy/mfuo. (11)  Mode TMO02 | TM30 [TM 12 | TM31 | TM22
) _ ) o Modeling | 1440.5 [ 1468.2 | 1521.4 | 16354 | 1741.6

The quality factor due to the dielectric loss is given by Measured | NA 14694 | NA 1647.1 | NA

Q= (12
47 tans’

quencies above the first resonance, the input impedance is in-
In general, the quality factor due to the radiation loss has to Bective except around cavity resonant frequencies given by
numerically evaluated for a specific mode. However, an approx-

imate closed-form expression is provided in [21] for the quality Fon = 1 \/(E)Q N (@)2 (16)
factor due to the radiation loss of the dominant {gf\hode for " 2w /e a b/ -
rectangular structures with thin dielectric layers. This approxi-
mation is The resonant frequencies for a 15.6-cm by 10.5-cm double-
sided FR4 test board were calculated according to (16) up to
Qrad = 3 erLedo (13) 1.8 GHz. The calculated resonance frequencies are compared
16 pcrweh to the measured resonant frequencies in Table I.
where Due to the location of the measurement port, some modes
were not excited and do not appear in the measurement results
az 2 2 3 4 lotted in Fig. 2. Nevertheless, the resonant frequencies pre-
p =1+ 7q (kowe)” + (a3 + 204) <%) (kowe) gicted by (1(?) are very accurate for this test sampc?e. P
+e2 (3) (koLe)® + azea (75) (kowe)* (koLe)® When the plane spacing is not very thin at the highest fre-
4y = —0.16605 ay = 0.00761 ¢y = —0.0914153 quency of mter.est, the effect of fringing fields must bg taken
1 25 |nto. consideration for the resonant freguency calculation. The
c1 = n—% + n_‘f N1 = \/Epfbr- (14) cavity model assumes there are PMC sidewalls around the struc-

ture periphery, yet in reality the field does not stop abruptly at
W, andL. are the effective dimensions of the structure after alf€ €dge of a test board. Fringing fields at the board edge make
counting for the fringing effect. Surface wave losses are usualfye Poard appear slightly larger than it really is, resulting in a
very small compared to the other losses in typical power—retuﬁiﬁwnward shift in the resonant frequencies. Several fqrmylas
pair geometries, and can be safely neglected. Consequently,tA¥e been proposed to calculate the resonant frequencies in the
overall quality factor for an unpopulated printed circuit boar@resence of a fringing field by adjusting the dimensions of the

can be approximated as structure [21], [27]. Fringing is more of a factor in boards that
have a smaller ratio of board area to plane spacing. However,
I 1 " 1 n 1 (15) in embedded capacitance boards employing very thin dielectric

Q7 0. T 0" Qraa

In general ) is associated with a specific cavity mode, and is
function of frequency.

substrates, the fringing effect can normally be neglected.

B. Effect of the Spacing Between the Power and the Return

Planes
l1l. POWER BUS IMPEDANCE OF EMBEDDED CAPACITANCE Fig. 6 compares the measured power bus input impedance
BOARDS of two populated 7.6-cm by 5.1-cm embedded capacitance test

) . boards. These two boards have the exact same layout and the
As part of research for the embedded decoupling capacitanggne stack-up. Between the power and the return plane, one test

(EDC) project led by the National Center for Manufacturingsarg employs a 4.5-mil layer of FR4 material, while the other
Sciences (NCMS), a variety of boards employing embeddgdes a special 2.1-mil layer of FR4 material. The experimental

capacitance were evaluated [29]. The swept frequency POWgEyts show that the resonant peaks in the 2.1-mil sample are
bus input impedance of each test board was measured usingfje damped than those in the 4.5-mil sample.

HP8753D network analyzer between 30 kHz and 5 GHz. In thiSAccording to (3), the power bus input impedance for a loss-

sef:tion, the m.easured power bus impedance results are analygeg power—return plane pair is proportional to the spacing be-
using the cavity model. tween the two solid planes). In addition, among the three
major loss mechanisms, the quality factor due to the conduc-
tive loss is proportional th. Therefore, reducing the power and

According to the cavity model, the input impedance of a losthe return plane spacing will decrease the quality factor associ-
less power—return plane structure is dominated by the board ated with the conductive loss of the structure, and lead to lower
pacitance at frequencies below the first series resonance. At fissonant peaks for the power bus input impedance.

A. Power Bus Resonant Frequency Analysis
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Zin of two 7.6cm by 5.1cm populated FR4 test board TABLE I
! ! EMBEDDED CAPACITANCE MATERIALS EVALUATED IN THE STUDY

Material Dielectric Composition Thickness €, tand
EC#1 FR4 epoxy/glass ~2.1 mils | 3.8~4.2 | 0.015~0.02
1 Zin | EC#2 | Unsupported epoxy; ceramic powder filled 4.0mils | 36~37 0.01~0.02
Oh EC#3 | Unsupported polyimide; ceramic powder filled | 1.4 mils 11.6~12 | 0.008~0.012
m
EC#4 | Unsupported epoxy; ceramic powder filled ~0.3 mils | 20~22 0.01~0.1

C. Effect of the Board Dimensions

Board dimensions determine the resonance frequencies of the
power bus inputimpedance as indicated by (16). For a given fre-
guency range, larger boards encounter more board resonances
than smaller boards. But that does not necessarily suggest the

o o5 1 15 =2 25 3 35 4 45 5 power bus noise in a large board is more severe. The noise

Frequency (Hz ) x10°  voltage may be excessive if a source harmonic happens to occur

around a board resonance with high impedance. Therefore, it is

Fig. 6. Measured power bus input impedance of two 7.6-cm by 5.1-cgesirable to ensure that all power bus resonances are sufficiently
populated boards with different spacing between the power and the retwamped. Among the three major loss mechanisms, the quality

planes. factors due to the conductive and the dielectric loss do not de-
pend on the board dimensions. The radiation loss decreases with
Zin of three 15.6cm by 10.6cm FR4 boards with different h increasing board dimensions. However, since embedded capac-
15 T : : : , ; : T ‘ itance boards employ ultra-thin power—return plane pairs (usu-
} AT:W b A ally less than 0.1 mm) for power distribution, the radiation from
|| === h=10-mil | } ] ! { the board edge is generally not the dominant loss mechanism.
znl | [ == h=3mil ] ; { } As the result, the overall quality factor is relatively independent
VRN E S N N AU | (S 3 of the board dimensions for unpopulated boards.
3 IV. ANALYSIS OF THE QUALITY FACTOR

According to the cavity model discussed in Section I, the
input impedance of a power—return plane pair around resonant
frequencies is related to the quality factor of the structure.
Higher loss in the power-return plane pair yields lower quality
factors and lower resonant peaks in the input impedance. A de-
tailed analysis of the quality factor for some typical embedded
capacitance boards is performed in this section. Four types
of commercially available embedded capacitance materials
were evaluated. These materials are described in Table Il. The
Fig. 7. Cavity modeling results of the input impedance for three 15.6-cm g|ative permittivity and the loss tangent of each material listed
10.6-cm FR4 double-side bare boards with different thickness. in Table Il were measured by NIST [29].

Since surface wave losses can be safely neglected in em-

The effect of the spacing between the power and return plaresided capacitance boards, the overall quality factor is the com-
is further demonstrated in Fig. 7, which compares the cavibjnation of the quality factor due to the dielectric loss, the con-
model estimates of the input impedance for three FR4 doubtiictive loss and the radiation loss. To determine the dominant
sided bare boards. All three boards are 15.6 cm by 10.6 cm dasls mechanism in embedded capacitance boards, these three
fed by SMA jacks at (4.6 cm, 2.6 cm). The spacing between thartial quality factors were calculated for the dominant{jM
two solid planes for these three test boards is 30 mils, 10 mitepde for some typical embedded capacitance test boards and
and 3 mils, respectively. According to the simulation results, thkeeir FR4 counterparts using (11)—(14). The total quality factor
3-mil sample has the lowest input impedance over the whdter the TM;, mode of each test board was then calculated ac-
frequency range. In particular, as the spacing decreases front8@ding to (15). The results are summarized in Table IIl.
mils to 3 mils, the magnitude of the power bus input impedance The data in Table 11l shows that the radiation loss is relatively
around the resonant frequency at 700 MHz drops from ™4.3small compared to the dielectric loss and conductive loss for all
to 0.690Q. The decrease in the magnitude of these resonantest boards, i.e(,..q is much higher thar),; or Q.. Conse-
is about 26 dB while the spacing decreased 20 dB. The thinngaently, radiation loss has little effect on the total quality factor
test sample has the lowest impedance peaks due to the lofeerthe TM;, mode. The quality factors due to the conductive
quality factor associated with the conductive loss in the plandsss and the dielectric loss are generally of the same order of

f ==

(o=

Frequency ( Hz )
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TABLE Il Measured Zin of 15.6-cm by 10.6-cm 3.3-mil FR4 boards
6y— : . . . v . :
QUALITY FACTORS OF THETM;, MODE FOR SOME EMBEDDED ‘ \
CAPACITANCE BOARDS | === Fully Populated Board | 3
| = Bare Board | Al
q=6 |
Samples fro Total 1 Zin | |
(MHz) Qg Qe Qrad Q
7.6-cm by 5.1-cm 19.4-mil FR4 997 47.6 2354 1582 39 (Ohm)
7.6-cm by 5.1-cm 4.5-mil FR4 997 47.6 54.6 6819 25 4
15.7-cm by 10.6-cm 3.3-mil FR4 470 43.5 27.5 21312 17
23.8-cm by 21.8-cm 3.3-mil FR4 310 43.5 22.3 25265 15
7.6-cm by 5.1-cm 2.1-mil EC#1 1002 47.6 25.5 14302 17
15.7-cm by 10.6-cm 2.1-mil EC#1 482 41.7 17.7 29713 12
23.8-cm by 21.8-cm 2.1-mil EC#1 318 41.7 14.4 35790 11
7.6-cm by 5.1-cm 4-mil EC#2 328 66.2 27.8 7.17E+05 20
15.7-cm by 10.6-cm 4-mil EC#2 159 59.5 19.4 1.47E+06 15
23.8-cm by 21.8-cm 4-mil EC#2 104 54.9 15.7 1.77E+06 12
7.6-cm by 5.1-cm 1.4-mil EC#3 567 90.9 12.8 2.23E+05 11
15.7-cm by 10.6-cm 1.4-mil EC#3 2717 122 9.0 4.36E+05 8
23.8-cm by 21.8-cm 1.4-mil EC#3 183 122 7.3 5.25E+05 7
7.6-cm by 5.1-cm 5-um EC#4 426 229 1.6 2.00E+06 1.5
15.7-cm by 10.6-cm 5-pm EC#4 206 229 1.1 4.04E+06 1.1

Frequency ( Hz ) X 108

Measured Zin of 7.6-cm by 5.1-cm 19.4-mil FR4 boards

15 Fig. 9. Measured power but input impedance of 15.6-cm by 10.6-cm 3.3-mil
‘ ‘ FR4 boards: bare board versus fully populated version without discrete

decoupling capacitors.

R Q=35
- Bare Board |
=== Populated BoqELi

1 ZIn|
The sharp peak below 100 MHz in the input impedance of the
populated board is not a power bus resonance, but a resonance
due to the interconnect inductance of the /@2-bulk decou-
pling capacitor and the interplane capacitance. Power bus res-
onances dominate both impedance curves above 500 MHz. The
3-dB quality factors of the first few power bus resonances are
calculated from the experimental results and labeled in the plot.
Compared with the bare board, the power bus resonances in the
populated board are shifted and more damped. The quality fac-
tors of the populated board are less than 15, while the quality
factors of the bare board are higher than 35.
. Similarly, Fig. 9 compares the magnitudes of the measured
power bus input impedance of two 15.6-cm by 10.6-cm FR4
Fig. 8. Measured power bus input impedance of 7.6-cm by 5.1-cm 19.4—erardS' Both samples have the same layer stack-up W!th the
FR4 boards: bare board versus populated version without discrete decoupp@ver and the return planes next to each other. The spacing be-
capacitors. tween these two planes is 3.3 mils. One test sample is densely
populated with components while the other has no components.
magnitude for these test boards. The loss mechanism that doAgain, the power bus input impedance of the densely populated
nates depends on the thickness of the dielectric and the workbward has a sharp peak below 100 MHz due to the board capac-
frequency.Q. is proportional to the thickness of the dielectrigtance and the interconnect inductance of the 4 bulk decoupling
layer and proportional to the square root of the frequency, whitapacitors. As labeled in Fig. 9, the quality factors of the power
Qg is independent of thickness and nearly independent of fiads resonances in the fully populated board are around 6 to 8.
quency. For the closely spaced power—return plane structuldey are much lower than the quality factors of the power bus
used in the embedded capacitance boards, the conductive losgssnances in the unpopulated sample. The addition losses in-
the dominant factor especially at low frequencies. At higher frécoduced by equivalent series resistance (ESR) of components
guencies and in boards with wider spacing between the povielp to damp power bus resonances as shown in Figs. 8 and 9.
and the return planes, the quality factor is generally dominatedr the 19.4-mil FR4 board and the densely populated 3.3-mil
by the dielectric loss of the material. FR4 board, the dominant loss mechanism is the component loss
Besides the conductive, dielectric, and radiation loss, exniather than dielectric, conductive or radiation losses. However,
loss can be introduced by components mounted on a printeé component loss introduced by the active components is not
circuit board. This effect is demonstrated in Fig. 8, which illussnough to completely eliminate power bus resonances in either
trates the measured power bus input impedance of two 7.6-erample.
by 5.1-cm FR4 test boards up to 1.8 GHz. One is a bare board-ig. 10 compares the measured power bus input impedance
while the other is populated with components. Both boards havktwo 7.6-cm by 5.1-cm EC #2 boards with and without com-
six layers with the power and the return plane on Layer 2 apdnents. The spacing between the power and the return planes is
Layer 5, respectively. This layer stack-up results a relativefiyO mils for both boards. Above 100 MHz, the input impedance
wide 19.4-mil spacing between the power and the return planearves of both boards are dominated by power bus resonances

( Ohm) 10+

e

(=]
SRS S ——

Frequency (Hz ) x 10
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Measured Zin of 7.6-cm by 5.1-cm 4.0-mil EC#2 boards Measured power bus input impedance results of 7.6cm by 5.1cm boards
5 T T T T T 10 J— r
45| [— BacBan | | of = FRe
| | EC #1
— EC#3 |
12Zin1 81 — Ecw
Ohm
1Zin |
Ohm
\ 5T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency ( Hz ) x 10° Frequency ( Hz ) x 10°

Fig. 10. Measured power bus input impedance of 7.6-cm by 5.1-cm 4.0-Tgly 12 Measured power bus input impedance of 7.6-cm by 5.1-cm populated
EC #2 boards: bare board versus populated version. boards with various dielectric materials.

Measured ZIn of 7.6-cm by 5.1-cm 0.2-mil EC #4 boards of unpopulated EC #4 is approaching 1, implying that the board
‘ ‘ " 1 ‘ ‘ | is critically damped and exhibits no resonant peaks. The low
— Bare Board Lo ‘ . overall quality factor is due to the lo#., which is due to the
1Zin| 25| === Populated Board - - ;- R - P ultra-thin spacing (approximately 0.2 mils) between the power
§ ; j and the return planes in EC#4 test boards. The component loss
2 : ‘ : R R AR is relatively unimportant in the 0.2-mil EC #4 boards.
! ! ! ‘ According to Table lll, all test boards employing embedded
capacitance materials have lower quality factors (higher
loss) than the corresponding FR4 versions for the dominant
| ! | TMyo mode. Fig. 12 compares the measured power bus
Wi P mmmmmreeeog input impedance for five populated test boards with different
; i 1’ ; : dielectric materials [30]. All five boards have the exact same
05 R f f : dimension, the same layout, and the same layer stack-up. The
: ‘ ‘ only difference is the dielectric material between the power
‘ ‘ and the return planes of the test boards. Sample 1 has a 4.5-mil
0 2 4 6 8 o 12 14 16 18 layer of FR4; Sample 2 has a 2.1-mil layer of EC#1 (a thinner
x10°  version of FR4); Sample 3 has a 1.4-mil layer of EC#3; Sample
4 has a 4-mil layer of EC#2; and Sample 5 has a 0.2-mil layer
Fig. 11. Measured power bus input impedance of 7.6-cm by 5.1-cm 0.2-18f EC#4. The power bus impedance of these test samples was
EC # 2 boards: bare board versus populated version. . .
calculated using the cavity model. The NIST measurements of
the relative permittivity and the loss tangent were used in the
along an upward slope. This slope is mainly due to the smallculations. Each board was fed by an SMA jack at (2.8 cm,
(~120 pH) inductance associated with the connection of ti2e55 cm). The center conductor of the SMA jack had a radius of
SMA jack to the power and the return plane of the board. TI&8 mils. The modeling results are plotted in Fig. 13. A 120-pH
power bus input impedance curve of the populated board hamductance was added to the modeling results of each test
lower slope due to a smaller SMA connection inductance. Aample to account for the SMA connection from board surface
labeled in Fig. 10, the quality factors of the populated board agethe power plane layer. Since the cavity model only considers
just a little smaller than the corresponding quality factors in ththe bare power—return plane pair and neglects the effect of vias,
unpopulated board. The component loss only has marginal ffaging fields, and the radiation loss, the simulation results
fect on power bus resonances for these 4.0-mil EC #2 boardgo not match the measurement results exactly. However, both
Fig. 11 compares the power bus impedance of two 7.6-gufots show similar trends in the data.
by 5.1-cm EC #4 boards with and without components. The According to the quality factor calculations, the FR4 sample
spacing between the power and the return planes is about §hduld have the highest quality factor followed by the EC#1,
mils for both boards. Again, the populated board has a smalle€#2, EC#3, and EC#4 samples, respectively. In both the mea-
SMA connection inductance resulting in a lower slope in theurement and the model results, the FR4 board exhibits signifi-
power bus impedance curve. Power bus resonances in bcaint peaks at power bus resonant frequencies. Several resonant
curves are eliminated. As shown in Table Ill, the quality factgreaks and nulls are also evident in the EC#1 impedance curve.

Ohm

) S ‘
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cavity modeling results of power bus input impedance
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Fig. 13. Cavity modeling results of the power bus input impedance for 7.6-cm [7]
by 5.1-cm boards with various dielectric materials.

Ripples in the EC#2 and EC#3 impedance curves are less pro[—B]
nounced, and the EC#4 impedance curve is nearly a straight line
corresponding to the lumped inductance of the SMA connec-
tion. Such behavior is predicted by the quality factor analysis of ®
the power—return plane structure.

[10]
V. CONCLUSION

A simple cavity model was used to characterize closel)lll]
spaced power—return plane pairs in embedded capacitange]
boards. The model was validated by power bus input impedance
measurements. According to the cavity model, a critical fact0[13]
affecting the power bus input impedance near resonant frequen-
cies is the quality factor. Boards without sufficient loss will

) . . 14]
have very high resonant peaks in the power bus impedance. 5
noise source harmonic falls near a board resonance that is not
sufficiently damped, the power bus noise may be excessive. (15

Unpopulated printed circuit boards exhibit conductive, di-
electric, radiation, and surface wave losses. The conductive loss
and dielectric loss are usually more important than the other twg
loss mechanisms. The dominant loss mechanism depends on {ﬁ?—:]
thickness of the dielectric and the working frequency. When thei7]
spacing between the two solid planes is on the order of a skin
depth in the copper, the conductive loss will dominate. Comyg
pared with those in unpopulated samples, the power bus reso-
nances in the populated boards are generally shifted and fl;[r-gl
ther damped. The extra loss associated with active components
on the board can be important in relatively widely-spaceti({  [20]
mils) or densely populated FR4 boards. However, the compo-
nent loss was small relative to the copper loss in the planes for
the embedded capacitance boards evaluated in this study.  [21]

Compared to PCB’s with widely spaced power—return plan(i ,
pairs, the resonant peaks of all embedded capacitance boa 5@
were significantly damped due to the conductive loss in thg23]
closely spaced power—return plane structure. The boards with a
0.2-mil spacing essentially eliminated all power bus resonanceg‘l]
In general, according to (11), power bus resonances will be es-
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sentially eliminated when the spacing between the power and
the return planes is on the order of a skin depth in the copper.
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