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Measurement-Based Closed-Form Modeling of
Surface-Mounted RF Components

Krishna NaishadhanSenior Member, IEEEANnd Tahsin Durak

Abstract—An understanding of the parasitic and packaging Synthesis of equivalent-circuit models for discrete compo-
effects of passive surface-mounted devices (SMDs), includingnents usually involves either electromagnetic (EM) simulations
characterization of the pertinent interconnects, is required for or measurements, followed by curve fitting the resulting data

developing robust equivalent-circuit models that are useful in . .
RF and microwave computer-aided design. In this paper, we to the response of a desired model, chosen on the basis of

develop a procedure for modeling SMD inductors and capaci- designer'sa priori knowledge of the component [1]-[5]. The
tors, which incorporates the nonideal behavior associated with curve-fitting process entails complex optimization routines

frequency dispersion, board layout, component parasitics, and and, thus, becomes unmanageable, except for simple circuit
device packaging. The equivalent-circuit parameters are extracted configurations. There are two main disadvantages in using

in closed-form from accurate in-situ measurement of the com- A . L2
ponent's S-parameters, without the necessity for cumbersome global optimization to develop equivalent-circuit models.

optimization procedures normally followed in RF equivalent-cir-  First, it is impractical in such an optimizer to accurately
cuit synthesis. evaluate the frequency dependence (dispersion, loss, etc.) of
Index Terms—CPW, equivalent-circuit modeling, the model since the process yields frequency-independent
measurement-based modeling, microwave CAD, network ideal elements. Second, the complex physical attributes found
analyzer, package and layout parasitic effects, RF component in today’s circuits, such as microelectromechanical system
measurements 5-parameters. (MEMS) packaging and novel materials assemblies, demand
co-simulation between EM simulators, circuit simulators, and
l. INTRODUCTION optimizers. This requires considerable computer resources and,
. even then, it becomes difficult to ensure that the optimization
ASSIVE surface-mounted devices (SMDs), such 3ideed converged to the correct solution. To circumvent this

. Ithm—fllrln mSu'ctotrhs, cI;a'fgcgorst, ar_lrdh resistors are etxteB— timization process, some authors have attempted to syn-
sively employed in the INdustry. These components a4 qj,o equivalent circuits in closed form, valid at either low

wave soldered or wire bonded onto associated pads on a pri &% Lencies or over a narrow frequency range, where coupling
circuit board (PCB). At radio frequencies, the combination ackage, and loss mechanisms are not p,redominant e g,
component packaging, pad footprint, PCB layout, and the s —[10]). These closed-form expressions also yield constant

strate interaction causes detrimental local parasitic effects sugh . -+ \ 2 1ues. albeit valid over a narrow-frequency band. In

as respnqnt coup!ing, crosstalk, s.ignal loss, signal diswrtic&ﬂder to span a wide-frequency band, one sweeps over several
ete. Circuit ”_‘Ode“”g c_)f the_se dewces_ ShOUI_d' therefore, Cogdjacent bands and adjusts the equivalent-circuit parameters for
sider the environment in which the devices will be operated

o . . —ehch band. In computer-aided design (CAD) applications, the
process hencefc_)rth t(larrn.ed.estnnsm madelingThis shquld utility of such a problem-dependent approach is very limited.
be contrasted with thimtrinsic measurement-basedodeling

. . . ) ) In summary, the usually frequency-dependent layout- and
in which the component is measurag itselfon an impedance Y y Treq y-aep y

| ; | thout d 1o th licati Eackage-specific parasitic effects, pertinent to the design of
analyzer, 1or example, without regard to the applicalion eyzq,qy o amplifiers and other high-speed circuits, are not
vironment. Thus, extrinsic RF circuit models account for th

Considered in the equivalent-circuit representation provided b
externaldevice parasitic effects associated with the pad layo a P P y

; ) . . " l1‘|quuency—selective CAD models.
dielectric substrate, interconnect structure, eie. addition
to the inherent physical characteristics of the device itself. In N this paper, we develop a procedure for deriving compre-
contrast, the conventional intrinsic circuit models considéensive frequency-dependent equivalent-circuit models of SMD
only the latter. By definition, any device model should accoutftductors and capacitors, starting from broad-bahparam-
for the inherent physical characteristics of the device. Tifder measurements of the device on a network analyzer (NA).
extrinsic model adds the parasitic influence of the component§€ component is measured in a grounded coplanar waveguide

external functional environment to the intrinsic model andCPWG) fixture representing the circuit environment of the ap-
thus, provides a realistic basis in design applications plication. The impedance mismatch between the fixture and NA

is error-corrected by direct calibration at a reference plane lo-

. . cated at the edge of the component footprint (see Fig. 1), using
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Fig. 2. Two-port extrinsic equivalent-circuit model for inductor.

The measurements for the derivation of extrinsic circuit
models of SMD components employ the CPWG layout shown
in Fig. 1. The board is mounted in a coaxial metal fixture,
which connects to the NA through precision coaxial cables.
The appropriate measurement fixture and CPWG calibration
standards are discussed in Section lll. After calibration, the
reference plane is established at the outside edges of the two
Fig. 1. CPW pad and trace configuration for an SMD component. The padmponent pads shown in Fig. 1. In other words, the layout
edges on the feed lines define the reference planes. interface between the device and its footprint are included in
the measurement, whereas the connecting lines and the coaxial

reduce the number of design iterations in a practical situatifignsitions at the fixture ends are calibrated out. Of course,
since the model is based on accuriatsitu measurements tied One must exercise caution in any on-board calibration and
to the application environment. Besides, as will be discuss&@ould attempt to minimize the return-loss variations across the
later in this paper, these extrinsic models also improve the dgnsitions by proper fixture design. With an SMD inductor in-
curacy of circuit simulations. The CPW interconnects needé&@rted between the pads, the board parasitics may significantly
in a physical layout are characterized for their attenuation cogange the inductor circuit model derived from intrinsic mea-
stant, phase constant, and characteristic impedance usingsefements. The manner in which the layout parasitics influence
ther full-wave EM simulations or measurement on test coupot¥ component’s intrinsic model depends on the frequency and
(transmission lines) of different lengths. contact between the SMD and pad (solder bump resistance,
This paper is organized as follows. In Section II, we first sunwire-bond inductance, etc.). Therefore, a design based on the
marize the importance of synthesizing an extrinsic circuit modéltrinsic equivalent circuit can become quite off-centered when
from measured component data, and then present the derivatfth components are mounted on a board, and meeting the
of such models for SMD inductors and capacitors. We then o@esign specifications may require considerable bench testing.
line the calibration and measurement technique in Section [fior example, the parasitic effects caused by a different layout
following the procedure presented in [7]. We also include réay result in different measured resonant frequenciescand
sults to verify accuracy of the calibration. Section IV containf@ctors for thesameinductor.
measured and modeled data for SMD inductors, capacitors, andn example of the extrinsic circuit model of an SMD in-
surface-mounted ferrite chokes. The data pertinent to characté4ctor is shown in Fig. 2. The series resistafitacludes the
ization of CPW interconnects, and a circuit implementation, iffMD package losses, skin, and proximity resistive effects of
volving measurement validation on a low-pass filter designéde winding, as well as the pad or trace losses. Likewise, the
using the extrinsic component models, are also presenteds@iies capacitanc€ represents the self-capacitance of the in-
Section IV. Section V summarizes the conclusions of the studiiictor package and the capacitance between the pads. The pad
is simply a step-in-width inductive transition [15], [16] and aug-
ments the series inductance of the intrinsic model. The total in-
Il. EQUIVALENT-CIRCUIT EXTRACTION ductance is denoted ds The dielectric losses in the substrate
introduce a shunt conductan¢g, = 1/R,, and the capaci-
tance to ground of each pad introduces a shntwhich is
Component models supplied by the manufacturer, or thoalkso influenced by the substrate. It is evident that the resonant
derived from measurements on inductance, capacitance, regequency and? of the intrinsicRLCmodel are altered by para-
tance (LCR) meters, bridges, and impedance analyzers [14] ditic loading. We assume that the operating wavelength is large
scribe the intrinsic characteristics of the component and, theestough for the parasitics to be considered local to the SMD
fore, preclude package and layout parasitics associated with tbenponent. Thus, distributed parasitic effects, which may be-
motherboard and circuit housing. As defined in Section I, aome prominent at higher frequencies, are not considered in the
intrinsic circuit model does not include these parasitic effectproposed modeling approach. Furthermore, in practical applica-
whereas aextrinsicmodel does. Intrinsic specifications are ofions, since we use SMD inductors and capacitors below their
limited value in design. Besides being inaccurate, designindiist resonance, we do not consider the higher order resonant ef-
circuit based on the nominal value provided by the intrinsiects in the equivalent-circuit representation.
model inevitably leads to considerable tuning and testing afterTo summarize, if we base the circuit design on the extrinsic
board fabrication. circuit model, the increased accuracy attained by incorporating

A. Extrinsic Versus Intrinsic Modeling
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board parasitics can potentially reduce the number of design R L _ C%-
cycles. Furthermore, using an accurate library base of extrinsic Port 1 Port 2
equivalent-circuit models, it is feasible to accomplish most of

the design centering on a circuit simulator instead of the ben ig. 3.  Two-port extrinsic equivalent-circuit model for a capacitor without the
shunt parasitics.

B. Closed-Form Inductor Model . .
) functions of frequencysing (1) and (2). From (2), we calculate
The direct RF measurement of the model paramelte®, o shunt conductance and capacitance as

and C of a surface-mounted inductor is difficult because of

their strong interaction with the board parasitics. Typically, any G, =Re(Y,) (9)

of these parameters can be obtained indirectly from measur-

able parameters such as impedance, quality factor, and resonant C. = Im(Y},) (10)
= .

frequency. As alluded earlier, we measure $hparameters of 2nf

an SMD inductor in a CPWG fixture using a vector NA, with o ] )
on-board calibration performed at the reference planes sholf€ Series impedanc&(w) in (1) presents two (real) equations

in Fig. 1. We now describe how one can synthesize the equif@determine the three variables 1z, andC’. We shall show next
lent circuit, shown in Fig. 2, from these measurements. The syfiat one of the three variables can be computed from the reso-
thesis is accomplished in closed form without the cumbersorfignt characteristics; thus, leaving two degrees of freedom to be
numerical procedures (e.g., optimization) usually involved fgddressed by the two independent equations in£).) res-

obtaining physical device parameters from RF measurementnates at the frequenay with a quality factor?, both of which
Denoting the series impedance in Fig. 2aand the shunt €an be obtained explicitly from the measured data. The resonant

admittance a¥.. we have frequency is determined as the frequency at whialZ) = 0,
r and@ is computed from the observed 3-dB bandwidtly of
the impedance magnitude @s= wy/Aw. Using circuit theory,

Z = };Jr ‘WL, (1) the resonant frequency and quality factor #.) may also be
1 -w?LC + jwRC calculated from Fig. 2 as
Y, =G, + jwC,. 2
1 Q2 1/2
The measured-parameters are first transformed into the ad- wWo = Naryel <r622> 11)
mittance parameters using [15]
Q = 4ok (12)
Y, :K(l— S11)(1 4 Sa2) 4 S12521 3) Fo
’ As whereL, andR, denote inductance and resistance, respectively,
2515 at the resonant frequency. The impedattie) = 7.(w) +
Yip =Y. Ao (4) JjZ;(w) in (1) may then be written as
Y21:—Yc2§i (5) Z(w) = R+ jwl?C(wd — w?) ' (13)
s (1 -w?LC)? + (WRC)?
Yoo =Y 1+ 500 A?Q) 512521 (6) At the resonant frequency, léfy = Z(wp) (a real number)

be the impedance. Using (11) and (12) in (13), with= wq
whereY, = 1/Z. is the characteristic port admittance, angubstituted, we obtain
Ag = (14 S11)(1 + S22) — S1252:. Due to reciprocity, we

havesS;, = S>; and, henceY;> = Y5;. The block immitances Ry=—— (14)
of ther-equivalent circuit in Fig. 2 follow from th& -parame- 1+Q
ters as R,
Ly = @' (15)
wo
Z = ! 7
T Y (") Due to the miniature windings, the self-capacitance of SMD
inductors is practically independent of frequency, and follows
Y =Y + Yoo
from (11) as
Yy =Yoo + Y12.
1 Q?
; ; C=—— ——. (16)
Due to symmetry, we can equate the shunt admittances at either wilo 1+ Q?

port in Fig. 3 ast; = Y5 = Y,,, with Y}, represented in terms

of the desired circuit model using (2). The model for the seridisis assumed that the small inter-pad capacitance contributes
impedance” is given in (1). Thus, the admittance parameters imegligibly to the inductor’s self-resonance. Therefore, knowl-
(7) and (8) are known at each measured frequency, and the ebige of the resonant frequency, quality factor, and impedance
jective is to compute the equivalent-circuit elements in Figs 2 at resonance facilitates unique determination of one of the three
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circuit variables for the SMD inductor, namely, the series capac- Clw) = 1 (23)
itanceC'. After some algebra, the remaining two variables, the w(wLo - Zi (w))
frequency-dependeimtductance and resistance, can be obtained

in closed form (see the Appendix) as follows: D. Series Versus Shunt Connection

o) - B) + Iz
[1+wCZ(w)]” + [wCZ(w)]

The analysis presented in Sections II-B and II-C is valid when
the SMD element is connected in series with the incoming and
outgoing transmission lines (see Fig. 1). This analysis is also

W) = Zr(w) ) (18) applicable to a shunt connection if the shunt path involves a
[1+wCZ(w)] 4 [wCZ,(w)] 2 transmission line to ground. However, in practical circuits, when
) ) ) many components are involved, ground connection via a trans-
These expressions are adequate for modeling SMD inductg{gsijon line consumes considerable real estate on the printed
at frequencies below the second resonance. At these frequgihstrate, and is thus undesirable. Furthermore, because of the
cies, the distribute_d effects of_ the equiyalent-circuit model C@imensions of practical CPW transmission lines necessary to
be neglected. Besides modeling SMD inductors, (17) may alggnjeve 50- or 732 characteristic impedance, the spacing be-
be used to compute the incremental increase in inductance @faen the signal line and adjacent ground trace becomes too
ferrite choke at radio frequencies over that of a commensurafg || to allow any space for pads. Therefore, in the circuits real-
air coil. Thus, the effective permeability can be computed fgseq in this research, we have connected a shunt element directly
wide-band ferrite chokes utilized to suppress electromagnegigiween the signal trace and ground without using any pads. The
interference (EMI) in PCBs [17]. equivalent-circuit model for the shunt element is thus obtained
. from the previous analysis of series elements, precluding the pad
C. Closed-Form Capacitor Model parasiticpeffects or theyshunt path of ﬂneequivaﬁent circugi]t in P

The equivalent-circuit representation for the SMD capacit@tg. 2.
follows the same procedure as defined for the inductor. The mea-
suredS-parameters are first transformed into the admittance pa- I1l. CALIBRATION AND MEASUREMENT

rameters using (3)~(6), and the series impedance and shunt aq:he measurements are made on an FR-4 board mounted in a

mittance of ther-equivalent circuit are computed from (7) and . . . .
. . oo . metal fixture with return loss better thar80 dB and insertion
(8). For the capacitor, the equivalent circuit consists of a serll'%:sés lower than 0.4 dB over a 1-MHz—3-GHz band. This fixture

connection ofR, L, andC, as shown in Fig. 3. By duality from . . . :
the inductor model, we assume that the stray inductarisen- interfaces with precision coaxial connectors and cables on the
variant with frequency, thus leaving two degrees of freedom, i. gctor NA. In orgl_er t%re_pllcate t?? environment of the applica-
R(w)andC(w), to be determined from the impedance in (7). 'on (.CATVdR.F Et” tl)JtIOﬂ ahmpl |efrs),ha 5 CPVrYG transl-
The series resonant circuit has minimum impedance at re%%l_SSlOﬂ medium has been chosen for the PCB. The trace layout

nance, which is not as sharp as the peak resonance in the adg(%f the measurement, including the component pads, is shown in

tance curve. Therefore, it will be more accurate to calculate t g- L Severa_l vias are S?'tChed on either side of the center con-
uctor to provide continuity between lateral and bottom ground

resonant characteristics from the inversdzeh) defined in (7) lanes. The intended reference plane for the measurement of the
(or the equivalent admittance). The _quality factor is. still give@-para.meters is at the junction Eetween the coplanar trace and
by (12), butthe resonant frequency is calculated using pad on either side (see Fig. 1). Error correction of the measured
1 (19) S-parameters involves calibration of the cable effects, connector
VLoCo and other transition mismatches, transmission-line loss, and dis-
) persion up to this reference plane. We have designed four pre-
Both @ and_wo are compute_d fro_m the peak of the admlttancasion standards (i.e., SOLT) on the same board as the measure-
curve. The impedance in Fig. 3 is given by ment trace (see Fig. 4) for a 12-term error correction at the refer-
Z(w) = Zn(w) + 5 Zi(w) ence plangs [71, [1_1]. These _cali_bration_standards depend on t_he
package size, as illustrated in Fig. 4, with the IEC 1812 pad di-
L wRy wo\? Co mensions. These standards replace the NA's coaxial calibration
=R(w) +JQ wo <1 - <_> m) (20) standards, which place the reference plane at the center con-
ductor edges of the coaxial connectors on the fixture, but not at
At resonancefy = R(wo) = Z:(wo) is computed from the the edges of the component pads depicted in Fig. 1. The SOLT
measured datd, = L, is determined from (15), and using (19) calibration procedure involves defining the standards precisely
the capacitanc€, = C(wo) is given by to the NA in terms of what are known aslibration constants
1 [12], and performing a user calibration.
Co=—5—. (21) The short load andthru are of zero length offset and %3-
wyLo impedance. Thehortis constructed by joining the center con-
At frequencies off the resonance, it follows from (20) that (s¢&ictor and the lateral ground at the reference plane location
the Appendix) (Fig. 4). Additional vias are stitched around this connection.
For better impedance matching, the transition from the center
Rw) =2Z,(w) (22) conductor of the coaxial interface to the CPW signal trace is

17)

2

Wo =

W
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Fig. 4. On-board CPW calibration standards. (a) Load. (b) Short. (c) Open. (d) Thru.

made through a low-loss microstrip line. All the exposed copp
is gold plated on signal traces and ground planes. A precisi
lumped chip resistor of 78 is connected at the reference plan
for the load standard (actually, to reduce the inductance of tt
resistor package, two 190+esistors are connected in parallel) _
To minimize the influence of any package-specific parasitic e g
fects of the resistor, small-footprint (IEC 0603) resistors ai$
employed. It is assumed that the load reflection coefficient r §
mains constant with frequency over the intended bandwidth =
1 MHz-3 GHz so that a precision lumped-element load can §
justified. The accuracy of calibration using this load will be veri
fied by independent measurements later in this section. Since
CPWthru standard has zero offset, its length is exactly equal
twice the distance between the end of the microstrip connec
and the on-board measurement reference plane (see Fig. 1). %% 500 1000 1500 2000 2500 3000
to the zero offset of these three standards, short, load, and tt Frequency (MHz2)
we need not specify any calibration constants for these, other _ o S
than the 752 line impedance. An ideal open circuit is impos]!?;%qrsé Insertion loss of a CPW transmission line, measured imaalibrated
sible. The nonideadpen(Fig. 4) presents fringe capacitance at
the end, which needs to be described as a function of frequen -2 : ‘ :
to the NA. This capacitance is measured independently usir p
the procedure described in [7], and the frequency dependen  -sof o .
is incorporated by fitting a third-order polynomial to the mea- T S
sured data. The polynomial coefficients are input to the NAa o} 8
calibration constants for the boaogpenstandard. All the cali- /
/
i

______
o
-

bration constants for the four standards in Fig. 4 are recorde% 50
and stored in the NA's internal memory, where they are recalle® |/
before each calibration. By calibrating with these standards ir'§ 60 1
stead of the coaxial accessories supplied with the NA, we enak=
the NA to perform error-corrected measurements on SMD con -7 .
ponents at then-boardreference planes depicted in Fig. 1 in-
stead of the standard coaxial interfaces. It should be noted tt  -sof .
these SOLT standards are designedhasousealternatives to = S11 Callbrated
on-board calibration in an environment not conducive to usini  -s; = T e o0 o0 3000
commercial on-wafer probes. In our application, the frequenc Frequency (MHz)
range and characteristic impedance made the CPW line pitch
much larger than typically used in microwave circuits, and nfg. 6. Improvement in return loss of thead standard after calibration.
commercial probes were available. Next, we present some re-
sults pertaining to accuracy of the calibration standards depicteé component pad edges in Fig. 1 using a zero-letiytin
in Fig. 4. calibration standard, this insertion loss is corrected in actual
Fig. 5 displays the insertion loss of the uncalibrated fiXSMD measurements. Fig. 6 depicts the return loss ofdhd
ture, measured between the coaxial reference planes witkadibration standard, measured in the same fixture, before
3.8-cm-long CPW transmission line mounted in the fixtureand after calibration. The uncalibrated fixture yields a return
The insertion loss is better than 0.4 dB over the 3-GHz banidss better than 30 dB up to 2.5 GHz. After calibration, the
width of interest. Since reference planes are establishedmaximum return loss measured is abeut7 dB at 3 GHz,
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Fig. 7. Return loss of the line-extendeshort standard measured after — s21
calibration. w511 /
30F Jeo
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with better than-59 dB being typical across the 3-GHz band
The return loss after calibration varies by less than 2 dB ov
the entire banat these small levelsalidating our assumption
that the lumped elemeiftad standard maintains 78-charac-

teristic impedance of the transmission medium. In Fig. 7, w
show the return loss of thehortstandard, extended by a CPW &
line with a round-trip delay of exactly a quarter-wavelength ¢ -
3 GHz, measured after calibration. Without the extension, tl
calibrated trace collapses about the extremityl (0) in the ook
reflection coefficient plane. The return loss of the extende

shortproduces half a circumnavigation around the Smith cha , , ‘ , .
0 500 1000 1500 2000 2500 3000

0

Phase (deg)
©w
S11 Phase (deg)

corresponding to a quarter-wavelength rotation. As expecte Frequency (MH2)
the increasing loss at the higher frequencies tends to rotate the b)

trace inward. A similar agreement with the calibrated result is

also observed for the line-extendeedd standard Fig. 8. (a) Magnitude and (b) phase of the meastgzhrameters for a 68-nH
. ’ SMD inductor.
To summarize, the component measurement follows two

steps.
Step 1) We perform a full two-port error correction using thEequency and? at resonance are calculated from the magnitude
board calibration standardshown in Fig. 4. curve as 1.682 GHz and 56.5, respectively. The peak resistance

Step 2) We solder the SMD component over the pads d@t wo) is approximately 24 K. It is clear that the reactance is
picted in Fig. 1, connect the NA cables to the fixturePredominantly inductive below the resonant frequency and ca-
and measure all four of thé-parameters. pacitive above that frequency.

The extraction of the component’s equivalent circuit follows FOr comparison, we have also measured the same component

from the steps outlined in Section I1. Sample measured resu#@ng the HP 4291 impedance analyzer with the HP 16191
will be presented below. SMD test fixture. This instrument measures only the intrinsic

characteristics of the component; hence, it does not capture the
interaction between board layout and component package. The
NA measurement does include the layout and package parasitic
A. Inductor Measured Data effects. The resonant frequency and quality factor for the
The first example pertains to the measured data for a Coilcraftpedance analyzer measurement are found to be 1.553 GHz
68-nH ceramic inductor, mounted on an IEC 1206 SMD paahd 30, respectively. It is evident that any equivalent-circuit
footprint. Fig. 8 displays the magnitude and phas&®f, as CAD model derived from the impedance analyzer measure-
wellasthose 0611. The dip in transmission corresponds to paments will produce significant error in the design. Thus, it is
allel resonance between the inductor packaging and pad layaetry important to include package and layout parasitic effects
In order to determine the resonant frequency @akccurately, in the CAD model. Incidentally, because the extrinsic model
we calculate the impedanc¢® w) from the measured-param- accounts for parasitic loading, our measuégdompares very
eters, and plot its magnitude and phase in Fig. 9. The resonamet! with the high-frequency) of 55 reported inCoilcraft's

IV. MEASUREDRESULTS
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Fig.9. Magnitude and phase of the impedance derived from measured dateHigr 11.
a 68-nH SMD inductor.

Shunt conductance and capacitance of 1206-size pads measured with
the 68-nH SMD.
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Fig. 12. Measured impedance (magnitude and phase) of the 13-turn RF choke.

Fig. 10. Equivalent inductance and resistance of the 68-nH SMD package.

150 MHz, and is thus a narrow-band device. The length of the
March 1998 Catalog Coilcraft uses a proprietary microstripwinding is approximately equal to the gap between the compo-
fixture with the NA to measuré& and f;, of their inductors. nent pads shown in Fig. 1, because of which the leads had to

The inductance and resistance of the SMD package are shdwerbent inward and soldered on to the pads. Since the losses in
in Fig. 10. The inductance lies between 68—70 nH up to the réke choke are quite high (lo®), this example presents a rig-
onant frequency, where it dips abruptly and changes to a capamus test case of the equivalent-circuit model developed in this
itance of 0.14 pF [calculated using (16)]. The resistance variesearch. Also, the strong magnetic leakage flux created by the
from 0.25(2 to approximately 1 & over the 3-GHz band, with ferrite core couples to the layout and influences the values of the
a value of 5.3 at resonance. Fig. 11 displays the shunt copad parasitics manifested through the shunt admittance in Fig. 2.
ductance and capacitance for the pads, calculated from (9) aitt computed series impedance near resonance is plotted in
(10), respectively. The conductancg, is negligible &2 mS magnitude and phase in Fig. 12, and indicgtes: 156.6 MHz,
over most of the band), indicating that dielectric loss is not@ = 5.7. The peak impedance at resonance is found to be
factor. The pad capacitan€g, remains between 0.25-0.42 pR23.64 K2. The phase is arountt90” for significantly detuned
over the 3-GHz bandwidth. frequencies, but changes by more thah&9the frequency ap-

For comparison, we have overlaid in Fig. 8 tHeparame- proaches resonance because of appreciable losses in the choke.
ters computed using the frequency-dependent model depickedontrast, the SMD component (Fig. 9) maintains fairly con-
in Figs. 10 and 11. Excellent corroboration with measured rstant detuned phase &f90°. The series inductance and resis-
sult is observed for both magnitude and phase, especially ntarce are plotted in Fig. 13. We observe that the inductance up to
resonance. approximately 200 MHz compares very well with the nominal

Next, we have measured ttfeparameters of a 13-turn RFvalue of 4,,H. Due to increased power dissipation in the fer-
choke wound on a ferrite core of relative permeability = rite core and in the relatively large coil winding, the equivalent
200. The choke is intended to suppress RF interference arowswties resistance in Fig. 13 is quite high (approximately £21-k
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i ) ) Fig. 15. (a) Magnitude and (b) phase of the meas§rgdrameters for the RF
'ﬂgéé hSL“mt conductance and capacitance of 1206-size pads measuredgiélke. For comparison, data derived from the model are also displayed.
the RF choke.

. ) i in both magnitude and phase of theparameters. This close
peak). The resistance at resonance is approximatelf 0 4 reement between model and measurement is gratifying given
the choke in contrast to & for the SMD inductor. The self-Ca- y5; the RF choke is a difficult test case, manifesting strong cou-
pacitance of the ferrite choke, including the core and windinging and increased loss around resonance. A circuit validation
capacitances, yields = 0.28 pF in the model. The shunt ca-4f {he inductor model will be presented at the conclusion of this
pacitance for the pads, depicted in Fig. 14, is approximatel¥ iion.

1.8-2 pF over a 300-MHz bandwidth, a factor of 6-10 times
larger than the value associated with ceramic SMD inductogs. Capacitor Measured Data

The increa_se in shunt capacitance can be partially attributed tq:ig. 16 displays the measured admittance magnitude and
self-capacitance (to ground) of the ferrite core, which has ar Lﬁase of a shunt-connected 1.5-pF SMD capacitor from AVX,
atively high dielectric constant (approximately 16). The pm)Ettached between ground and aiZ&PWG transmission line.
imity coupling between the winding and pads also contributes{g,q S-parameters were measured using a 6-GHz 8753 NA
this increase. However, the shunt conductance of the pads is §fjily 5 50_759 coaxial transformer. The measured frequency
small, indicating that the dielectric loss can be neglected. Thi§ antiresonance is given by = 5.107 GHz, andQ = 53.2,
example emphasizes the importance of characterizing interggtn minimum impedance at antiresonance of 0.402The

tion between the component and layout through extrinsic m%ase of the admittanceY (1, 2), obtained by adding 18G0
eling. In order to validate the equivalent-circuit model, we comhe data in Fig. 16, is clearly 9Gor frequencies lower than
putedZ andY, in (1) and (2) using the derived valuesBfw), the resonance, and changes—te(° after the resonance. The
L{w), Gp(w), Cp(w), andC (as plotted in Figs. 13 and 14), cal-inductance of the capacitor package, determined from (15), is
culated the correspondirtyparameters of the choke model, andound to beLy = 0.67 nH, which is a small value. The model's
compared them with the measured data for the choke. Fig. 15frequency-dependent capacitance and resistance are plotted in
veals an excellent agreement between model and measurerk@gnt 17. The capacitance is approximately 1.5 pF at 50 MHz,
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and decreases to 1.44 pF at 6 GHz. The resistance over the

6-GHz band is below 0.8. Although not shown for brevity, Fig. 20. Schematic of the ideal lumped-element-prototype of a Chebyshev
the S-parameters of the model compared very well with th/@w-pass filter.

measurements over the entire band. Further validation of the

shunt-capacitor model will be given in the filter design example Fig. 18 depicts the characteristic impedance of the CPWG in-
to follow. terconnect, which is close to That low frequencies, and drops

to approximately 70.8 at 3 GHz. The imaginary part &f. stays
C. Interconnect Characterization below 0.42 across the band. The attenuation and phase constants
We have measured thparameters of a CPWG line usingar.e plotted in Fig. 19. Thetransmission line showsasmallattenu-
the same measurement fixture as the components. The line t|%n andfairly linear phase shift with frequency. The line param-
. o . &% calculated from the measured data are used to model all the
a _”Ofn'”a' character_|stlc impedance ofS'lSVarlc_)us lengths Of_ interconnects used in the validation design to follow.
this line are used to interconnect components in a low-pass filter
that we will presentin the following section. Using the measurg§  circuit \Validation
data on the line, we have computed the characteristic impedanc . L -
and propagation constant of the interconnect as follows: W_a have de_S|gned a low-pass f_||ter in a CPWG transmission
medium to validate the measured inductor and capacitor models
5 5 presented in this paper. Thdeal prototypsfifth-order Cheby-

Ze = V Zi1— 21, (24)  shev response has a ripple of 0.2 dB in the passband, cutoff
frequency of 1 GHz, and a minimum stopband attenuation of
30 dB at 2 GHz. The schematic of the ideal filter prototype is
shown in Fig. 20, and the associated layout implementation is
shown in Fig. 21 with the SMD components connected by ap-
proximately 0.2-in-long CPW transmission lines. The SMD el-
where £ is the length of the interconnect. The open-circuéments have been first measured in the CPWG fixture, and their
impedance %) parameters in (24) and (25) are obtained bgxtrinsicequivalent-circuit models characterized as discussed in
transforming the measureftparameters. The attenuation angection Il. Next, using these measured models and the intercon-
phase constant of the line are calculated from the real amect's transmission-line parameters computed in Section IV-C,
imaginary parts in (25). we have calculated th&-parameters of the circuit in Fig. 21.

22

— Z11
‘g = 1 —
Y cosh <
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Fig. 21. Layout implementation of the low-pass filter showing the SMD component locations and CPW interconnects.
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Fig. 22. Correlation between the filter's measuregbarameters and circuit

model. (a) Insertion loss. (b) Return loss.

the latter equivalent-circuit models. The resultifigoarameter
magnitude response of tfiter modelis plotted in Fig. 22. The
insertion loss within the passband is observed to be less than
1.5 dB, and the cutoff characteristics are within the specifica-
tions. The return loss is lower than 10 dB over the passbamd.
interesting feature of the design is that, by incorporating mea-
sured models for interconnects and the discrete components,
the circuit did not require any tuning to meet the specifications
For comparison, the measured insertion and return losses of the
CPW filter are also plotted in Fig. 22. The agreement between
the filter model and measured data is within 0.2 dB in the pass-
band, and the worst-case discrepancyin is approximately

2 dB (but the reflected signal is below a 10-dB level). The phase
of §11 andS21 also showed reasonable correlation between the
filter model and measurement, but are not plotted for brevity.

V. CONCLUSIONS

We have presented a method to derive extrinsic equiva-
lent-circuit models of RF components, which consider the
parasitic effects of the design environment such as layout and
package effects, material loss, etc. The model is derived in
closed formfrom S-parameters measured on an NA without
using any numerical optimization normally followed in RF
circuit synthesis. We have demonstrated the procedure for
SMD inductors and capacitors, focusing on the advantages
of extrinsic over intrinsic modeling. We have validated the
derivedextrinsiccomponent models by incorporating them in a
low-pass CPW filter design, and demonstrated good correlation
between the model and measurement in the filter response. We
have shown that the increased accuracy, attained by incorpo-
rating layout/package parasitic effects of the SMD devices and
measured transmission-line parameters of the interconnects,
allows for easier design centering, as evidenced by first-pass
design success on the filter.

APPENDIX
We now derive the inductor and capacitor model parameters

It is emphasized that no layout simulations (such as the min-(17), (18), and (23). To derive the inductankgy) in (17),

ment method) were used to calculate the circuit response. W start with the admittance, given by the reciprocak¢f) in

entire response, termed as tifeer modelin the ensuing dis- (1)

cussion, is obtained by using standard circuit theory and the

extrinsic discrete component models. All the layout parasﬂmaféyr LY - L i 2) . (26)
+w?L

effects and other interactions with components are resident i Tow <O°_

_ R
- R2+ w22
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It is emphasized thak and L are functions of frequency; the
subscript or” in (26) simply indicates that the capacitari¢gis

constant with frequency [see (16H.can be expressed in terms 7]

of L using the real part in (26)
_ 14/1-(2Ywl)?

R 27
oY, (27)
The imaginary part in (26) may be written as
wlY,
Y, = wCy — T (28)

Substituting foriz from (27) in (28) yields a quadratic equation [11;

for L of the form

Y, A . A 1
2 _ 1 = = =
X+vX oCo Y, A, with X LY.
(29)
Solving (29) forX in terms of A, we obtain

14 A?
X=—7+.

oA (30)

Back-substituting fotX’ and A from (29) results in the sought-
after expression foL(w) as follows:
1
|YV|2 — wCOY;‘ '
wCy—Y;

Realizing that |Y] 1/1Z], Y, Z./|Z)? and
Y; = —|Z;/|Z|?|, after simplification, (31) yields (17).

L(w) = (31)

w {wCo +

Substitution ofu L from (31) into (28) results in the expres-

sion for the resistance
Y,
(wCh)? — 2wCY; + |Y |27

R(w) = (32)
By writing Y;., Y;, and|Y'| in terms ofZ,., Z;, and|Z|, we then
obtain R(w) in (18).
To derive (23) for the capacitan€&w), we observe that the
imaginary part of (20) may be written as
Oo Zi(w)wo

2
< ) C(w) - wQRy
Solving for C, we obtain (23) after elimination off and wg
using (12) and (19), respectively.

wo

(33)
w

REFERENCES

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 10, OCTOBER 2002

[6] J. C. Rautio, “Synthesis of lumped models fraWi-port scattering
parameter data,JEEE Trans. Microwave Theory Techuol. 42, pp.
535-537, Mar. 1994.

K. Naishadham, “Experimental equivalent-circuit modeling of SMD
inductors for printed circuit applications|EEE Trans. Electromagn.
Compat. (Special Issugjol. 43, pp. 557-565, Nov. 2001.

G. A. Hjellen, “Including dielectric loss in printed circuit models for
improved EMI/EMC predictions,’JEEE Trans. Electromagn. Compat.
vol. 39, pp. 236-246, Aug. 1997.

H. Shi et al, “An experimental procedure for characterizing intercon-
nects to the DC power bus on a multilayer printed circuit boaEZE
Trans. Electromagn. Compatol. 39, pp. 279-285, Nov. 1997.

S. S. Mohan, M. D. Hershenson, S. P. Boyd, and T. H. Lee, “Simple
accurate expressions for planar spiral inductand&gE J. Solid-State
Circuits, vol. 34, pp. 1419-1424, Oct. 1999.

K. Naishadham, “On-board probing of broadband RF amplifiers using
CPW interconnects,” irProc. |IEEE RF Integrated Circuits Symp.
Phoenix, AZ, May 2001, pp. 129-132.

“Network analysis: Specifying calibration standards for the HP 8510
network analyzer,” Hewlett-Packard Company, Englewood, CO, HP
Product Note 8510-5A, 1997.

HP 8753D Vector Network Analyzer User Manualewlett-Packard
Company, Englewood, CO, 1998.

HP 4291B Impedance and Material Analyzer User Manédwlett-
Packard Company, Englewood, CO, 1996.

D. M. PozarMicrowave Engineering?nd ed. New York: Wiley, 1998.

K. C. Gupta, R. Garg, and I. J. BahMicrostrip Lines and Slot
Lines Norwood, MA: Artech House, 1979.

K. Naishadham, “A rigorous experimental characterization of ferrite in-
ductors for RF noise suppression,”foc. IEEE Radio and Wireless
Conf, Denver, CO, Aug. 1999, pp. 271-274.

(8]

[9]

(10]

[12]

(13]
(14]

[15]
[16]

(17]

Krishna Naishadham (S'84-M'86—-SM’97) re-
ceived the M.S. degree from Syracuse University,
Syracuse, NY, in 1982, and the Ph.D. degree from
the University of Mississippi, Oxford, in 1987, both
in electrical engineering.

From 1987 to 1999, he was on the electrical
engineering faculty of the University of Kentucky,
Lexington, and Wright State University, Dayton,
OH. During 1997, he was a Visiting Research
Scholar with Sydney University, Sydney, Australia.

In August 1999, he joined Philips Broadband
Networks, Manlius, NY, where, until August 2001, he researched advanced
RF circuit and system architectures for broad-band analog/digital CATV dis-
tribution. He then joined the Systems Technology Center, Syracuse Research
Corporation, North Syracuse, NY, as a Senior Research Engineer. Since the
2000-2001 academic year, he has been an Adjunct Professor of electrical
engineering at Syracuse University. His research interests include RF and
microwave circuits, computational electromagnetics, electronic packaging, and
novel electronic materials for microwave applications. He has authored two
book chapters and over 100 papers in professional journals and conference
proceedings on these topics.

Dr. Naishadham is a member of URSI Commission B, Eta Kappa Nu, and Phi
Kappa Phi. He is a member of the Editorial Board of the IEEANSACTIONS
ON MICROWAVE THEORY AND TECHNIQUES and the CAD Algorithms and Tech-
niqgues Committee for the annual IEEE Microwave Theory and Techniques So-
ciety (IEEE MTT-S) International Microwave Symposium (IMS). He served as

[1] S.F. Mahmoud and E. Beyne, “Inductance and quality factor evaluatiGiair of the Dayton Joint Chapter of the IEEE Antennas and Propagation So-

of planar lumped inductors in a multilayer configuratioltFEE Trans.
Microwave Theory Techvol. 45, pp. 918-923, June 1997.

ciety (IEEE AP-S) and the IEEE MTT-S from 1994 to 1999.

[2] J. N. Burghartz, M. Soyuer, and K. A. Jenkins, “Microwave inductors

and capacitors in multilevel interconnect silicon technolod£EE
Trans. Microwave Theory Teghol. 44, pp. 100-104, Jan. 1996.
[3] A. C. Polycarpou, P. A. Tirkas, and C. A. Balanis, “The FEM metho
for modeling circuits and interconnects for electronic packagileEE
Trans. Microwave Theory Teghvol. 45, pp. 1868-1874, Oct. 1997.
L. Zhu and K. Wu, “Accurate circuit model of interdigital capacitor an

(4]

its application to design of new quasi-lumped miniaturized filters wit

suppression of harmonic resonanclsEE Trans. Microwave Theory
Tech, vol. 48, pp. 347-356, Mar. 2000.

D. D. Jatkar and B. Beker, “Effects of package parasitics on the perfi
mance of SAW filters,'IEEE Trans. Ultrason., Ferroelect., Freq. Contr.
vol. 43, pp. 1187-1194, Nov. 1996.

(5]

Tahsin Durak received the Master’s degree in elec-
trical engineering from Fairleigh Dickinson Univer-
sity, Teaneck, NJ, in 1988, and is currently working
toward the Ph.D. degree in electrical engineering at
Syracuse University, Syracuse, NY.

His research interests are RF and microwave cir-
cuits, digital communication systems, and global po-
sitioning systems.



	MTT024
	Return to Contents


