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Abstract—A new high-order-mode analytical method is de- measured admittance of a capacitor [12], [13]. At microwave
scribed for calculating the frequency-dependent complex permit-  frequencies, the admittance at the terminals of a parallel-plate

tivity of a Ipw-loss dle_lec;rlc in a parallel-plqte structure using ¢4 ~tire such as a two-metal-layer PCB or MCM can be
a planar microwave circuit model. An analytical expression for

the complex permittivity is derived in terms of the terminal ~Calculated from the scattering paramefgi, measured using
impedance at a modal resonant frequency of the structure. The a network analyzer. With this approach, the loss tangamnt
derivation provides physical and mathematical insight into the is simply calculated as the ratio of the real part to imaginary
relation between complex permittivity and port impedance. The hart of the port admittance of the structure, while the dielectric
technique is validated by good agreement between manufac- . . . .
turer's specifications and complex permittivity calculated from Consltam is determined from. the '.mag'n_ary part of the port
measurements near resonant frequencies for a printed circuit @dmittance and the geometrical dimensions of the structure.
board (PCB). For measurement frequencies where the stored electric en-
Index Terms—Dielectric losses, dielectric measurements, high- €79y dominates the stored magnetic energy—far below the
speed circuits/devices, microwave circuits, microwave measure- capacitor’s first resonant frequency—this method provides a
ments, microwave resonators, multichip modules, printed circuits. good estimate of dielectric constant and loss tangent, since
the dielectric loss tangent of a material is proportional to the
ratio of the density of energy dissipated in the material to the
|. INTRODUCTION stored electric-energy density [14].
At low frequencies, the contributions to the energy dis-

HE complex permittivity of a dielectric material used ipation and energy storage from the resistive and reactive
in high-speed and microwave circuits determines impo?—p 9y 9

tant characteristics such as impedance, phase velocity, ﬁ%l“e”ts are decoupleq [1.5]' In contrast, at high frequen-
attenuation in signal transmission structures. The electri¢afS where the plate Sizé 1S no longer small compared tp
performance of a printed circuit board (PCB) or muItichi[She Wavelength of the. signals, the _stored electromagnetic
module (MCM) can be significantly influenced by the di€nergy contributes partially to the resistance, and the power
electric properties of the substrate material. For example, ffigsipation contributes partially to the reactance. At high
reduction in power and ground plane noise in a PCB frequencies, the totallreactance of the parallel-plate cgpacnor
MCM is strongly affected by the complex permittivity Ofd.epe.nds on the multiple modes of the fuII—wavg equ|valenf[
the dielectric material [1]. Thus, it is important to accuratel§ircuit of the structure, and as the frequency increases, it
determine the complex permittivity for correct modeling anglternately becomes inductive, then capacitive, and so on
simulation of these systems. [1]. This behavior is controlled by the separation and size

Extensive research has been performed on determinatiorPbthe plates, the location and size of the terminals (ports)
material complex permittivity during the last three decadé¥) the plates, and the properties of the dielectric [16]. At
(e.g., the cavity resonance method, conductor method, dggonant frequencies, the imaginary part of the port impedance
waveguide-aperture method [2]-[11]). These methods are &f-zero, and thus the ratio of the real part to imaginary
ten complicated, especially when accurate results are require@rt of the port impedance becomes infinite. The previously
A simple and practical method for calculating the dielectridescribed complex permittivity calculation technique based
constant and loss tangent of thin dielectric films embedded port admittance would yield zero dielectric constant and
in a parallel-plate capacitor was developed based on tinéinite loss tangent, and thus should not be used near the

resonant frequencies.
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approximations for complex permittivity at low frequencies.
The low-frequency approximations will be shown to be in error
at high frequencies for a PCB example. In contrast, the high-
order-mode complex permittivity calculation technique will be
shown to give good results near the modal resonant frequencies
for this structure. The effect of loss in the conducting planes
will also be studied.

Il. DERIVATION AND DISCUSSION OFHIGH-ORDER-MODE
EQUATIONS FOR COMPLEX PERMITTIVITY

Based on the model for port impedance for a planar nfii9- 1. Parallel-plate capacitor structure [17].
crowave circuit [17] and for the two-metal-layer power-ground

plane structure [16], we have developed closed-form equatiQfisrallel circuits. Each parallel circuit has a modal resonant
to calculate the complex permittivity at the modal resonafiequency at which its reactance is zero. Likewise, the series
frequencies. First, we assume that the two metal planes ggnbination of the parallel circuits has a system resonant
perfectly conducting. According to [16, eq. (4)], thenth frequency at which the total reactance is zero.

P

x »"

modal impedance of the structugg,,,, can be written as Letting f; = (kﬁerkgn)—(kE—kf) and f, = 2k,.k; allows
the real and imaginary parts of thenth modal impedance
z = 2k, k; ! H Zmn t0 be written, respectively, as
mn = w =
b 4 K5 = (B K)o (k2 +k2,) = (k2 — ) +ak2ez — J2+SE
(k2 + E2,) = (k2 = k2)]” + 4k282 3)
: (ka%nl—i_kgn)_(k?_k?) jz flw-H

wherej = /=1, k = k. — jki = w\/uc is the wavenum- Zimn = (K2, +k2,) = (k2 = /fg)]2+4/€g/€i2w O fErfE
ber with w being angular frequencyk,,, = mn/F,, and (4)
kyn = nmw/P,, with m representing thenth eigenmode in

the z-direction andn representing theith eigenmode in the Dividing (3) by (4) yields

y-direction, andP, and P, are the widths of the perfectly .

conducting plates in thec- and y-directions, respectively f2 - @ (5)
(see Fig. 1). To compensate for the field fringing along the v Zin

periphery of the structure, the physical widths of the planes i 4 adding (3) and (4) gives

the z- andy-directions are converted into equivalent electrical

widths by [17, eq. (2.75)] and these are used instead for ‘ (gm +1)w
the widths P, and P, in (1). The dielectric has complex VAR AR #H (6)
permittivity ¢ = ¢, — je; and permeability:. CoefficientH is [(Z2=) +1]f2
§dC2,C2 , , Thus, f; and f, can be expressed as
H=—""Tcos(kynTy)" cos(kem 1) 4
PQUPZJ Zrznn
L,y 72 2 fi= o awH (7)
sin (kyn ) ] Sln(/fmm%) @ Zin Z—i’_ Zhn
L Ly _ mn
Ifyn? kacrn? f2 = m&)]{ (8)

whereL, andL, are the port widths in the- andy-directions, Sincee¢ = ¢, — j¢;, then

respectively, T, and T, represent the location of the center ) ) ) oy

of the port in thez- and y-directions, respectively, and is k= pew” = pwter — juwe; (9)
the dielectric thickness between the parallel plates. Coefficient

Cy, = 1if m =0, andC,, = v/2 otherwise. SimilarlyC,, = and also

1if n = 0, andC,, = /2 otherwise. Equation (1) is valid k2 = (k, — jk:)? = (k2 — k2) — j2k. K. (10)
for signal wavelengths much larger thah Equation (1) is

represented by a parallel conductance—inductance—capacitédioee ¢, and ¢; are even and odd functions of frequency,
circuit, except for them = 0, n = 0 mode, for which it is respectively, [18], [19], and; is positive except at zero
represented by a parallel conductance—capacitance circuit [f6quency, it follows thatt,. and k; are also even and odd
The total port impedance of the parallel-plate capacitor is tfienctions of frequency, respectively.

double summation overn and n of all modal impedances Solving (9) and (10) for the real and imaginary parts of
Zmn, and is represented by a series connection of all the modaknd substituting (7) and (8), the explicit formulas relating
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Zr.and Zt to e, ande; are TABLE |
9 9 DieLECTRIC CONSTANT AND LOSS TANGENT AND THEIR ERRORS
(1@2 - kf) kg + k5 — 1 CALCULATED FROM THE IMPEDANCE USING A SIMPLE STATIC
Cr = p) = p) APPROXIMATION AT FREQUENCIESBELOW THE FIRST SYSTEM RESONANCE
pw pw
2 2 r 2 i 2 i
_ (kacrn + kyn) (Zmn + Zyn ) = ZymwH Freq. (MHz) | € /¢, | € /€, Error (%) | tand | tané Error (%)
- 2 r 2 2
12 (Z5n” + Zinn”) 10 4.32 0.4 0.010 0.4
2 2 ;
= 3 - _— ) 30 4.44 3.3 0.010 3.9
Hw Nw(Zrnn + Zrnn )
2k,.k; fa zr H 12) 50 4.72 9.7 0.011 9.7
pw pot pw( 2+ Zi) 60 4.93 14.6 0.012 14.6
€ zr wH
tand = = = 5 . 3 - . 70 5.21 21.0 0.012 211
r (kacrn + kyn) (Zrnn + Zrnn ) - Zrnnw‘H
(13) 80 5.56 29.4 0.013 29.4
Equations (12) and (13) are valid provided that the metal plates 90 6.04 40.4 0.014 40.5
have infinite c_onductlwty. _ 100 6.67 551 0.016 559
For the staticim = 0, n = 0) case, only the first mode
contributes to the impedance, s6 = Zyy, and the factor 110 7.54 75.5 0.018 75.7

(k2,, + kZ,) is zero. Thus, (13) reduces tané = — 2" /Z",
equivalent to [12, eq. (1)], and (11) reduces to
_ZiH 16.51 x 16.51 cnd double-sided PCB with copper power and
BT S (14)  ground planes, as shown in Fig. 1 and discussed in [16].
(2 + 277) The copper planes are 17.78a thick and are separated by
For Z" < Z*, (14) becomes equivalent to [12, eq. (2)]. a dielectric layer 1.524-mm thick with relative permittivity

At the mnth modal resonant frequenc;,,, = 0andZ", ¢ /e, = 4.2, Whereg, is the permittivity of free space, and loss

mn

€p

is maximum, so (11) yields tangent of 0.01 up to the gigahertz frequency range. Since the
K242 terminals (ports) of size 0.338 0.333 mni are geometrically
€ = LQW (15) centered on the planes, the fundamental modal resonance at
pw 440 MHz is suppressed and the first observable resonance
and (12) gives occurs at 883 MHz and the second one at 1.25 GHz. The
H impedance is calculated from (1) by double-summing over
&= T (16) m and n all contributions of modesn = 0,---, myax,
mn n =0, nMAX, Whel’emMAX = nymax = 199. Table |

Thus, ¢, now becomes a simple function of mode numberymmarizes the dielectric constant and loss tangent calculated
and angular resonant frequency, ands related to the real from the approximate formulas discussed in Section I. As

part of the modal impedance. the frequency increases, the percentage errors between the

calculated and actual dielectric constant and loss tangent

lll. SIMULATION OF A PCB UWsING HIGH-ORDER-MODE significantly increase, and thus the high-order-mode technique
COMPLEX PERMITTIVITY EQUATIONS should be used instead at high frequencies.

To utilize only one modal impedance in the determination In calculating complex permittivity using the high-order-
of the complex permittivity, it must dominate the systenﬁnOde technique, we will utilize the dominance of a modal
impedance Z ~ Z,,, ). Because of the near singular propertympedance on the total port impedance at the modal reso-
of the real and imaginary parts &,,,, at the modal resonant hant frequency. To demonstrate the dominance of a modal
frequency,Z,.,, does dominateZ. We will utilize the single- impedance near its resonant frequency on the total impedance
mode dominance by considering frequencies at the mod¥lthe structure, then = 0, n = 2 andm = 2, n = 0
resonances while employing (11) and (13) to calculate theodes, which are at the same frequency, and the double-
complex permittivity. summation of the firstmyax = numax = 199 modal

As stated in Section |, when the operating frequency igpedances are plotted over the frequency range between 100
far below the first system resonant frequency of the paralld#Hz and 1.5 GHz in Fig. 2. The curve for the summed
plate structure, the capacitive behavior dominates the to200 x 200 modal reactance is always above that of the
reactance, and the resistive and reactive effects are decoupidtyle modal reactance at frequencies below the first modal
Under this condition, the loss tangent can be approximategsonance, which is at 0.883 GHz in this case. For frequencies
by tané ~ —Z"/Z'. As the frequency increases, the raapproaching this resonance, the discrepancy between the two
tio of stored magnetic energy to stored electric energy inurves decreases and nearly vanishes at frequencies close
creases, causing the accuracy of the estimated loss tangerthe resonance. The discrepancy is much more frequency-
and dielectric constant to worsen. For example, consider thensitive for the reactance than for the resistance. Near the
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40 + TABLE Il
.1 DieLeCTRIC CONSTANT, LOSS TANGENT, AND THEIR RELATIVE ERRORS
m ' CALCULATED FROM IMPEDANCE AT THREE DIFFERENT FREQUENCIESNEAR
% 30 4+ ! THE THEORETICAL (2, 2) MopAL ResSONANCE (1.2493 GHz)or THE PCB
o FIRST MODE: SOLID '|
~— . I
w 200X200 MODES: DASHED " Treq. (GHz) 1.2494 | 1.2487 | 1.2400 | 1.2300
271 1
Fal " AR()) 75.467 | 76.160 | 25.330 | 7.420
()] [
o 10+ .
i H VAR(Y)) 0.520 | 7.930 | 42.500 | 29.030
[ i1
_J . :
0 : — N 4.2243 | 4.2250 | 4.2326 | 4.2532
0.0 0.5 1.0 1.5 el L N 06 . 3
FREQUENCY (GHz) el. Error (&/6) (%) | 0. : : :
() tan 6 0101 | .0099 | .0079 | .0064
60 v ] Rel. Error (tané) (%) | 1.0 1.0 21 36
@ 404
s ® ;
o FIRST MODE: SOLID I the input port at the center of the power-ground plane structure.
= 20 1 200X200 MODES: DASHED, ’ ; : .
A s 1 . Thus, all modes with at least one indexs—or n—being
Z 0. == - = : A an odd number are suppressed due to the cosine factors
5 OJB 0.5 15 involved in the coefficientd, and the peaks of the evenly
] 20 numbered model impedances will be clearly distinguished
- in the frequency domain. For the square board, the first
40l nonzero modes (0, 2) and (2, 0) have an identical modal

impedance, thus the input impedangg calculated as a sum
of the two dominate modal impedances at the first degenerate
(0) resonance can be divided by two to obtain a single modal
Fig. 2. Comparison of single mode and total impedances based on ingut impedance for either mode. Following the procedure,
two-dimensional microwave planar circuit model. (a) Resistance. (b) Reafrst we calculate the theoretical resonant frequency of mode
tance. (0, 2) and then calculate the total impedangeat three
different frequencies near this resonance wijtfe, = 4.2 and

FREQUENCY (GHz)

TABLE I . )
DieLECTRIC CONSTANT AND LOSS TANGENT CALCULATED FROM tané = 0'0,1 for the prewously C_iESCI’IbEd planar structure.
IMPEDANCE NEAR MODAL RESONANT FREQUENCIES OF THEPCB The threeZ’s represent the port impedance of the structure
as if measurements had been performed. We then substitute
Freq. (GHz) 0.8832 | 0.8830 | 0.8800 | 0.8700 the measured impedancesato (11) and (13) and calculate

the corresponding complex permittivities. To validate this

s 53760 | 53.835 | 36.516 | 5.405 approach, first it is recognized that (1) for the impedance

7t (Q) 1158 | 3.595 | 28.350 | 19.315 of the structure has already been verified by experimental
measurements [16]. Second, since this approach is based on

€ /€ 4.2261 | 4.2262 | 4.2276 | 4.2454 measuring the impedance near a modal resonant frequency, the

accuracy of the method must be investigated as a function of
the closeness of the measured frequency to the actual modal
tané .0100 | .0100 | .0092 | .0073 resonant frequency. In practice, the measurement frequency
could differ from the exact resonance due to coarse frequency
resolution of the measurement equipment, to an imperfect
structure geometry, or to an imprecisely matched coupling
between the detector and the generator. To illustrate these
first modal resonance, the resistances of the first mode andpoints, we summarize the complex permittivityand tan 6
the 200 x 200 modes are indistinguishable in Fig. 2, whilealculation results at three frequencies slightly different from
the difference between the reactance for the two cases vatles theoretical resonances of the (0, 2) and (2, 2) modes in
considerably with frequency. At the next resonance of 1.Z®mbles Il and lll, respectively, and perform a simple error
GHz, the impedance contribution of the first mode is clearnalysis. The data in these tables show that the error in both
small compared to the 20@ 200 modal impedance. Thus,c andtané significantly increases when the offset from the
Z = Z.., IS a good approximation if the operating frequencynodal resonance becomes large; the erroraimé is more
is selected close to the resonant frequency of mage. sensitive than that im especially for a large frequency offset.
As an example of applying (11) and (13) to calculation ofhe error is mainly due to the contribution to the terminal
the dielectric constant and loss tangent from the impedarogedance from other nonresonant modes at the selected
near modal resonances of a parallel-plate structure, we sefegtjuencies.

Rel. Error (e-/¢,) (%) | 0.5 0.5 0.7 1.1

Rel. Error (tané) (%) | 0.0 0.0 8 27
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TABLE IV wherer is the skin depth of the conductor. This expression
DIELECTRIC CONSTANT, LOSS TANGENT, AND THEIR RELATIVE for £ is derived in [17] and illustrates the contribution of the
ERRORS CALCULATED FROM MEASURED IMPEDANCE NEAR THE d d diel ic | he i . f th
FIRST Two OBSERVABLE MODAL RESONANCES OF THEPCB conductor an ielectric losses to the imaginary part ot the
wavenumber.
Freq. (GHz) 0.8900 | 1.2475 To estimate the contribution of cond_uctor and dielectric
losses to the total measuredn 6, we define the total mea-
AN(Y) 59.20 | 58.33 sured tané as the apparentand,,, which includes both
7 @) 4513 | 27,92 conductor and dielectric loss contributions, and express plate-
conductivity tan 6,5, in terms of the complex wavenumber,
&/ 4.1995 | 4.2159 the dielectrictan 6, and the system parameters
2 ks .
Rel. Error (e,/¢,) (%) | 0.1 04 =3 tané +
tanb,, = 4= = d . (29)
1 (k2—k2) = ry2
tan 6 0115 | .0107 Mol 1—.25(tand + %)
o
Rel. Error (tand) (%) | 15 | 7.0 For low-loss materialsian § < 1. It is seen that if the ratio

r/d < tané thentanb,, ~ tané.

To further verify the model, and to provide an example In the example presented in Section Ill for the copper
of the proposed approach, tteparameter data for the PCBparallel-plate capacitor filled by a 1.524-mm-thick GET®K
was measured with a Hewlett-Packard HP-8510C netwodielectric at 1 GHzy = 2.1 um andr/d = 1.4 x 1073. The
analyzer. The analyzer frequency was swept across a ranggortedtan § around 1 GHz is 0.01. Thus, according to (19),
of frequencies and the measuréd; was converted into the error in using (13) for calculatingwn § is about 14%.
impedance. The modal resonant frequencies were estimategrom (19), the upper limit on the error due to the metal
as the frequencies at which the resistance peaked and thergistivity can be estimated ag/d)/tané, which shows
actance magnitude was minimum. At the two observed modght whenr/d < tan§, the conductor loss insignificantly
resonances, (11) and (13) were used to ce_llculate dielectimtributes to the measured loss tangent.
constant and loss tangent. Table IV summarizes the compleXsomplex dielectric constants for materials typically used

pernjitti\{ity calculation results for the two resonant.frquenciqﬁ microwave integrated circuits are usually in the range of
studied in Tables Il and Ill. These measured relative dielecttic , ¢ .~ and 0.0001-0.1 foran 8 [22]. To ignore the

constant and loss tangent values in Table IV are near ¢ Snductor loss in the estimatedn 6.p value, the following
reported values and the model-predicted values. The error,is

mainly due to the offset of the measurement frequency frotnh1ree conditions must be assured:
the actual resonant frequency especially for the (0, 2)/(2, 0)1) Planes are good conductors;
modes or due to the contribution to the terminal impedance2) dielectric layer is relatively thick as is reported in [23];
from other nonresonant modes at the selected frequencies. 3) measurement frequency is high, such that the conductor
loss is much smaller than the dielectric loss.
However, when the dielectric loss is very small, itan 6 ~
0.0001, the contribution of the conductor loss in the frequency
In the previous discussion, we assumed that the coppange of interest is no longer small compared to the dielectric
planes are perfectly conducting. However, in practice, melass. Thus, the apparemniné,;, values can be significantly
surements of loss factors of this structure include lossd#ferent from thetané of the dielectric, in which case (19)
predominantly due to dielectric and plane conductor resistivityill produce significant errors iman 6.
losses [20]. In this case, a perturbation approach can be used
to separate the conductor loss from the total measured loss
of the structure. Assuming that the electromagnetic fields in . ] ]
the lossy dielectric are not greatly different from the fields Our analytical-formula-based approach provides physical
of the lossless case, the power loss in the conducting pla@&§ mathematical insight into the relation between complex
and theQ of the structure accounting for the lossy conductingermittivity and port impedance for dielectric materials be-
planes can be calculated by a standard technique [21], itween parallel plates. Closed-form full-wave-based analytical
the ratio of thetan § of the dielectric to the total loss can beeXPressions were developed for calculating complex permit-
calculated or thean § can be separated from the total loss. ABVity near high-order modal resonant frequencies at which the
a first-order approximation, we propose an analytical Schemedance contributed by the resonant .mode dominates the
to evaluate the effect of conductor loss on the calculated tof@Pedance of other modes. These equations enable the calcu-

tand. When considering a small dissipation in the structurtdtion of complex permittivity from impedance measurements
the wavenumbek: should be formally replaced by and structural dimensions for low-loss dielectric materials in

electrically wide structures at high frequencies. Based on this

IV. ANALYSIS OF ERROR DUE TO
FINITELY CONDUCTING PLANES

V. CONCLUSION

_ 1t R N X AR
k=Fk—jk a7) theory, computer simulation for complex permittivities at or
with near several resonant frequencies and the comparison between
) the measurement data and the model prediction at the first two
K =2 (tané+ - ) Ve 18 :
amo -+ d/vHe (18) observable resonances of the PCB capacitor were presented
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and the preliminary results were analyzed. We found thpk] J. D. JacksonClassical Electrodynamics New York: Wiley, 1975,
i - i ch.6.
when the operating frequency of a pargllel plate S.trUCturegLSGrL G.-T. Leiet al, “Wave model solution to the ground/power plane noise
far below the system resonant frequencies, the static approach propiem,”IEEE Trans. Instrum. Measvol. 44, pp. 300-303, Apr. 1995.
based on the use of the measured real and imaginary p&tt$ T. Okoshi, Planar Circuits for Microwaves and LightwavesBerlin,

; ; ; Germany: Springer-Verlag, 1985.
of the Input admittance of the structure prOVIdeS a go 98] L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media

estimate of the complex permittivity. However, if the structure ~ Reading, MA: Addison-Wesley, 1960, ch. 11.

is operated at high frequencies, then the high-order-motdél (S; Ramo, Jt-, R-EIVVht'“n?WvNa”dYT- kVW?UZdilgg-’;S ah”d6V\ﬁV93 in
. . . ommunication electroniCs New YOrK: liey, , CN. O, .

approach presented in this papefr.s'hould be L.'S_Ed to Obtall"l B T. Edwards,Foundation for Microstrip Circuit Design2nd ed. New

correct value for complex permittivity. In addition, an easily  York: Wiley, 1992.

applied analytical expression for estimating the effect of lo&!! D: M. PozarMicrowave Engineering Reading, MA: Addison-Wesley,

. . 1990, ch. 7.
in the parallel plates on the calculated complex permittivitipo] R. k. Hoffmann, Handbook of Microwave Integrated Circuits Nor-
was also developed, which links the physical quantity 6 wood, MA: Artech House, 1987.

. . : . [23] J. Fanget al, “Effect of losses in power and ground planes in the
with the engme,ermg d_eSIQr' paramete_rs. simulation of simultaneous switching noise,” IBEE Topical Meeting
To further validate this method, we will make measurements  Elect. Performance Electron. Packagindlonterey, CA, 1994, pp.

at or near the modal resonances of a parallel-plate structure 110-112.

and perform a detailed comparison and error analysis on this

study. For the more general case of obtaining the complex

permittivity at arbitrary frequencies, it is necessary to emplov Robert H. Voelker (S'81-M'90-SM'95) was born
the total impedance formula for the structure rather than t in Midland, MI. He received the B.S.Esumma
individual modal impedances around resonances. The gen cum laude M.S.E., and Ph.D. degrees in electrical
case can be investigated by numerically solving the inver engineering from the University of Michigan at Ann

. A . Arbor, in 1982, 1983, and 1989, respectively.
problem, which will be a subject for further research. In the 1980's, he pioneered an original approach

to the rigorous and comprehensive time-domain
modeling of nonlinear high-speed digital and mi-
crowave circuits. This technique is based on incor-
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