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Abstract

S=lf impedance of dielectric core material are being investigated in the frequency range of 100 MHz to 2
GHz. The full-sheet resonance (FSR) method of measuring dielectric constant and |oss tangent has been
modified to perform non-destructive test of fully fabricated printed circuit board core laminate and
prepreg materials. This modified FSR test method employs VNA frequency domain analysis to extract
dielectric constants and loss tangents for PCB material constructions. The FSR method as applied here
also shows its usefulness as a quality control tool.



Full Sheet Resonance Theory and Test Method

Thefull-sheet resonance (FSR) technique may be used to determine the permittivity and dso the
dissipation factor of PWB materialsin laminated and fabricated circuit boards [1], [2]. The test method
is nondestructive and is used to measure bulk electrica properties of substrate materiads. The frequency
a which the measurement is made is limited by the plane dimengons (a, b) of the full sheet. The FSR
method uses one-half wavelength resonance. Propagation of the resonance plane wave through the sheet
isonly dependent on the dimensions of the test plane and the didectric congtant of the materia under
test. Since the plane dimension and the resonance peak frequency (fmn) can be measured with high
precision, the didectric constant can be determined with high accuracy by equation 1. Where cisthe
speed of light, f is the mode pesk frequency, M and N are integers, aand b are the dimensions of the
FSR plane. Obtaining Er for higher order modes (higher frequencies) are possible for the same board if
the ratio of ato b is greater than two. The useful frequency range, in TEM 10 mode, of the FSR method is
about 100 MHz to 2 GHz. The limit to the test frequency band is determined by the dimensions of the
FSR test structure.
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While other methods for obtaining Dk and Df are available, the main advantages for usng amodified
FSR method in PCB products are:

1. Low setup and test cost as compared to other methods to extract properties information. The test
device consist of a4 layer fabricated test board (see figure 4).

2. Themodified FSR test method measures materia propertiesin afabricated product, Smilar to
product shipped to the customer.

3. Thetest method does not require a knowledge of the thickness of the material under test. This
diminates the uncertainty of making thin film thickness messurements.

4. The source gimulusis by direct injection vs. radiative couple for the standard FSR test method.
The effects of direct stimulus injections can then be de-embedded from the DUT during
cdibration

5. A dmplecdculation isused to extract bulk Dy values. For the TEM 1o resonant mode equation 1
reduces to;
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Figure 1 shows atypical FSR self-impedance profile for a0.001” thick dielectric ZBC1000™™ power
digtributive core laminate. The test core sheet dimensions (a,b) are 9.990” by 4.990". The TEM 10
resonance mode a 291 MHz isidentified as shown in the figure. The S21 data extract method shows
high sheet distributive Buried Capacitiance’ ™ and lowest commercidly available spreading inductance
is aso shown for reference.

ZBC-2000°, ZBC-10004 and Buried Capacitanced are Trademarks of HADCO Santa Clara Inc (“HSCI”). This Technology is patented and
sold under license by HSCI. 1992 HADCO Santa Clara Inc. Copyright 2002 HADCO Santa Clara, Inc. All Rights Reserved.
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Figure 1 Typicd sdf-impedance profile for a0.001” thick dielectric core.

To measure dectrica characteristics over awider band of frequencies FSR test boards are fabricated
with different dimengonsfor the FSR plane. Figure 2 shows sdf-impedance profiles for 8 different

board sizes. The core under test was 1 oz. RTF foil with a0.004” FR406 didlectric. The test boards dll
havethe same 2 : 1 ratio for the dimensions of the Sdes. All test boards measure in this figure where
fabricated on the same pand. The TEM 14 resonance modes are clearly identified and in the range of 200
MHz for the 12.5" by 6.25" board up to 1.5 GHz for the 2" by 1" board. Table 1 shows a second
generation FSR test board series currently being fabricated. The set of 9 test boards are to be all
fabricated on the same pandl. Thereby alowing the core laminate sheet to be characterized over an
extended frequency band. Table 1 dso liststhe TEM 19 frequencies (range of measurement) for Dy vaues
of 2and 5.



Impedance magnitude [ohm]

1000 E
F 0.8 nF Test-board dimensions:
I / 2"x 1"
3"x 15"
100 E 4" x 2"
a 5"x2.5" TEMo: Modes
6-. X 3.- from
7.5"x3.75" 0.2t0 1.5 GHz
10 | > 10" x 5" 80 pH
F "' 12.5"x6.25" »
1E
30 nF
01
0.01 E
0.001 = ! E— =
1.00E+06 1.00E+07 1.00E+08 1.00E+09
Frequecy (Hz)

Figure 2. Sdf-impedance profilesfor 1 oz. RTF foil FR406 0.004” FSR test boards
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Test Board Size
Test Panel Ratio

[ 275 :© 1 Test Point

Copper Plane Dimensions Coordinate
10.000 x 3.636 2.180 0.793
8.000 x 2.909 1.744 0.634
7.000 x 2.545 1.526 0.555
6.000 x 2.182 1.308 0.476
5000 x 1.818 1.090 0.396
4,000 x 1.455 0.872 0.317
3.000 x 1.091 0.654 0.238
2.000 x 0.727 0.436 0.159
1.000 x 0.364 0.218 0.079

Dk Range

2.00 5.00
TEM (01) Peak Freq MHz
417 264
522 330
596 377
695 440
835 528
1043 660
1391 880
2086 1320
4173 2639

Table 1 FSR test board dimensions and predicted TEM 19 peak frequencies
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The modified FSR test vehicleisafour layer board with asingle pair of via's connected to the copper
planes of the core under test.



The stack-up congruction is shown in figure 3 with the 2 port VNA connections. The viapairs for each
board are located at 1/6 of adiagond from a corner. This gives afixed test point relationship
independent of the Size of the board as shown in figure 4. The position of the via pair was chosen to
obtain amaximum signd return of the plane resonance for the test Sructure. The sdection of filler
prepreg in the test board construction is balanced ether Sde of the test core to maintain afixed via
height for both test ports. The via height from the surface pads to the copper planes of the test core is
0.022". Thisvia height remains fixed regardless of the thickness of the diglectric layer under test
(DLUT). Thefour layer test board is fabricated usng standard manufacturing methods for afail
condruction multi-layer printed circuit board. The multi-layer test boards thereby smulate any changes
in eectric properties that may occur to the DLUT through the fabrication process.

FSR test boards are currently being fabricated with core DLUT thickness ranging from 0.001” to 0.015".
The corresponding percent resin content is in the gpproximate range of 35% to 70%. It should be noted
that the test board construction can be changed from foil construction to core construction without
changing any dimensions. Using a core congtruction FSR test board will dlow B-stage prepreg materias
to be eectricaly characterized under fully fabricated conditions. Full dectrica characterizations

matrixes are being consdered for both core and prepreg DLUT with respect to foil types, resin types,
percent resin content, glass types and didlectric thickness.
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Figure 3 Cross-section view of the modified FSR test board.
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Figure 4 Plan-view of the modified FSR test board.

An Agilent mode 8753ES vector network anayzer is being used to collect S-parameter data. The 2-port
method developed hereis a modification of the S21 test method devel oped by Novak [3] to measure sdif
and transfer impedance of multi-layer print circuit board power digtribution plane pairs. A full 2-port
cdibration method is used to obtain error correction parameters. The calibration method devel oped
dlowsthe test fixture to be de-embedded right to the DLUT plane.

Test probes are fabricated from semi-rigid 50 ohm coax with SMA male connectors. The probetips are
shaped to a point as shown in figures 3 and 5. The diameter of the vias are chosen such that the probe
tips just enter the via holes without the probe wires going dl the way into the via. The probetips are
held in place againg the via pads with alight contact pressure. This contact arrangement for the probe
tips insures repeatable measures for multiple contacts to the via pads.

For the full 2-port method, short-open-load cdibration is done to the ends of the test cables. Isolation
cdibration is omitted due to the large dynamic range of the signd a the resonant frequency. Thru
cdibration is done with the test probes connected to the cables. The test probes make thru connection
using the arrangement show in Figure 5. Thisthru test fixtures is fabricated in a coupon on the pand
aong with the FSR test boards. The onboard thru test fixture alows the vias to be de-embedded from
the DLUT.
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Figure 5. Cross-section view of modified FSR test board thru calibration test fixtures.

Dielectric Constants M easur ements

Wide band (from 1IMHz to 3 GHz) S21 dataisfirst collected for agiven DLUT for each test board on a
fabricated pandl. Up to 8 panels may be fabricated per DLUT being tested giving 8 data points for each
of the 9 test board dimension given in table 1. The TEM modes and coarse peak resonant frequencies are
then identified as shown in figure one.

After the TEM modes have been identified narrow band-width scans (from 50 to 150 MHz) are then
performed centered on the resonance frequency. Figure 6 shows the impedance magnitude and phase for
anarrow band scan of a0.001” thick (9.990” x 4.990") DLUT. The next step is to determine the exact
peak frequency for the resonance mode.

The peak frequency may be determined from obtaining the maximum value of the magnitude curve or

the zero crossing of the phase curve. But there are severd potential problemsin using this method.

Novak in [4] has shown that; (a) the first resonance peak may be suppressed by other modes and (b) the
frequency of the first resonance peak on alossy board depends on the definition of pesk.

The issue of mode suppression by interference with other modes can be minimized by choosing a
rectangular test plan with ratio’s of Sdesa and b that are not whole numbers. Also, mode suppression is
minimized by locating the test points near an edge away from the center lines of the test board.
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Hgure 6. Impedance magnitude and phase for a narrow band-width scan about the TEM 19
full-sheet resonance of a1 mil didlectric core.

The second issue is more fundamenta. In lossy FSR plane structures, impedance maxima and minima
interact creeting an overal impedance profile across the plane where the frequency of the first mode
peak depends on how the peak is define. Simulations of lossy FSR structures have shown that defining
the peak where the impedance magnitude has its maximum vaue will result in a negative error in the
frequency estimate. Similarly, if the first frequency pesk is defined were the phase angle is zero will
result in apogtive error in the frequency estimate. In both cases the error or the measured pesk
frequency depends on the location on the plane, therefore using these methods is not acceptable for
determination of dielectric congtants.

The method used here to determine dielectric constant is to define the modal pesk frequency as the point
were the second derivative of the phase crosses zero. Extracted smulations have shown that if the first
modal peak is define a the second derivative zero crossing that the error in measuring the pesk
frequency is basically zero regardless of the location on the FSR plane.

Figure 7 shows the uncorrected dielectric constant measurements for 3 different FR406 DLUT’ susing

the method described above. Each data point represents the average of 8 FSR test boards fabricated from
the same production lot. The best and worst peak frequency measurement standard deviations were 0.3%
and 1.9%. The Dy vaues are plotted againgt FSR test board length or Y2wavelength. The frequency

range from longest to shortest board length is 289 to 1011 MHz. The measurements are uncorrected in
the sense that the did ectric congtants were determined using equation 1a. It is worth noting that vaues

of didectric congantsin figure 7 are within 5% of reported values for these materials.
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Figure 7 Un-corrected dielectric congtants vs. board length for three different DLUT’s. DLUT A is
0.002" with double treat fail, B is0.002" with reverse treat foil and C is 0.004” with reverse tregt foil.

Two fundamentd issue become apparent at close examination of the datain figure 7. Firg isthat the
data shows the method to be senstive to a change in resin content when comparing the sameresin
system (FR406) and fail typesto two different thickness, 0.002” and 0.004” didectrics. If we takethe
average of the A and B curves, for 0.002" thick didectrics and compare it to the C curve for 0.004” the
difference in dielectric congtant is about 6%. Thisis comparable to the reported dielectric constants for
the difference in the resin content of 58% for the 0.002" DLUT and 45% for the 0.004” DLUT.

The second issueisthe difference in the A and B curves for the same resin system (FR406) and the same
nomina thickness (0.002") with different foil types. The messured variation in DLUT thickness, by
cross-section method for the A and B test boards is about 0.0002”. The thickness variation aone can not
account for uniform variation in Dy for the A and B curves. Using alarger matrix of DLUT sincluding
different foil types this phenomenon shdl be explored in greater detall.

While the uncorrected data given here shows a reasonable good agreement with Dy vaues determine by
other methods severa correction factors are being evaluated to reduce derived Dy value error and
uncertainty. Equation 2 shows one such systematic error correction term that takes into account electric
fidd fringing beyond the DLUT for an open wall resonator design [2].
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L oss Tangent M easurements

The measurement of loss tangent of PCB laminate materidsis not as straightforward as dielectric
congtant extraction. To obtain useful information of didectric loss tangent requires knowledge of the
parameters affecting the quality factors for an FRS test Structure. The unloaded quality factor Q, of a
FSR resonant cavity can be obtained [2] by combining the cavity’s conductivity Qc, radiation Qg and
didectricloss Qp

were Qp isrelated to the didectric losses by

L g = L. @, 10
Q °7 %, 0. Qg

The measured or loaded quality factor Q combinesthe cavity’sinternd qudity factor Q, with an
externa quality factor Qe that represents externd losses including port coupling. The loaded quality
factor isgiven [5] by

1_1, 1 _1+k
b= =

Q Q@ Q Q

were K isthe cavity coupling coefficient.

A derived formulation for the conductivity quality factor for a FSR test structure is given by Taber [6],
who obtained,

_PMfmt

Qc TR

where |, is free space permeahility, t the thickness of the didlectric and Rs is the surface resstance
including roughness of the copper planes. The radiative qudity factor may be determined theoreticaly
for the FSR test structure asin the case of [7] for acircular disk. Once Qc and Qg are determined the
loss tangent for the didectric can obtain from equeation 4.

It should be noted that Qc is directly proportiond to dielectric thickness and inversely proportiona to
surface resistance Rs. Both didectric thickness and surface resistiance contributions to the FSR quality
factor can be determined experimentaly to a high precisons using the S21 parameter extraction method
described above. Figure 8 shows the loaded quality factor for a0.001” and 0.002” DLUT coresat f1o
determined from the relationship

_dq
Q o
where € is the measured phase angle and df is the frequency interva for the narrow band frequency scan
around f1o. Both resin (FR406) and foil type (double treat copper) were the same and only the thickness
of the diglectric was changes for the two DLUT’s. The increase in the measured qudlity factor for the
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0.002" coreis predominately due to the different in the didectric thickness. In power digtribution
aoplications areduction in the quality factor is desirable as shown here for ZBC-2000® and ZBC1000™
laminate cores.

Therefore, by careful measurement of the S21 parameter with respect to resin type, glasstype, fail type
(including roughness) and didlectric thickness for the FSR test vehicle describe herein certain eectrica
parameter important to high speed PCB design can be derived in the frequency range form 100 MHz to
2 GHz. Among the parameters to be determined are loss tangents due to diglectric materials and copper
fols
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Figure 8. Derive loaded qudlity factor at the TEM 1 resonance for
0.001" and 0.002" thick DLUT cores.



Conclusion

The direct simulus FSR test method offers an dternative method for direct measurement of didectric
congtant and loss tangents as a function of frequency. The useful measurement band width for this
method isfrom 100 MHz to 2 GHz, which is an important band for current high speed designs. Direct
gimulus FSR has the advantages of lower test method cost for insitu non-destructive measurements. The
test method can be applied to both core laminate and prepreg PCB materias.
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