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Abstract

Designing flexible circuits for maximum signal igtéy is often challenging since data
for polyimide-based dielectrics are not as wellreloterized at high frequencies as well
as better known low-loss materials. Data is preskand characterized for commonly
used flexible circuit polyimide-based dielectricaldow-loss rigid dielectrics. Both in-
plane (x-y) and out-of-plane (z) components oftredapermittivity (dielectric constant)
and loss tangent are measured using separatextast$ and methods. Data is collected
between 2 GHz and 25 GHz. By using different méshan the same samples, isotropy
differences of dielectric constant and loss tangantbe determined for both polyimide-
based flexible materials and glass reinforced loss Irigid laminates.
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Introduction and Problem Statement

Designers and fabricators rely on valid and aceuna¢asurements of dielectric constant
(¢r) and loss tangent (td) to characterize materials and predict electpesformance.
This is especially critical for applications attfdata rates or high frequencies. There is a
rich history of data in the 10 GHz range on glassforced rigid laminates. Thin
unreinforced laminates used in flexible circuite aot well characterized at high
frequencies since historically their mechanicapgrties were more important thgn

and tam. The traditional method [1, 2] for measurgi@nd tam for rigid materials
requires a stripline fixture utilizing specimenattiare 1.6 mm thick. Most flexible
dielectrics are less than 0.1 mm and often cop$iatpolyimide core that can not be
laminated without adhesives that have significadifferent properties. Stacking dozens
of layers and maintaining intimate contact of regoncopper is both challenging and not
representative of flex circuit applications.

A method utilizing a waveguide cavity [3] is aneaftative that enables testing of thin
(<0.1 mm) dielectrics. Since the electric fielobrgeented orthogonally to the stripline
orientation, the, and tand values reflect the “in plane” componentgaf These values
are often different than those using the “normalhponent ok, measured in the
stripline method.

The work presented here is aimed at better chaizogg thin unreinforced flexible
dielectrics using different methods. Modificatidred to be made to the stripline fixture
to maintain intimate contact of dielectric stack®ntrol samples of thick and thin glass
reinforced laminates were measured for comparisdrf@ purposes of “mapping”
results between the two methods. Two types ofdipolymer film were used to
reference the values efand tard since Tefloff is the most well characterized material
used in high frequency electronics.

Stripline - Method and Test Fixture Modifications

The most commonly used method for evaluaginand tam of dielectrics at 10 GHz is
IPC-TM-650-2.5.5.5. [1] This method is equivalem®STM-D-3380. [2] The original
intent of this work was to use the same test fextorevaluate both rigid glass reinforced
and thin unreinforced dielectrics side-by-sidefixdure was made per the specifications
of the test method stated above. A represent&tom IPC-TM-650-2.5.5.5 is shown in
Figure 1.

Two stacks of twenty two 0.075 mm thick layers ofeinforced flexible dielectric were
loaded in the fixture to obtain the required 1.58 wverall thickness of the samples.
Copper foil was used to provide a good ground cotiore for the stripline. Many

attempts were made to obtain repeatable data tianstructure at the pressure specified
in the test method (1000 Ibs). Only when the faves increased above 5000 Ibs were the
results repeatable enough to yield somewhat cemsidata. Unfortunately, the fixture
design in the test method is not capable of witiditeg this level of force. After about



10 measurements done at 5000 Ibs, the fixture babkee ball (highest force point)
where the internal water connection met the thinmesal area.
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Since the laboratory used to perform the testing maintained at relatively constant
temperature and humidity (21 C at 50%RH), the figtwas re-designed to withstand
higher force by eliminating the water connectiond distributing force over a larger
area. Elimination of the water connection allowlee design to be simplified by
reducing the number of metal parts to two. The ifrextifixture design is shown in
Figure 2 with dimensions shown in inches. The sameait boards for both the launch
and the resonators were utilized for modified desig

Stripline - Fixture and Sample Preparation

For organic materials, most low-loss materials daseTeflorf haves, values of

between 2 and 3. Polyimide materials have dietecanstant values between 3 and 3.5.
For this reason, resonator card structures wergechfsom the IPC-TM-650-2.5.5.5
standard between 2.20 and 3.50. Commercially @ailglass-reinforced rigid materials
were chosen. A list of these materials and thmiresponding properties (according to
manufacturer data sheets) is given in Table 1.

Datasheet (10 GHz}] Res W (cm] Res L (cm) Probe G (cm) | Probe VW {cm)
Material Mame 2 tand | Spec |Actual| Spec | Actual| Spec | Actual| Spec | Actual
Arlon DiClad Series® 880 | 220 |9E-04| 635 | 632|381 381|254 |258|274]1273
Arlon DiClad Series®@ 870 | 233 | 0.001 | 635 | 634 | 381 | 383 | 254 | 250 | 267 | 267
Arlon AD Series® 250 250 | 0002 |635)633)|361|381]254|259]240)246
Arlon CLTE-AT 300 | 0001508524318 379254 |2511213]214
Arlon AD Series® 350 350 | 0003|508 517 318|379 254|252]185]186
Table 1- Properties i
of the stripline o
resonators used for - f L Resonotor Length
teStIng- [4] —== [==-Probe Gap * --] —=— Chamfer
| 1hl
55 -1 I | _T *
Resonator Width Jl 75 4
|
| Probe Width - — i
1 [ ]

] dimensions
F 55.4 on centers ——-I incm



Figure 3— Photos
showing resonator
card and test samples
loaded in sequence.

The resonator card was placed between two setawgfles. In the case of thin
dielectrics, the samples had to be stacked to raa&tal thickness of 1.59 mm on both
the top and bottom of the resonator card. Figusk®vs a progression of how samples
were loaded. Figure 4 shows the individual layeisr to stacking. One key factor of
note is that the same copper sheet was used fearalbles and all fixtures. This

minimizes the impact that the copper has on the tmsgent measurements of higher
order modes.

Control samples of each fixture material (see TabMere prepared by etching copper
off of both sides of the copper clad laminate. $ame 1.59 mm thick dielectric used to
make the fixture were used to make the control $asnprhe samples that were tested
for comparison were two types of Teffgriwo types of Teflofi / Kaptorf composites
and two types of Kapton® based polyimide dielestric



Figure 4 — Close-up of fixture showing individualérs prior to stacking.

Specific descriptions of each dielectric are gibefow. To simplify, the six samples will
be identified by the names hold.

PFA Teflon® = 75um thick Teflon® film made from PFA 350 resin — stad 21 layers high
FEP Teflon®= 75um thick Teflon® film made from FEP 100 resin — $tad 22 layers high
TK 75 = 75um thick Teflon®/Kapton® composite (T:K ratio 2:1)stacked 22 layers high
TK 100 = 100um thick Teflon®/Kapton® composite (T:K ratio 1:2)stacked 17 layers high
Pyralux® AP = 150um thick All Polyimide — stacked 12 layers high

H Kapton® = 50um thick commodity grade polyimide — stacked 33 tayggh

Stripline - Measurement of Resonances

A vector network analyzer (VNA) was used to measlireesonances. The same
settings were used for consistency. A scan bantwid400 MHz with 1601 points
yielded a frequency resolution of 250 kHz sepagagiach point. The fundamental (n=1)
resonance was located and measured. The higharresbnances (n=2 through 9) were
located by assuming that the dielectric constaesdmt change substantially between
adjacent resonances and higher order resonanefiems will be multiples of the
fundamental.



Early on in the testing, it became clear that higiress force yielded more consistent
resonances, especially for high-order modes. Ei§whows examples of resonances in
which the highest press force results in the resoméeing most symmetrical. Also one
can see that the 1000 Ib force was not enough otama intimate contact. It also
appears that the air trapped between the layégssgrevalent with increased pressure.
In some cases, “clean” modes could not be obtaledo extraneous resonances and
interfering modes. Figure 6 shows examples whieanaesonances could not obtained.
When clean resonances could not be obtained, somaace is not used to determgne

or tand.
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Figure 5 Highest press force typically results in symigétlean” resonances.
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Figure 6— Examples of modes where “clean” resonances cutlthe obtained.

The resonances were evaluated at 10 dB, 3 dB dBdpbints. Only resonances that
clearly represent the mode in question and arelglsgmmetric were reported. To
provide the most data availability, the resonaneasurements at the 1 dB points were
used for analysis. These data are reported ineTabirough Table 5. Testing using the
AD Serie§ 350 fixture material will be done in future workelto time constraints.



DiClad 1dB BW | S21 at PFA 1dB BW | S21 at FEP 1dB BW | S21 at
Series® 880| n [ £.(GHz) | (GHz) |f (dB) Teflon®| n | £ (GHz) | (GHz) | £ (dB) Teflon®| n | £.(GHz) | (GHz) |f (dB)
1] 2550 | 00023 | 4391 1] 2637 | 00023 | -31.2 1] 2624 | 00025 | 234
2] 5103 | 00058 | 433 2] 5285 | 00037 | -241 2] 5245 | 00045 | -242
3| 7641 00093 | -37.2 3] 7.901 00053 | -251 3| 7901 00060 | -238
4110196 | 00080 | 458 4110530 | 00068 | -239 4110459 00075 | -236
5112732 | 00128 | 431 5 51 13.098 ] 0.0102 | 165
615271 0.0145 | -394 615793 | 0.0127 | 7.0 6| 15670 ] 0.0137 | 134
7117799 | 0.0215 | -36.8 71 18.380 | 00450 | 177 7| 18.306 | 0.01980 | -20.0
5| 20361 00308 | -31.3 g 8] 20.819 ] 0.0230 | 1561
9122872 | 00410 | -328 9 23617 | 00207 | 186 9123432 | 00300 | 175
1dB BW | S21 at 1dB BW | S21 at F';.'rElILIx3 1dB BW | S21 at
TK 75| n | (GHz) | (GHz} |f, (dB) TKA00| n |, (GHz) | (GHz) |f,(dB) AP| n|f(GHz)| (GHz) |f, (dB)
1] 2481 00045 | -35.0 1] 2385 | 00050 | -33.8 1] 2142 | 00048 | 434
2] 4961 0.0097 | -28.5 20 4772 | 00110 | -26.8 2] 4250 | 00100 | 637
3 3] 7214 | 00165 | 282 3| 6383 | 00180 | -301
4] 9894 | 00183 | -26.9 41 9563 | 00228 | -269 4] 8508 | 00185 | -255
5112390 ) 00225 | -243 5111925 | 00232 | -266 5110625 | 00263 | -266
6114627 | 00317 | -21.3 6 6] 12736 | 00323 | -231
7 7116706 | 00542 | -231 7114769 | 00520 | -235
6119725 | 00548 | -223 8 G 16967 | 00565 | -164
9122395 | 00712 | -30.6 9 9
Table 2— Measurements using the Kamn@ o a8 Bw f?gﬂ
. nffiGHz}| ! - (dB)
resonator made from DiClad Sefie880 1T 2119 [ 00113 | 505
2| 4255 | 00273 | 434
DiClad 1dB BW | S21 at PFA 1dB BW | S21 at FEP 1dB BW | S21 at
Series® 870| n | £ (GHz) | (GHz} | (dB} Teflan®| o | fr (GHz)| (GHz) |fr{dB) Teflon®| o | fr (GHz)| (GHz) |fr(dB)
1] 2486 | 00028 | -325 11 2614 | 00020 | -292 11 2617 | 00020 | 292
2] 4993 | 00055 | -281 2 2] 5212 | 00040 | -242
3| 7450 | 00077 | -242 3| 7857 | 0.0047 | -215 3| 7818 | 00055 | -208
41 9932 | 00107 | -229 4110470 | 0.0060 | -205 4110417 | 00070 | -20.9
5112418 | 00148 | -20.4 5113043 | 00085 | 172 5113014 | 00107 | 141
6114889 | 00192 | -17.9 6| 15643 | 00120 | 137 6| 15607 | 00137 | 142
7 7 7
8 8 3
9122319 | 00308 | -20.2 9123362 | 00210 | 167 9123304 | 00200 | 167
1dB BW | S21 at 1dB BW | S21 at F'g,'r'aluxS 1dB BW | S21 at
T 75| n|fr (GHz)| (GHz) | fr (dB) TK 100 n | fr (GHz)| (GHz) | fr{dB) AP| n|fr{GHz)| (GHz) |[fr{dB)
11 2441 00035 | 451 1 2380 | 00042 | 431 11 2113 | 00045 | -364
2] 4921 0.0080 | -35.3 2] 4745 | 00097 | -369 2] 42311 00097 | 435
3] 7.390 | 00135 | -26.8 3 3
41 9834 | 00180 | -251 41 9495 | 00198 | -305 41 8445 | 00238 | -296
5112177 | 00205 | -234 51 11847 | 00257 | -236 5110667 | 00273 | -246
6114738 | 00270 | -20.4 6114230 | 00358 | -21.3 6| 12669 | 00400 | -215
7117005 | 00437 | -16.1 7116563 | 00430 | 177 7114744 | 00543 | 188
8] 195681 00542 | 146 8118884 | 00535 | -202 3
9122080 | 00392 | -343 9121202 | 00658 | -214 9
. H 108 BW |S21 at
—Table 3_ Measurement_s USIng the I'(Eu:ton3 n|fr(GHz)| (GHz} |fr(dB)
resonator made from DiClad Sefie&70 1] 2109 | 0.0113 | 458
2] 4232 | 00210 | 400
3| 6370 | 00352 | -233
41 8494 | 003987 | 401




AD Series® 1dB BW | 521 at PFA 1dB BW | 521 at FEP 1dB BW [ 521 at
250\ n | f,(GHz)| (GHz] |f, (dB) Teflon®| | fr (GHz)| (GHz} |fr(dB) Teflon®| | fr (GHz)| (GHz) |fr(dB)
1] 2.390 | 0.0030 [ -326 1] 2606 | 00023 | -30.4 1] 2595 | 00023 [ -30.0
2| 4782 | 0.0062 | -283 2| 5217 | 00042 | -314 2| 5192 | 0.0045 | -25.0
3| 7178 | 00095 | -26.8 3| 7.820 | 00062 | -23.8 3| 7.788 | 0.0065 | -26.0
4| 9568 | 0015 | -245 4110423 | 00075 | -211 4110393 [ 00080 | -21.2
5111951 ) 00168 | -214 5113026 | 0.0097 | -21.9 5
6| 14330 | 00222 | 162 6 6
7| 16666 | 0.0305 | -224 7 7
i 620793 | 00192 | -34.0 il
9121358 | 00485 | -16.0 9123314 | 00208 | -21.0 9123254 ] 00240 ) 199
1dB BW | 521 at 1dB BW | 521 at Pyralux® 1dB BW | 821 at
TR 75| n|fr{GHz)| (GHz) |fr(dB) T 100] n |fr (GHz)| (GHz) |fr(dB) AP| n|fr{GHz)| (GHz) [fr(dB)
1] 2457 | 00042 | 354 1] 2368 | 0.0045 | 451 1] 2119 | 0.0040 [ 407
2] 4913 | 00080 | -303 2| 4745 | 00110 | 439 2| 4245 | 00098 | -375
3| 7373 | 00142 | -293 3| 7119 | 00157 | -346 3| 6373 | 001585 | -319
4] 9823 | 00178 | -256 41 9476 | 00240 | -346 4| 8500 [ 00192 | -258
5112300 ) 00260 | -213 5111649 | 002258 | -30.9 5] 10612 | 00243 | -26.2
6| 14724 | 00335 | 187 614216 | 00415 | 193 612714 ] 00323 | -219
7 7| 16579 | 00338 | -234 7
i il 6| 16920 | 0.0478 | -206
9] 22007 | 00660 | 197 9121180 | 00685 | -23.3 91 19.026 | 0.0412 | -341
H 1dB BW [ 521 at
P(apton3 n|fr{GHz)| (GHz) |fr(dB)
1] 2120 | 0.0107 [ 457
Table 4- Measurements using the g i%’#é gg;g; gg;
.20 0 -£
resonator made from AD Seﬁ@eSSO 4| 8487 | 00392 | 370
1dB BW | S21 at PFA 1dB BW | S21 at FEP 1dB BWY | S21 at
CLTE-AT| n |f,(GHz)| (GHz} |1, (dB) Teflon®| n |fr (GHz)| (GHz) | fr (dB) Teflon®| n |fr (GHz)| (GHz) |fr (dB)
1] 2225 | 00020 | -36.0 1] 2658 | 00022 | 316 1] 2645 | 00023 | -301
2| 4463 | 00040 | -30.3 2| 5306 | 0.0042 | -355 2| 5289 | 00050 | 248
3| 6873 | 00062 | -331 3| 7955 | 0.0046 | 208 3| 7.851 00055 | -245
4| 8870 | 00083 | -22.8 4110592 | 00072 | -194 4110555 [ 00083 | -19.7
5011083 | 00105 | -23.3 5113263 | 0.0090 | -31.0 5113183 ] 00143 | -292
6113299 | 00130 | -23.7 6| 15867 | 00122 | 228 6| 15831 ] 0.0165 | -16.0
7115472 | 00170 | -20.8 7 7118311 ] 0.0130 | 150
5| 17665 | 00262 | -16.0 5] 21.107 | 0.0260 | -205 5| 20961] 00330 | 152
9119923 | 00335 | -241 9123823 | 00297 | -249 9123745 ] 00258 | 262
1dB BW | S21 at 1dB BW | S21 at F'yralux3 1dB BWY | S21 at
TK 78] n|fr (GHz)| (GHz) |fr(dB) TK100] n | fr (GHz)| (GHz) | fr{dB) AP| n|fr{GHz)| (GHz) |[fr(dB)
1] 2490 | 00042 | 404 1] 2404 | 00043 | 4286 1] 2146 | 00042 | -306
2 2| 4804 | 00095 | 417 2| 4297 | 00088 | -299
3| 7474 | 00127 | -29.0 3| 7235 | 00135 | 320 3| 64558 | 00147 | 270
41 9949 | 00172 | -293 4| 9620 | 0.0192 | -327 4| 8582 [ 00188 | -31.0
5112442 | 00208 | -24.0 5 5] 10706 | 0.0205 | -30.8
6] 14908 | 00282 | -243 6] 14369 | 00333 | -26.9 G| 12864 | 00447 | -214
7117401 | 00322 | -202 7 7| 14965 | 00360 | -21.3
il il G| 17.005 | 004258 | 168
9 9121488 | 0.0550 | -223 9] 19.030 ] 00755 | 173
Table 5- Measurements using the o | [1eBBws2ta
—_— Kapton®™| n |fr (GHz)| (GHz) | fr(dB)
resonator made from CLTE-AT 1] 2173 | 0.0115 | 47.0
2] 4357 | 00233 | 433
3] 6493 | 00390 | 359




Stripline - €, Analysis of Resonances
To determine permittivity, equation 1 from sectibf of the IPC method was used. [1]

&=[nC/2f (L+AL)P

Where n is the mode number, C is the speed of, ligistthe measured resonant
frequency, L is the measured length of the resoraatdAL is a correction factor to
capture the difference in physical length and eleaitlength. Since Tefldhis one of the
most well characterized electronic materials; PRA BEP were chosen as the references
to determine the correction factdL() for all fixtures. The value foAL was determined
empirically as the value needed to obtain the kneaoes of the PFA and FEP resins
used. The known value fer of PFA 350 resin is 2.03 and the known valuesfaf FEP
100 resin is 2.06. [5] Figure 7 through Figure hOw the values of; determined form

the resonant measurements. The valu&L.ak shown in each plot. The lines shown on
the plots are linear trend lines.
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Figure 7— Permittivity €) measurements from test fixture made from DiClad.8
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Figure 8- Permittivity €) measurements from test fixture made from DiClad.8

Stripline Resonator AD 250 (Er=2.50) Stripline Resonator AD 250 (Er=2.50)
230 L=38.11mm AL =221 mm 210 4 L=3811mm, AL =221 mm
E 3.00 il . . LB * % 208
E + H Kapton® & Pyralux® AP ATK 100 o /’Q
% 280 779 0 AD Series® 250 = TK 75 & FEP Teflon® 8 20 =)
3 2o | [OPTAToRN £ L N
E ol & & & & & & » 4 5 O g— 0 0
= X% ok ox ox % T om O FEP Teflon®
= 220
o o “ 0 PFA Teflon®
2.00 BB B8 9 0 = 2.00 ‘ . . : 1
0 5 10 15 20 25 0 5 10 15 20 25
Resonant Frequency (GHz) Resonant Frequency (GHz)
Stripline Resonator AD 250 (Er=2.50) Stripline Resonator AD 250 (Er=2.50)
250 — L =38.11 mm, AL =2.21 mm Y 310 L=38.11mm, AL=2.21 mm
§ 245 M_g__—: T 0 °
o e Rl o A ] = -
£ 240 £ 3.08 S
] ATK 100 = 1 -
E 235 »AD Series® 250 E a0 %
i <TK 75 S - J.f . + H Kapton®
= 2.30 — — T 3.06 -
5 = = = ® Pyralux® AP
225 T T T . 3.05 . . . T
0 5 10 15 20 25 0 5 10 15 20 25
Resonant Frequency (GHz) Resonant Frequency (GHz)

Figure 9— Permittivity €) measurements from test fixture made from AD 250.
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Figure 10- Permittivity €) measurements from test fixture made from CLTE-AT.

Note the H Kapton® values in Figure 7 through Fegli® reflected no measurements
above 10 GHz. This is due to the fact that motbes@ n=4 were not strong enough to
be resolved over the noise. This commercial geddéapton® has the highest dielectric
loss of any of the samples measured.

Stripline - tan 5 Analysis of Resonances

Since the magnitude of the resonances varied gignify between lower order and
higher order modes, the measurements were normdabzeflect the unloaded Q in all
cases. The resonances were measured based odBheiferion to determine the
bandwidth. The calculations are detailed in secti@ in the IPC method. [1]

It was necessary to add an additional correctiotofdo make the results self consistent.
This bias was determined empirically to be the #alaeded to make the loss tangent of
PFA greater than zero. This correction factor imabided as a constant bias of all loss
tangent values. This correction factor is refeteds 1/Qcorr and its value is shown on
the summary plots shown in Figure 11 through Figure
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Stripline Resonator DiClad 880 (1/Qcorr=0.002)
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Figure 11— Loss Tangent measurements from test fixture rfrade DiClad 880.

Stripline Resonator DiClad 870 (1/Qcorr=0.0018)
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Figure 12— Loss Tangent measurements from test fixture rfrade DiClad 870.
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Stripline Resonator AD 250 (1/Qcorr=0.0023)

Stripline Resonator AD 250 (1/Qcorr=0.0023)
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Figure 13- Loss Tangent measurements from test fixture rfrade AD 250.

Stripline Resonator CLTE-AT (1/Qcorr=0.0017)

Stripline Resonator CLTE-AT (1/Qcorr=0.0017)
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Figure 14— Loss Tangent measurements from test fixture rfrade CLTE-AT.
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Stripline —- Comparison of Fixtures

Self consistency of results was a critical parameteletermining characterized values
from raw measurements. It is assumed that measmtsrof the same samples using
different fixtures will yield results that are castent. The purpose of Figure 15 is to
show the variation between the materials under tdste that the variation is about 2%-
3% of the value of,.
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Figure 15- Comparison of fixtures illustrating variationgpfvalues.

For loss tangent, one would expect a stronger adkp®e on frequency than for relative
permittivity. Since PFA and FEP do not signifidgnibcrease in loss with frequency and
these samples are used as references for lossitatigevariation is less for Tefl8rthan
any other materials evaluated. The variation betwthe test fixtures is illustrated in
Figure 16. Loss tangent varies by about 0.001208@ GHz. Higher order modes
(above 10 GHz) have larger variation of loss tahgéabout 0.002-0.004.
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Figure 16— Comparison of fixtures illustrating variationloss tangent values.

Waveguide - Thin Sheet Fixture and Method

One advantage of the stripline method is thatatpces values that are very self-
consistent. A major disadvantage of the striptimethod is that a relatively thick layer of
dielectric is necessary to perform the test. Ror dielectrics typical of flexible circuits,
this is especially difficult since dozens of layaesed to be stacked and sample
preparation in this case becomes a significanabégi An alternative method is
described in previous work by this author [6] thalizes a waveguide instead of a
stripline fixture. The associated procedure dgwetbwith this fixture is based on ASTM
D-2520 Method C. [3] The fixture was built and autded software was prepared by
Damaskos Incorporated. [7] This fixture is desigtetheasure dielectrics with thickness
values less than 0.5 mm. Typically this fixturelidized to measure samples less than
0.1 mm thick.

One significant difference between the waveguigtife and the stripline fixture is the
orientation of the electric field during testintn the stripline method, the electric field is
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oriented roughly normal to the plane of the dieieainder test. In the waveguide

fixture, the electric field is oriented in the saplane as the dielectric. Since the
waveguide is rectangular, the dielectric can bateat 90 degrees to determine if there are
differences between the “x” and “y” directions iretplane of the dielectric. Unless there
are defects in manufacturing, most dielectric makgused in flexible circuits do not

have significant differences between the in-plaxieghd “y” directions. Each sample is
measured twice, once with the film oriented in‘tkiedirection and once with the film
oriented in the “y” direction. These two measurateere averaged together and
reported as “in plane” measurements.

Waveguide - Measurement Results

Since the sample thickness is much smaller fomrtfgane direction, both individual
layers of the material under test and stacks oérni@itwere evaluated. Thickness of each
material was measured with a precision micrometdlrsamples were measured at the
same time using the same micrometer. For the raersed to make the stripline
fixtures, copper was etched off of resonator cé0d25 mm samples) and the fixture
layer materials (1.59 mm samples). Figure 17 shbersneasurement results of the
fixture samples.
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Figure 17— Waveguide measurements of the materials usedke the
stripline resonators.

The same specimens used for testing in the steifitktures were evaluated using the
waveguide resonator. Two or three stack thickreegsge measured in addition to single
layers of each material. These data are summainzeéidure 18.
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Figure 18- Waveguide measurements of test specimens testbd stripline fixture.
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Comparison of Stripline to Waveguide Results

A summary of the results from both the fixture lsafrigid/glass reinforced) and the
flexible (test samples) are shown in Table 6. fbdure materialsg, values measured
with the waveguide method tend to be between 5%-tifsfiter than the values measured
with the stripline method. A similar level of bissalso noted for the test samples that
were not used as references (TK 75, TK 100, Pyfah, and H Kaptof).

Interestingly, this bias ig, is not noted with the reference samples (PFA dtid)F

Fixture Materials (Rigid/Glass Reinforced)

Stripline Waveguide (in-plane) Values From
1.6 mm thick 1.6 mmthick | 0.25 mmthick Datasheet
Er tan & Er fan & Er fan & Er fan &

DiClad Series® 880| 217 (00014 231 |0.0014| 232 |0.0018] 220 |0.0009
DiClad Series® 870] 226 (00023 256 |0.0025| 260 |0.0027] 233 |0.0013
AD Series® 250] 242 |0.0026] 283 |00029| 287 |00040] 250 |0.0018
CLTE-AT] 2.90 10.0018] 3.04 |0.0009] 313 |0.0041] 3.00 |0.0013

Test Samples (Unreinforced Dielectrics)

Stripline Waveguide (in-plang)
1.6 mm thick 1.6 mm thick Small Stack Single Laver
£ fan & £ fan & £ fan é £ fan é

PFATeflon®| 2.03 | 0.0003] 2.01 |0.0004| 2.02 |0.0003| 2.05 |0.0002
FEP Teflon® | 2.05 |0.0007] 203 |0.0003| 2.04 |0.0005| 2.06 |0.0002
TK75] 230 (00049 247 |0.0063| 257 |0.0033| 258 |0.0029
TK100] 247 |00066) 282 |00028| 284 |00040| 287 |0.0038
Pyralux® AP| 310 [0.0070| 344 |0.0030| 348 |0.0037| 3.51 |0.0066
HKapton®| 308 |[0.0189] 343 |00103| 357 |00116] 349 00075

Table 6- Comparison of values measured using the striglime
waveguide methods

The difference between the methods indaasults is not as clear as it is &r If one
observes the talsummary plots in Figure 18, one can note thatahé results at 10

GHz do not follow the linear trend versus frequeti@an the rest of the modes. It is not
known if these data points reflect upward trendsmd or if they are outliers. Further,
there are significant differences in @ralues when the same materials are measured at
different thicknesses. This is true for both s&atknaterials (test samples) and
homogeneous fixture materials.
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Discussion of Results and Future Work

There are clear differencesdnvalues between the stripline and waveguide metfards
both rigid, glass reinforced and polyimide-basedifile dielectrics. In this study, both
methods utilize Teflofito determine reference values. There are twoailgless
explanations for the bias & values between the two methods. The first pddyiis

that there is anisotropy in tlgebetween the “in-plane” and the “out-of-plane” dtiens.
The second possibility is that the reference vatiesfor Teflori® are not equal in both
the “in-plane” and “out-of-plane” directions. Foetr study will be required to determine
which (if either) explanation is valid.

Loss tangent results at higher frequencies arensistent, but in general the values for
flexible circuit materials are lower than expectétihile the H Kapton® clearly had the
highest loss, the high frequency grade polyimidgedamaterials (TK and AP) had
reasonably low loss tangent values. The influeridbe copper may contribute to some
of the inconsistency in loss tangent. Althougls gaperiment utilized the same copper
sheets for all testing, the interfaces betweerstheked dielectrics may have contributed
to the inconsistent loss tangent results.

Other possibilities for future work include:

« Finishing measurement and analysis on all testdso@D Serie$ 350 fixture
not tested yet due to time constraints).

» Building microstrip or coplanar waveguide transnaadines and perform
impedance testing to extragtvalues.

* Round robin testing working in collaboration wiigid board suppliers.
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