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The electrical performance of a flexible-cable 
test structure is characterized from  low 
frequencies up to 25 GHz. The experimental 
results are used to develop and refine models 
which describe the performance of such 
cables, with particular emphasis on the 
contribution of dielectric and resistive losses, 
including  skin effect.  The capability of triplate 
flexible cables to provide high-bandwidth 
connections over long lengths is investigated 
with the models developed. A triplate design is 
chosen because it offers high density, limited 
crosstalk, no loss through radiation, and 
relatively inexpensive fabrication. Bit rates of 
100  Mb/s-1 Gb/s  are considered for 
propagation over lengths up  to 250 cm.  The 
paper highlights the performance-limiting 
factors through realistic examples, including 
the  contribution of interfaces to other 
interconnection structures. 

1. Introduction 
Metallized  flexible  films are being  used extensively as 
electronic interconnections in a variety of applications. 
In consumer products they are primarily used because of 
their low cost, while in compact devices, such as hand- 
held calculators and  disk drives, they are used  for their 
small size. In printers and copiers they provide a large 
number of connections while also accommodating the 
smooth mechanical movement of electrically active 
components [l, Ch. 151. Most  flexible cables consist of 
KaptonTM or Upilex" ribbons which are metallized  on one 
or both sides. The same basic technology is the basis of 
the tape-automated-bond (TAB) structures now  being used 
as single-chip carriers in some computer applications. 
Examples of these include the flipped-TAB-carrier (FTC) 
module  found in the Fujitsu VP2000 [2] and NEC SX-3 [3] 
series of supercomputers. More recently, a similar 
structure has been proposed as the first-level package for a 
125-MHz microprocessor [4]. Since fast rise-time signals 
must be propagated with controlled impedance and 
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crosstalk (coupled noise), such high-performance 
applications require metallization  on both sides of the 
dielectric film. Usually, though  not always, one side 
contains the signal wires, while the other is a ground 
plane. Structures with  similar cross-sectional designs have 
also been developed for high-density connector 
applications [5] and are now commercially available [6]. 
They are expected to replace more conventional pluggable 
connectors, providing surface-to-surface electrical contact. 

used to connect the central processing units to one 
another, to the input/output (I/O) subsystems, and to mass 
storage devices. For example, in Hitachi "880 computers, 
coaxial cables with 1.27-mm pitch transfer signals between 
two large-scale processor boards with short propagation 
delays (3.8  ns/m)  [7].  In a similar application, bundles of 
0.98-mm-diameter,  1.27-mm-pitch coaxial cables provide 
interprocessor connectivity in NEC ACOS 3900 computers 
with  3.6-ns/m delay [8]. Ribbons of 1.88-mm-diameter, 
2.54-mm-pitch coaxial cables containing a low-dielectric- 
constant polytetrafluoroethylene (PTFE) insulator ( E ~  = 1.3) 
are commercially available [l, Ch. 141 and can be  used to 
transmit 10-ns-wide pulses over lengths of  5-10 m [9]. 
However, coaxial cable assemblies are not inexpensive, 
costing about $5-10 per signal  line [lo]. An alternative is to 
use  flexible cables containing several signal  and  ground 
connections on the same ribbon. Since they can be 
fabricated by batch processing, the cost per connection is 
expected to be much  lower. Such flexible cables are also 
now commercially available [ l l ]  and are being considered 
for high-performance applications. An example  is the 55- 
cm-long Kapton-based cable, with about 20 connections 
per cm  of width, which was developed to provide the 1/0 
communication in a Josephson junction computer [12]. 
That cable was expected to support a 300-ps rise-time 
signal  with little signal degradation. Similar high-density 
high-bandwidth cables will continue to  be needed, 
especially in the massively parallel computer systems 
currently under development. 

In this paper the electrical performance of a flexible 
circuit test vehicle is completely characterized, and  with 
this knowledge, the capability of such cables to provide 
high-bandwidth connections over long lengths is predicted. 
Following a brief description of the overall design  and 
fabrication of the test structure, its characterization by 
time-domain measurement techniques is presented. In 
particular, a novel short-pulse propagation technique is 
used to measure the frequency-dependent complex 
propagation constant and impedance of a particular 
transmission-line design. These results, together with  low- 
frequency capacitance and resistance measurements, are 
used to refine the electrical models  which describe the 
performance of the flexible cable. In addition, we discuss 
the effect of process tolerances on these models.  The 

In large computer complexes a variety of cables are 

ability of the cable to propagate fast rise-time pulses is 
investigated experimentally with the transmission of 15- 
and 35-ps rise-time pulses. Its use in realistic applications 
is simulated with the transmission of 200-ps rise-time 
f 500-mV amplitude signals.  Maximum  usable lengths and 
the expected crosstalk noise are determined from these 
simulations. A triplate flexible cable with superior 
electrical characteristics is recommended for applications 
with the most stringent requirements. Finally, the 
application of such a cable to connect a chip carrier to a 
board is simulated. 

2. Test vehicle design 
The  different cross-sectional designs of flexible cables, 
currently available or under development, are shown 
schematically in Figure 1. Figure l(a) is a coplanar 
waveguide structure in which the signal  lines are 
surrounded by reference conductors. While this design has 
the fewest layers and provides the highest  packing density, 
it requires very accurate control of line-to-line separation. 
Large processing variations, inherent in inexpensive 
fabrication techniques, would result in large tolerances for 
the electrical characteristics of this design. Figures l(b) 
and l(c) use two metal layers. The reference for the 
transmission lines is either a solid  ground  plane 
[Figure l(b)] or a pseudo-coaxial configuration, as shown 
in Figure l(c), with  both a ground  plane  and ground 
conductors on either side of the signal  line. For the same 
signal-line pitch, the latter design provides somewhat 
better shielding of the signal lines than the design of 
Figure l(b). However, it can result in increased capacitive 
coupling between lines if the ground conductors are not 
reliably connected to the bottom plane. The microstrip 
design of Figure l(b), which  is popular, has the lowest 
packing density, since it has the largest crosstalk for a 
particular line-to-line separation. 

satisfy most electrical requirements such as impedance, 
dispersion, and  coupling. However, they will lose energy 
through radiation, especially if the length becomes 
substantial. Moreover, they are not closed-transmission- 
line systems, and stacking them  can  affect the line 
impedance while also introducing additional coupled noise. 
The best electrical configuration is shown in Figure l(d), a 
triplate structure composed of three metal layers. In this 
case, since the signal lines are shielded by two planes, 
there is no radiation even for very long cables. While the 
connection density is better than for Figure l(b), the 
fabrication sequence is somewhat more complex. In fact, 
the microstrip design of Figure l(b) is  first fabricated, and 
then covered through  lamination  with a Kapton film having 
the top ground  plane only. The characteristics of the 
triplate structure are mainly determined by the line width 
W,  separation S, and Kapton thickness h,. The top 

The structures in Figures l(a)-l(c) can all be designed to 
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(a) Flexible coplanar waveguide cable 

I 

h2 

hl 
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t 
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(c) Flexible shielded microstrip cable 

sample, which contains several different experiments, is 
16 X 18 cm. Electrical measurements on transmission-line 1 
structures which have the cross-sectional designs of 
Figures l(b) (microstrip) or l(c) (shielded microstrip) are 
presented in Sections 4 and 5. A 50-pm-thick Kapton sheet 
was used as the starting material, on which lines of various 
designs and dimensions were fabricated with the procedure 
described in the next section. The transmission lines were 
14.3 cm in length, and the signal conductors had a range of 
widths from 50 pm to 200 pm. 

3. Fabrication 
Most flexible cables of the type discussed here use Kapton 
as the dielectric insulator. Kapton, which is made of 
poly(N, N-bis(phenoxypheny1)-pyromellitimide) 

0 signal conductor Dielectric 

Qzzd Ground condumx 

(PMDA-ODA) [13], has a dielectric constant of 3.5, and 
was measured to have low dielectric loss 1141. Worst-case 

Example cross-sectional designs for flexible cables: (a) coplanar 
waveguide with one metal layer, (b) microstrip structure using two 
metal layers, (c) shielded microstrip configuration with ground 
plane and ground conductors, (d) triplate structure with top and 
bottom ground planes. W is line width, S is separation, h ,  and h, 
are Kapton layer thicknesses, and r is metal thickness. 

* 

" 

Kapton layer thickness h2 is sometimes much larger than 
h,  and then does not need tight dimensional control, thus 
keeping its processing fairly simple. 

A top view of the test vehicle which is the subject of 
this paper is shown in Figure 2. The overall size of the 

L 1  

specifications from vendors usually indicate loss tangent 
values of about 0.0036 at 1 kHz. Most dielectric 
measurements, other than the newly developed COMITS 
technique of [14], are carried out at discrete frequencies, 
and over limited bandwidths [15]. One specific advantage 
is that Kapton does not thermally degrade except at high 
temperatures (>350"C). Rolls of Kapton with a range of 
thicknesses from about 12.5 pm to 250 pm are 
commercially available. Our test structure was fabricated 
with the following procedure: A 50-pm-thick sheet was 
completely metallized on one side to define the ground 
plane. Holes for layer-to-layer vias were mechanically 
punched, and a metallic seed layer for plating was 
deposited on the unmetallized side. The line designs were 
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photolithographically defined and metallized by plating. 
The  vias  were plated at  the  same time as  the lines. 
Adhesive  layers between the  polymer and copper lines 
were  not  needed. Following  removal of the photoresist 
mask,  the  seed  layer  was  etched  away  where it was  not 
desired. Protective  Kapton  sheets  were laminated to  both 
sides of the metallized film over  the  entire  surface,  except 
for the  end  pads,  with a layer of acrylic  adhesive. 

4. Characterization of shielded microstrip lines 
The  complex propagation properties of transmission-line 
structures with the shielded microstrip configuration of 
Figure  l(c)  were  characterized  with  the  recently developed 
short-pulse propagation technique [16]. Briefly, a short 
electrical  pulse is launched onto identical  transmission 
lines of lengths I , ,  1,. The  attenuated  and  dispersed pulse 
waveforms  at  the  ends of the lines are  recorded  with a 
sampling  oscilloscope. Time windowing is used to  extract 
the forward-traveling wave  only  and  to eliminate any 
unwanted reflections. The  two  waveforms  are numerically 
Fourier  transformed.  The  ratio of these  complex  Fourier 
spectra  then  yields  the  frequency-dependent  complex 
propagation constant r ( f ) ,  

where a ( f )  and P ( f )  are  the  frequency-dependent 
attenuation  and  phase  constant, respectively. A,,  Qj 
(i = 1, 2)  are  the amplitude  and phase of the  Fourier 
transforms  corresponding  to  lines I ,  and I , ,  with 1, > I , .  
For transmission  lines  in  which  dielectric  dispersion and 
loss are small, the  complex  impedance Z , ( f )  is obtained 
from [16]: 

where C is the  line capacitance  per unit length. 

shielded  microstrip  lines that  were  characterized  with  the 
short-pulse propagation  technique. For  the 14.26-cm-long 
lines, the input  signal was  launched  at point A, while the 
transmitted signal was  probed at  point B. The  coplanar 
ground conductors  were used to make  ground contact. 
They  connected  to  the  bottom ground  plane  through 
several 200-pm-diameter vias,  as shown in Figure 3. 
A short  “zero-delay’’ transmission line was  created  by 
mechanically cutting an isolated 60-pm ( I , )  length of line 
(as  shown in Figure 3) and probing it at points C and D. 
Thus,  the difference in line lengths  was 14.254 cm. A 
cross-sectional optical  micrograph of a  sample similar to 
that of Figure  3 is shown in Figure 4(a). 

step  source of a  20-GHz  sampling  oscilloscope. A 

In Figure 3 we  show  the  schematic  layout of the 

A 35.4-ps-wide pulse was  obtained  by differentiating the 

Schematic  representation of the  shielded  microstrip  test cell show- 
ing  the  probing of the  long  line (II = 14.26 cm) at points A and 
B, and of the  short  line (12  = 60 pm) at  points C and D. 

commercially  available  passive  impulse-forming network* 
was used as  the differentiator. As shown in Figure 5 ,  the 
short electrical  pulse was  launched  onto  the sample with 
the high-speed  bird’s-beak  coaxial probes  described in [17]. 
The pulse waveforms  recorded  at  the  ends of the lines are 
shown in Figure 6. While the  short transmission line does 
not  disperse  the input  pulse in any  detectable way, the 

P.O. Box 44, Boulder, CO 80306. 
* Impulse Forming Network Model 5208 made by Picosecond Pulse Laboratories, 
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Cross-sectional optical micrographs of portions of the test vehicle: 
$ (a)  shielded  microstrip  configuration with 80.7-pm-wide  signal 
! line surrounded by two 473-pm-wide ground conductors  and (b) 
I microstrip structure with  55.7-pm-wide signal line. Both designs 

have a  57-pm-thick Kapton overcoat. 

pulse at the output of the long  line  is clearly attenuated 
and has a full width at half  maximum  of  45.6 ps. A set of 
computer routines developed internally was used to extract 
the frequency-dependent attenuation coefficient  and phase 
constant up to 25 GHz, as described by Equation (1). 
These results are shown as points in Figure 7. The 
frequency dependence of the capacitance is usually 
dominated by the dispersion of the dielectric constant, 
which  is very small  for  low-loss dielectrics. It is shown in 
[14] that the dielectric constant of polyimide  is almost 
constant well beyond the 25-GHz upper limit of the results 
of Figure 7. 

characterization described above is complemented with 
The frequency-dependent transmission-line 

low-frequency capacitance and resistance measurements. 
Together with dimensional measurements, these results are 
used to develop and  refine the models which describe the 
electrical behavior of the flexible cables. A capacitance 
bridge (Boonton Electronics Model  72BD) operating at 
1 MHz was used for the capacitance measurements, while 
resistance values were obtained with a multimeter (Hewlett 
Packard Digital Voltmeter Model  3456A). The measured 
complex propagation constant and the per-unit-length 
capacitance measured at 1 MHz were used to obtain the 
complex impedance shown in Figure 8 [16]. 

through a variety of techniques. Line widths were 
measured using both a stylus profilometer  and a high- 
magnification measurement microscope. The line  metal 
thicknesses were also measured with the profilometer,  and 
later confirmed by cross-sectional microscopy on a sister 
sample fabricated at the same time. Portions of the actual 
sample characterized were also cross-sectioned. Many  of 
the dimensions were found to be  uniform,  not only along 
the length of the lines, but also from sample to sample. 
By using Figure l(c) as reference, the top width of the line 
was measured to be  80.7 +- 2.7 pm. The cross-sectional 
micrograph of Figure 4(a) shows that the bottom width is 
actually narrower by a few micrometers, a fact which 
affects its ac electrical behavior. The  metal thickness ( t )  
was 32.7 t 1.2 pm, while the dielectric thicknesses were 
h, = 50 2 1 pm  and h, = 57 2 4.2 pm, respectively. 
The separation between the signal conductor and the 
coplanar ground conductors (S) was 132 2 3.3 pm, while 
the  ground conductor width WGND was 473 2 5.0 pm. 

The electrical properties of the shielded microstrip 
transmission line were modeled  using the procedure 
described in [MI. First, the Kapton dielectric constant E, 
was determined to be 3.27 by means of capacitance 
measurements on a parallel-plate capacitor made  from the 
flexible cable. A line cross section close to that observed 
in cross-sectional microscopy was employed in a low- 
frequency 2D static modeling  program [19] which predicted 
a per-unit-length capacitance of 1.18 pF/cm. The 
corresponding measured value was 1.13 pF/cm. The 
measured line resistance of  0.08 O/cm gave a resistivity for 
copper of  1.95 microhm-centimeters ( a - c m ) .  

The frequency-dependent attenuation and phase constant 
were calculated with the technique described in [ M I .  For 
these calculations, the  line was assumed to have a 
rectangular cross section with 73-pm width in order to 
accommodate the limitations of the modeling programs 
[20]. The  modeled values are shown as lines in Figure 7. 
The best agreement with measured values was obtained 
when the Kapton dielectric was assumed to have a loss 
tangent (tan 6) of 0.008. The largest differences between 
the measured and  modeled values of attenuation and phase 
constant were 2% and 7.3%, respectively. The modeled 

The  physical dimensions of the samples were determined 
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value of attenuation with tan 8 = 0 is also  shown in Figure 
7 and is clearly not  the  best description. Nevertheless, it 
should  be emphasized that  the  measured loss coefficient of 
the  structure is very small ( ~ 1 . 0  dB/cm at 25 GHz). 
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microstrip [Figure l(b)]  test cell. The  layout is shown in 
Figure 10. A  typical cross section for  the  50-pm line is 
shown in Figure  4(b).  The  lines have a large rectangular 
pad at  one  end,  and a  0.63-mm-diameter circular pad at  the 
other  end. Although the line widths  were designed to  be 
50.8, 76.2,  101.6,  127.0,  152.4,  177.8, and 203.2 pm (2, 3, 
4, 5, 6, 7, and 8 mil), the  samples  we received  had line 
widths of 55.7, 82.5, 107.5, 134.5, 161.3, 187.6, and 212.8 
pm (2.2, 3.2, 4.2, 5.3, 6.4,  7.4, and 8.4 mil). The small 

difference (-10%) between design  and  as-fabricated  line 
widths implies reasonably well controlled  fabrication 
processes.  Because all the lines  had the  same  separation 
(h,)  from ground, the  characteristic  impedance  varied from 
33.2 to 60.8 R. 

TDR and TDT (time  domain  transmission) 
measurements  were performed on  these lines  with the 20- 
GHz sampling  oscilloscope. Figure 11 shows  the  TDR 

Table 1 Microstrip test structure. Measured and calculated line resistance R, capacitance C, propagation delay T, and 
characteristic impedance Z,. Lines are 14.3 cm  long  and 55.7-212.5 Fm wide, and have the microstrip structure of Figure l(b) 
and layout shown in Figure 10. TDR results are shown in Figure 11; the line capacitance was calculated with the measured 
dielectric constant E = 3.27 and includes the test pad contribution of C = 0.59 pF. 

55.7 
2.2 

82.5 
3.2 

107.5 
4.2 

134.5 
5.3  

161.3 
6.4 

0.09  14.89  15.05  56.5  57.1 60.8 59.0 

0.064  16.99  17.60  56.6 56.7 53.2 50.1 

0.047 19.18 19.30 56.7 56.8  46.9  45.6 

0.037  21.00  21.54 56.8 56.8 42.3  40.7 

0.03 23.20  23.87  56.9  56.8  38.9 36.6 

187.6 
7.4 

212.8 
8.4 

0.026  25.30  26.29  57.0  56.8  35.7  33.2 

0.022  27.30  28.50 57.2 56.8 33.2  30.6 

I = 14.3 cm, E = 3.27, CDad = 0.59 pF. 
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traces  for  the  seven lines. A  large capacitive discontinuity 
due  to  the large  input pad (C = 0.59  pF) is present  at  the 
beginning of the  waveforms. The measured  and  calculated 
characteristic  impedance (Z,) values  are given in Table 1. 
The  agreement is  fairly  good,  given that  TDR  impedance 
measurements  have  an  accuracy of 510%.  The  measured 
and  calculated line capacitance  values agree  within 4.5%. 
Since  the  accuracy of capacitance  measurements is 
believed to  be  around 21% in this case,  the  discrepancy is 
likely due  to nonuniformity in the line cross  sections.  It 
should  be  noted  that  the calculated values of capacitance 
C0,, propagation delay T ~ ~ , ,  and  characteristic  impedance 
Z,,, take  into  account  the  fact  that a 13.9-cm length of 
every line is covered  with  the  protective  Kapton 
covercoat. A short length of each line (0.384 cm)  and the 
pads  for signal and ground contact  are left exposed  to 
provide  access for  probing. 

As  can  be  seen from Table 1, the lines  have  low dc 
resistance: namely, 0.022-0.09 Wcm.  It  should  be  noted 
that  even  at 10 GHz,  the  attenuation is calculated  to  be 
only 0.216-0.36 dB/cm  (with tan S = 0.008). For  the 14.3- 
cm length, this  translates  to  only 3-5 dB in loss. The rise- 
time dispersion (not  shown)  observed in TDT  with the 35- 
ps  step  source  was practically the  same for all the  widths 
considered. Also, the  measured  and calculated  (without 
loss)  propagation delays of the 50% level, shown in Table 
1, agreed to within 1.7%. The  measured  values  were nearly 
equal for all seven  cases.  Frequency-dependent losses will 
be  shown  to limit signal propagation on much  longer  lines. 
These  losses affect high-frequency components  the most, 
resulting in the rounding of the  upper  part of the transition 
and,  thus,  a slower rise  time (181. For the 14.3-cm-long 
line, our  calculations  predict  that dielectric losses  increase 
the  rise time by 38 ps  over  the loss-free case,  for  an  input 
rise time of 35 ps.  The  actual  output rise  time was 204 ps. 
As  discussed in the next  section,  the  microstrip  structures 
were  very useful in analyzing the processing tolerances of 
such long flexible cables. 

6. Processing  tolerances 
The  Kapton film is  supplied by E. I. du Pont  de  Nemours 
& Co. in 30.5 X 30  480-cm rolls. It is expected  to have  a 
dielectric constant in the range of 3.3-3.5. While the 
manufacturer claimed  a worst-case  loss  tangent of 0.0036, 
we  measured a value of 0.008 (which is still relatively 
small). The line widths  were  measured both by  cross 
sectioning and  by  observation from above  with a high- 
magnification microscope. The  width  from  the  top  was 
very uniform ( t l % )  along the  entire 14.3-cm length, 
although the  actual dimensions were  about 7% higher than 
the nominal  design  values. The  bottom  widths  showed a 
consistent narrowing that  was much less predictable, and 
had at  times a 30% variation along the length.  Sample-to- 

30 sample reproducibility, however,  was excellent. It should 

be pointed out  that  the microstrip  design of our  test 
structure  represents an  unsuitable  condition for plating- 
based  metallization. The line widths  vary  over a  wide 
range, and  the line separations  are large. Uniform  line 
widths  and  closer line separations  are  preferred in plating. 
In  contrast, in the shielded-microstrip  design of Figure 
l(c), in which the  lines  are  closer  together  and  more 
uniformly packed,  and which represents a more suitable 
condition for plating, the line-width  uniformity was  23.3%. 

The  Kapton  thickness  was uniform  within 24%  over  the 
entire  area,  and from sample  to sample. The  average 
signal-line thickness  varied  by  only 55%. However,  the 
center  portions of the  lines  tended  to  be  as much as 14% 
thicker  than  the  end dimensions. As  can  be  seen from 
Figure  4, the  covercoat  layer of Kapton  and  the  acrylic 
adhesive  which is used to laminate it to  the  test  structure 
have a nonplanar topography. 

sections,  the resistivity of the  copper metallization was 
found to  vary: namely, p = 1.74-2.09 @-cm, with  an 
average  value pavg = 1.92 @-cm. This  variation,  however, 
is considered  to  be a reflection of dimensional tolerances 
and  not of the metal  itself. 

Because of difficulties in determining the  exact line cross 

7. Fastest  signal  propagation on flexible 
microstrip  cable 
Microstrip structures [Figure l(b)] built on flexible films 
can  propagate  extremely  fast rise-time signals. This was 
demonstrated  by launching  a 15-ps rise-time signal onto a 
3.5-cm-long line which has a 75 X 25-pm cross  section. 
Such a  design was built with a  signal  line  pitch of 0.3 mm 
(12 mils). The 6-ps step  source from  a 70-GHz sampling 
oscilloscope becomes a  15-ps  transition at  the interface 
between  the  probes  and sample  input  pads. The signal at 
the  end of the 3.5-cm-long line had a  rise  time of only 
30 ps, which is  the  fastest propagation reported  on  such 
flexible connector  structures; 60-100-ps rise  times  were 
measured  on similar  configurations in [22], but  more 
common transitions are  around 300 ps [ 5 ,  61. In practical 
connector applications, where  such a short length might be 
used, the  section of flexible cable  is not  expected  to  be  the 
limiting factor.  The  actual interface between  the lines on 
the film and  the transmission  lines in the  board  or  chip 
carrier  are more likely to limit performance. They could 
consist of large pads  and long vias,  and  have large, 
nonregular separations  from  the  vias  or  pads  connecting  to 
ground  planes. Such configurations arise  because of the 
coarse ground rules  that  are  currently feasible  with  printed 
circuit board  or thick-film chip-carrier  technology. The 
large capacitive and  inductive  discontinuities of these 
interfaces limit performance  because of signal distortion 
and  also  contribute  to reflected and coupled  noise. 
Surface-mount connectors,  with tight signal-to-ground 
spacings and 1:l signal-to-ground  allocations, can maintain 
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Table 2 Proposed triplate structure: Designs. Cross sections and calculated electrical characteristics of proposed cables with 
the triplate structure shown in Figure l(d). The line widths Wand thicknesses t are the same as the ones fabricated in the test 
vehicle and shown in Table 1. The Kapton thicknesses h , ,  h, and pitch W + S were chosen for Zo close to 50 R, and near-end 
coupled noise VNE under 25 mV. These designs are used in the simulations shown in Figures 12 and 13. 

W 

(mils) 

55.7 
2.2 

82.5 
3.2 

161.3 
6.4 

212.8 
8.4 

(Pm) 
S 

(mils) 

167.8 
6.6 

236.4 
9.3 

346.7 
13.6 

422.2 
16.6 

(Pm) 

36.0 
1.4 

34.4 
1.4 

51.0 
2.0 

90.0  223.5 
3.5 8.8 0.087 45.8  25.7 

63.5  150.0 317.5 
2.5  6.0 12.5 0.0624  46.9  20.3 

36.0 126.3 200.0 508.0 
1.4 5.0 7.9 20.0 0.03  47.0  19.9 

36.3 
1.4 

166.7 
6.6 

254.0 
10.0 

635.0 
25.0 0.0225 41.8 21.3 

very good signal integrity. A less  advanced  interface which 
is more typical of actual  applications is discussed in 
Section 9. 

8. Maximum usable length for  flexible triplate 
cables 
In order  to  use flexible cables  as high-performance 
interconnection media between widely separated  parts of 
digital computer complexes, the triplate structure shown in 
Figure  l(d)  must  be  adopted.  This configuration creates an 
enclosed transmission line so that overlapping bundles of 
cables  do not affect each  other’s  characteristic  impedance 
or generate additional crosstalk.  Furthermore,  energy loss 
through radiation is eliminated. The  top  Kapton  layer  and 
ground  plane can  be fabricated separately  and  then 
laminated to a structure of the  type of Figure l(b).  This 
cross  section  tends  to  be  less flexible, but sturdiness may, 
in fact,  be  desirable  for long (1-2-m) spans. 

Several  cross  sections  were designed, with  the 
restriction of maintaining  a characteristic  impedance 
around 50 R and a  near-end  coupled  noise (VNE) which is 
2-2.5% of the  input  voltage swing. V,, in this  case  is  the 
saturated  crosstalk,  since  the lengths of interest have 
delays longer than half the signal rise time. It is shown in 
[18] that V,, is given by (Kc + KL)yn/4,  where Kc is the 
capacitive coupling coefficient and KL is the inductive 
coupling coefficient. The coupling  coefficients are defined 
as  the  ratio of the  mutual  to self capacitance  or 
inductance, respectively. The metal  line widths  were 55.7, 
82.5, 161.3, and 212.8 pm (2.2,  3.2, 6.4, and 8.4 mil), and 
the metal thickness  was  assumed  to  be  the  same  as  that of 
the  fabricated  test  structure (36.0 pm).  The  separation 
from the  bottom  ground, h,,  was  selected  to  achieve  the 
design objectives  for 2, and V,,. The  top  Kapton 
thickness, h,, was  chosen  to  produce  only minimum 
reduction in Z, ,  while the pitch, p ( W t S), was 

determined by  the  crosstalk budget. It is believed that  this 
design is  more likely to result in a  reproducible cross 
section using standard flexible-film fabrication techniques 
than is a completely  symmetrical strip-line. This is due  to 
the  proposed build sequence,  where  the  top ground film 
must  be laminated to  the  bottom  structure.  The resulting h, 
will always  be  thicker  than h,  because of the acrylic 
adhesive.  Since  the h, thickness affects the  characteristics 
only marginally, its  tolerance  control is not critical. The 
cost is expected  to be much  lower  than if a symmetrical 
strip-line structure  were  fabricated. 

It should be  noted,  for  example,  that  the  same 82.5-pm 
(3.2-mil)-wide lines  would have a 406.4-pm (16-mil) pitch 
in the  case of the microstrip cross section of Figure l(b), 
while the pitch can  be  reduced  to 317.5 pm (12.5  mil) for 
the triplate  design for  the  same VNE. The triplate 
configuration  helps achieve higher density  and eliminates 
far-end  coupled  noise (VFJ [HI .  In the  case of the 
coplanar waveguide structure of Figure l(a),  the  same 
electrical characteristics  can  be achieved with a 304.8-pm 
(12-mil) pitch when ground conductors 134 pm wide 
(W,,, = 5.25 mil) are  fabricated 45 pm ( S  = 1.77 mil) 
away from the signal lines. The range of line pitches  was 
223.5-635 pm (8.8-24 mil), and  the line resistance  was 
0.0225-0.087 R/cm. The  actual 1/0 density  at  the  end of 
the  cable is determined by  the granularity of the fan-out 
lines and  vias in the printed  circuit board or chip  carrier  to 
which these films connect.  The electrical performance  is 
degraded at  these  interfaces if the cable density  is not 
matched  to  board densities, as is discussed  later. 

frequency-dependent  losses,  namely skin  effect and 
dielectric  dispersion with tan S = 0.008. The propagation 
delay on these  cables is of the  order of 60 ps/cm, which 
would  result in a delay of  6-15 ns for  lengths of  100-250 
cm. In digital applications where  such  cables  could  be used 

The  cross  sections shown in Table 2 were modeled with 
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pulse width (ns) 

small  time jitter.  One  source of timing uncertainty  can  be a 
slow  rise  time crossing  the  receiver threshold; another  is 
large variations in the  characteristics of the  connection 
medium. Frequency-dependent  losses  mostly  attenuate  the 
high-frequency components of the signals,  which results in 
the rounding of the  upper portion of a  positive-going 
transition, as explained in [MI. Consequently,  even for 
narrow pulses, the transition region through the switching 
threshold  can  be relatively  unchanged, even  for  very long 
lengths. 

four designs in Table 2, with pulse widths of 1, 2, 4, and 
10 ns and a  1-V peak-to-peak (?0.5-V) amplitude, 
transmitted  at  clock  rates of 2, 4, 8, and 20 ns, 
respectively. The driving signal had 200-ps rise and fall 
times. The  requirement imposed at  the  output of the  cable 
was  that  the time  during  which the  voltage amplitude 
exceeded 300 mV (either  positive or negative) must  be  at 
least half the  input  pulse width. This  criterion  was  chosen 
as a  relative  indication of the maximum  useful  length for a 
particular cross section. For example,  a  typical  bipolar 
receiver  circuit  would require  about  2260-mV switching 
levels. Some  extra margin was allowed, since  the analysis 
carried  out in this study  considered  only nominal 
conditions. 

A study  was  made of the maximum  useful  length for  the 

The  results  are tabulated in Table 3 and plotted in Figure 
12 for both tan 6 = 0 (dashed traces)  and  tan 6 = 0.008 
(solid traces).  The dielectric  dispersion reduces  the 
maximum useful length by  about 10 to 20 cm. The  plots in 

instead of coaxial or optical interconnects,  the propagation  Figure 12  show  an increasingly  large  difference between 
latency is not a  performance-determining  factor.  What is  the two cases  as  the  lines  become  less resistive.  This was 
important is to  be able to  transmit large bursts (blocks) of expected,  since dielectric loss tends  to  dominate  over skin 
data  with bit rates of the  order of 100 Mb/s to 1 Gbis. effect in the  case of lines with smaller resistive losses. For 
These  transmissions usually employ a non-return-to-zero pulse widths larger than  about 4 ns, the maximum  length is 
(NRZ) type of data  detection  which  requires  the determined by  the  dc resistive drop.  The  decrease in rise 
distortionless  propagation of 1-10-ns-wide pulses  with times  is  a  small  fraction of the pulse  width and will not 

Table 3 Proposed  triplate  structure:  Maximum  useful  lengths  as  a  function of pulse  width.  Summary of calculated  maximum 
useful  lengths  (cm) of flexible triplate  cables  [Figure  l(d)]  for  transmitted  pulse  widths of 1-10 ns.  The  modeling was  done for the 
designs  shown in Table 2 and  the  results  are  plotted in Figure 12. The  input  pulses  had 1 V amplitude  and 200 ps  rise  time. A 
level of 600 mV at  the  end of the  cables  defines  the  maximum  useful  length  as  described  in  the  text,  The  results  are  shown  both 
with  (tan 6 = 0.008) and  without  (tan 6 = 0.0) dielectric  loss. 

R 
(Wcm) 

Maximum length 
(cm) 

I O  ns pulse width 

tan 6 = 0 tan S = 0.008 

0.0870 127.3 121.0 

0.0624 152.7 146.4 

0.030 235.0 216.0 

0.0225 266.7 247.7 

4 ns pulse width 2 ns pulse width I ns pulse width 

tan 6 = 0 tan 6 = 0.008 tan 6 = 0 tan S = 0.008 tan 6 = 0 tan 6 = 0.008 

121.0  114.3 108.0  101.6 89.0 82.6 

140.0 133.7 121.0 114.3 101.6 95.3 

222.3 203.0 197.0 184.0 160.0 145.8 

254.0 235.0 228.6 209.6 182.0 165.0 

Z ,  = 46-48 a, VNE = 20-26 mV. 
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affect  the  steady-state level significantly in this case. 
Because of resistive terminations  that  are  used  at  the  end 
of such  cables,  the  dc  current in the lines will cause a 
reduction in the  steady-state level. However,  as pulse 
widths  become  narrower, significant rounding of the  upper 
and  lower  parts of the rise and fall times  occurs  because of 
skin effect and dielectric losses [18]. This rounding eats 
into  the  steady-state level and  the time during which the 
voltage is greater  than 300 mV, thereby limiting the 
maximum  useful  length. On the  other  hand,  the pulse 
width itself, measured  at  the 50% level, does  not  change 
by  much.  For  instance,  the  output rise and fall times  for 
the 83-cm-long line with 55.7-pm-wide signal conductors 
increased to 350 ps, while the pulse width  increased  by 
only 35 ps. For a line 212.8 pm  wide  and 247.7 cm long, 
the  output rise and fall times were 650 ps  when a 10-ns- 
wide  pulse was transmitted. The propagation delay 
measured  at  the 50% level increased  only 2.7-4% due  to 
dispersion. 

Table 4 and Figure 13 show  the maximum  length as a 
function of the bit rate, for the  case of tan 8 = 0.008. 
While 100 Mb/s can  be  transmitted on lines 121-247.7 cm 
long, 1 Gb/s  can  only  be achieved for lengths of  82.6-165 
cm.  The longer lengths  correspond  to  the  wider lines with 
lower resistance. In Figure 14 we  show  representative 
1-Gb/s and 100-Mb/s responses for the  shortest  and longest 
line lengths, respectively,  from  Table 4. 

9. Interface effects 
A very  important  consideration in the  use of flexible cables 
is the integrity of signal propagation at  the  interface 
between  the film and  the transmission  lines in a  multilayer 
printed  circuit board  or thick-film module. Such  cables  can 
be  used  to  connect  board  to  board,  board  to module, or 

320 - W = 212.8, S = 422.2 q 
280 - - -- - w = 161.3, S = 346.7 pm ....... W = 8 2 . 5 , S = 2 3 6 . 4 W  

h 240- -. 
"""" ""_ """" 

"" ""_ 
A? 160 s 
E 8 0 -  

......... 
""" """" 

....... .......... -" 
.j 120 - - .... .................. ...................... - 

Bit rate (Mb/s)  

module to module. A representative  example is shown in 
Figure 15 for board-to-multichip carrier  connection.  The 
film has  pressure  contacts which attach  to  surface  pads on 
a 1.27 X 1.27-mm (50 X 50-mil) pitch at  the  board  end  and 
a 0.635 X 1.27-mm (25 X 50-mil) pitch at  the module end. 

Table 4 Proposed triplate structure: Maximum useful length as a function of bit rate. Summary of calculated maximum 
useful lengths (cm) of flexible triplate cables [Figure l(d)] for bit rates of 100 Mbls-1 Gbls. The modeling was  done for  the 
designs of Table 2, with the same inputs and criteria for  maximum usable length as  were used in Table 3. The modeling results 
are plotted in Figure 13. Skin effect and dielectric loss (tan 6 = 0.008) are both included. 

Pitch W S 

(mils) (mils) (mils) 
(ILm) ( P - 4  ( 4  

Maximum length 
(cm) 

100 Mbls 250 Mbls 500 Mbls 1 Gbls 
bit rate bit rate bit rate bit rate 

223.5 55.7 167.8 
8.8 2.2 6.6 

317.5 82.5 236.4 
12.5 3.2 9.3 

508.0 161.3 346.7 
20.0 6.4 13.6 

635.0 212.8 422.2 
25.0 8.4 16.6 

121.0  114.3  101.6  82.6 

146.4  133.7 114.3 95.3 

216.0  203.0  184.0  145.8 

247.7  235.0  209.6  165.0 

Zo = 46-48 R; VNE = 20-26 mV. 
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Simulated waveforms transmitted by two different representative 
triplate  flexible  cables  from  Table  4.  In  both  cases  the  input 
pulses had a rise time of 200 ps and an amplitude of 1 V. The dot- 
ted line is the  input waveform, the dashed line  is simulated with a 
lossless dielectric (tan 6 = O.O), and  the solid line is simulated 
with the measured loss tangent of tan 6 = 0.008. (a) corresponds 
to an 82.5-cm-long cable with 55.7 p m  (2.2-mil)-wide lines, with 
R,  = 0.087 Wcm. A 1-Gb/s (1-ns pulses, 2-11s cycle time) appli- 
cation is considered. (b) corresponds to a 247.7-cm-long cable in 
a  100-Mb/s  application (IO-ns pulses, 20-11s cycle  time).  The 
transmission  lines  were  212.8 p m  (8.4  mil)  wide,  with R,, = 
0.0225  Wcm. 

The assignment of signal  and ground pads can be quite 
irregular; a typical example with a  2:l ratio is shown in 
Figure 16(a). The lines on the film have a pitch of  211 pm 
(8.3  mil)  and are 71  pm  (2.8  mil)  wide. The film cross 
section [Figure 16(b)] shows two types of voltage reference 
conductors which are 140 pm (5.5  mil) wide and have a 
25.4-pm  (1.0-mil) separation from the signal layer. This 
configuration,  which  is  similar to a microstrip, allows 

signal referencing to be identical to the conditions used in 
the board or the carrier. The cross-sectional design is 
modeled precisely using the two-dimensional modeling 
program  [MI. 

characteristic impedance of  46 a, the board lines have 
2, = 58 a; the carrier has Z, = 55 a, with a fan-out 
layer having Z ,  = 40 a. Because of the coarse line widths 
and spaces available in typical board or thick-film carriers, 
the example of Figure 15  had to use four rows of contacts 
at the  module end and  eight rows at the board end, as 
shown in Figure 16(a). Figure 15 shows the layout of the 
signal layer. The connections from the flexible film to the 
signal lines in the two environments, board and  module, 
are generally made through fairly  long and large vias (of 
lengths VI and V,) as shown in Figure 15. The resulting 
reference plane is relatively poor because of the large 
number of holes required for the vias. In addition, the 
coarse dimensions, which permit only  low contact density 
and require many contact rows, cause an increase in the 
loop inductance for the current return. 

The discontinuities in the contact area can generally be 
represented by lumped circuit elements because the delays 
through  them are smaller than typical rise times (200-1000 
ps). The signal rise time suffers minimal degradation at the 
interface. The inductive discontinuities, however, cause 
reflections which have amplitudes proportional to 
[Ll(2Z,tr)] VI", which can be significant. The actual 
reflected  amplitude depends on the characteristic 
impedances of the transmission lines connected on either 
side of the connector, which in our example were quite 
different. Cleaner signals  can  be achieved using  uniform 
characteristic impedances for the module, cable, 
connector, and board, but this may  not be practical at a 
reasonable cost because of technological limitations. 
Alternatively, increasing the rise time  would reduce the 
amplitude of the reflections at the discontinuity. However, 
slower signals reduce the system performance by 
preventing high bit-rate transmission. The loop inductances 
in the connector regions at the two ends of the flexible 
cable depend on the signal-to-ground contact ratio, and 
their spacing. Increasing the number of ground contacts 
without changing the contact spacings increases the 
number of contact rows and the overall size of the 
connector. The module end, with a finer  grid of pads, and 
only four contact rows, clearly creates less distortion than 
the board end, which has a larger  pad separation. The loop 
inductance at the board end, which includes the effect of 
the pads, vias, and connecting straps, was in the range of 
4.2-6.5 nH, depending  on the particular line modeled. The 
equivalent range  for the module  end was 3.0-4.3 nH. The 
corresponding capacitive discontinuities were 0.3-0.53 pF, 
and 0.28-0.44 pF, respectively. In this example, the 
flexible cable itself was 8 cm  long. 

In this particular example, the film lines have a 
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$ Representative flexible-film connector joining the signal lines in  a  chip carrier (module) and  a printed circuit board (PCB). The diagram 
shows the discontinuities at the two contact regions. The transmission lines in the two carriers are at depths of V ,  and V, from the surface 

1 where the flexible cable is attached to the module and PCB, respectively. The inset shows a simulated transmitted waveform (dashed line) 
? when a 200-ps-rise-time 400-mV signal (solid line) is. input at the module end.  The signal distortion due to discontinuities at the two  ends 
i is highlighted, 

The inset in Figure 15 shows a representative simulated networks with the lumped inductance  and  capacitance 
waveform observed  at a  receiver chip on the  board values given above. The reflections due  to  the  two 
following transmission of a 200-ps rise-time signal from a interfaces are clearly  visible in this  waveform. In this 
driver circuit on the module. The discontinuities from the particular case,  the reflected amplitude decreased from a 
transmission  lines on  the flexible cable to  the transmission worst-case  value of 83 mV  for  a 3:l signal-to-ground-pad 
lines in the module and  board  were modeled as pi- ratio (S/G),  to 42 mV for a 1:l ratio. As expected,  the 
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(a) Layout  of a representative flexible-film connector showing  typ- ' ical  signal  and  ground contact assignments  at  module (25 X 50- I mil grid) and PCB (50 X 50-mil  grid)  interfaces.  (b)  Cross 
section of the flexible cable in the region between the end con- 1 tacts. The 71-pm (2.8-mil)-wide lines are  referenced  to  two sepa- 
rate voltages. The reference layer uses 140-pm (5.5-mil)-wide 

t conductors. The line pitch is 21 1 prn (8.3 mil), and Z, = 46 a. 
4 This structure was  input exactly into the  modeling routines, though 

1 

its behavior is similar to that of a microstrip design. 

analysis showed a linear dependence of the reflected 
amplitude on the signal rise time. 

Another factor limiting the rise  time is the crosstalk 
generated at the interface area due to inductive coupling in 
the return contacts. Additional coupled noise is generated 
because of the nonuniform structure of the cable-to-board 
interface. This noise amplitude is inversely proportional to 
the signal rise time. Because of the short electrical length 1 
in the interface area (compared with the signal rise time), 
the near-end coupled noise is proportional [18] to 

where KB is the backward-coupling coefficient explained 
earlier [K, = (Kc + KL)/4], and T is the propagation 
delay. Typical capacitive (Kc) and inductive coupling (K,) 
coefficients calculated for the example of Figures 15 and 16 
were as follows.  At the module interface, KL = 0.1-0.31, 

Kc = 0.015-0.02; at the PCB interface, KL = 0.26-0.4, 
Kc = 0.1-0.2. The contribution to overall crosstalk at the 
input to the receiver circuit, caused by the two connector 
interfaces, decreased from 61.3  mV to 42 mV when the 
driver rise  time was reduced from 180 ps to 400 ps. The 
simulation considered two adjacent signal lines, one active 
and one quiet, with  an excitation amplitude of  800  mV. 
The analysis shows that tighter contact and via spacings 
will  significantly reduce the connector crosstalk. 

10. Summary 
We have experimentally characterized the electrical 
transmission properties of several flexible microstrip and 
shielded-microstrip cables. The results of our 
measurements were used to develop and refine  models 
which describe their performance. On the basis of the 
knowledge gained, the use of these cables in  high- 
performance applications was investigated. For instance, it 
was shown that existing microstrip flexible-film cables can 
transfer data at 1-Gb/s rates, with lengths of up to 83-165 
cm, when the line widths are in the range of  55-212 pm. 
For a slower data rate of  100 Mb/s, microstrip line lengths 
of  121-248  cm are usable  with the same dimensions. 
Dispersive effects are expected to introduce negligible 
timing uncertainty, since the latency on such cables is 
several ns. It was concluded from this study that in order 
to compete with discrete coaxial cables, flexible cables 
must use a shielded triplate structure. This configuration 
results in well-controlled transmission-line systems with a 
tighter pitch than microstrip designs, no radiation, no far- 
end-coupled noise,  and  infinite stacking capability. The 
challenge, however, is to fabricate 100-250-cm-long strips 
with  good dimensional control. It is important to control 
the electrical performance of the flexible lines through  tight 
tolerances, high density, and the use of low-loss polymers, 
in order to support the fast rise times  and  small  timing 
uncertainty required for fast bit-rate transmission. The test 
structures used in this study had excellent dimensional 
tolerances along the length of the lines and also from 
sample to sample. 

It was shown that the design  and fabrication of the 
cables cannot be separated from the important issue of a 
high-performance connector. To achieve the 1-ns-wide 
pulses required by the 1-Gb/s bit rate, no significant 
additional distortion should be introduced at the connector. 
While the interface to printed circuit boards or chip 
carriers does not generally degrade the signal  rise  time, the 
large inductive and capacitive discontinuities introduced 
generate reflections and crosstalk noise that preclude the 
propagation of fast signals.  An  ideal interface should have 
a contact density commensurate with the film line density, 
1:l signal-to-ground contacts, short vias, surface-mount 
connections, and matched impedances throughout to 
minimize the effect of such discontinuities. 
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In conclusion, the key performance limits  for  flexible 
cables are processing tolerance for long lengths, dielectric 
loss, skin effect, and dc resistive drops on small-cross- 
section lines. In addition, triplate structures with  tight via 
grids and high-density surface-mount interfaces are needed 
to interconnect future high-performance electronic 
packages. 
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