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1. INTRODUCTION AND SUMMARY

The primary objective of this program is to develop design and layout rules which
can be used as a data base for the Computer Aided Interconnection design of digital
hybrid circuits. A requirement is the use of existing or near term production Large Scale
Integration (LSI)/Very Large Scale Integration (VLSI) devices of selected semiconductor
technologies that operate at clock rates from 10 to 250 MHz with switching speeds up to
1 GHz. An additional requirement is that the substrate interconnect packaging design
will employ mainstream, high production throughput technology. Therefore, primary
emphasis is given to developing a high density interconnect design that delays the need
for transmission line technology over the frequency range of interest. To accomplish this
objective the hybrid technology features short inter-chip connections and high density
multilayering. This approach achieves low capacitance interconnects, thereby reducing
drive power and signal propagation delay. In some applications, high density intercon-
nects will not preserve the signals communicating between chips across the entire fre-
quency span of interest. Therefore, the crossover conditions where the interconnect must
be treated as a lumped element and where it must be treated as a transmission line are
analytically and experimentally determined. The design rules generated by this program
are to be verified by the design, fabrication, test and evaluation of functional demonstra-
tion units which feature standard interconnect designs that transverse from simple to
lumped to transmission line technology.

The program status is as follows: Various computer circuit simulation programs
were evaluated and a Raytheon program (RAYCAP) was selected. RAYCAP is a
reformatted version of the AEDCAP Program which was purchased by Raytheon from
Softech Inc. Since it is interactive, it generates fast turn around simulations in an accu-
rate pulse response form.

Both transmission line and cascaded lumped parameter circuit models were evalu-
ated using RAYCAP. Since the transmission line model is a lossless model, rather than a
lossy model, it was rejected. The accuracy of the cascade lumped parameter program was
verified by a comprehensive network of simulation problems that were compared to calcu-
lated solutions.




v

A survey of candidate LSI/VLSI device families have been completed. Four circuit
families were selected: STTL, LSTTL, Complimentary Metal Oxide Semiconductor
(CMOS)/Silicon on Sapphire (SOS) and Emitter Coupled Logic (ECL). The selection is
based on readily available chips that meet the programs clock rate and speed require-
ments. A study to determine the thermal constraints that may affect the dense packag-
ing of devices in hermetic chip carriers has been completed in addition to a compli-
mentary study using Chip and Wire Devices on thick film substrates.

Thick film, mutilayer hybrid test substrates that contain various line widths,
spacings and bends with no active devices have been characterized using Time Domain
Reflectometry (TDR) and pulse response measurements.

Also, thick film functional circuits built with high density, simple interconnect,
microstrip and stripline technology have been fabricated and are now in test evaluation.
These functional test hybrids are devices of the four selected families packaged in
hermetic chip carriers as well as Chip and Wire.

Based upon the above analyses and measurements, a determination of where simple
interconnect microstrip or transmission line technology is needed will be made for each of
the device families.

A set of preliminary simplified design rules that can be incorporated into a Com-
puter Aided Design (CAD) program will be generated. To prove the validity of the design
rules, an additional set of hybrids will be designed, built und tested.

1-2




2. SIMULATION PROGRAMS

A survey of computer programs that could be used to simulate digital circuits and

hybrid interconnects was performed. Based on the survey a computer simulation program

that would best fit the needs of the task was selected. A simulation of an interconnect

type, whose pulse response fits classic transmission theory, was performed and the results

compared to predicted and calculated results.

2.1 Candidate Computer Programs

1)

2)

3)

4)

COMPAC - Computer Optimization of Microwave Passive and Active Cir-
cuits, Compact Engineering Inc., Los Altos, CA.

AEDCAP - Automated Engineering Design Circuit Analysis Program,
Softech, Waltham, MA (Program developed at University of California).
RAYCAP, Raytheon Circuit Analysis Program (reformatted and enhanced
AEDCAP), Raytheon Co., Bedford, MA.

Spice II - Simulation Program with Integrated Circuit Emphasis, University
of California, Berkley, CA.

COMPAC - The input parameters to this program must be in the form of "S"
parameters. The output parameters are in "S" parameters also. What is
required is the time/pulse response of the circuit.

AEDCAP - This circuit analysis program does provide the desired pulse

response as an output. However, simulations were very expensive as pro-

grams had to run, on a time share base, with an outside computer.

RAYCAP - AEDCAP rights were purchased and the program reformatted
and enhanced and made interactive for very fast turnaround. It is for this
reason that RAYCAP was selected. Spice Il is very similar to AEDCAP and
RAYCAP. The basic difference lies in the program language, not the user
language. AEDCAP and RAYCAP are written in AED, while Spice Il is

written in the more familiar Fortran. Since Spice II is not interactive and




turnaround time is very long, possibly hours, it was rejected. However,
in the future Spice Il may be enhanced and made interactive by Raytheon,

"W

since conversion from RAYCAP to Spice Il is a relatively easy task,
2.2 Interconnect Model 4

Both Spice II and RAYCAP have a bujlt in transmission line model, A complete
interconnect or segments of any interconnect can be described as a black box. The prob-
fem is that the model is lossless. Since some hybrid interconnects can be very lossy, espe-
cially thin film, this model was rejected. The approach selected is to represent a
transmission line by cascaded RLC sections. Four sections, each representing one

centimeter, make up the model. This representation is shown in Figure 2-1.
2.2.1 Model Validation

In order to validate the model a simulation was selected whose response
could be accurately predicted. A source terminated line was used because it has an
L unusual response that is well documented in transmission line theory texts. Also, two
different line delays are evident., When a transmission line is driven by a voltage source

whose output impedance is equal to the characteristic impedance of the line, it is said to
be source terminated. The response of the line is well defined and unique if the rise and
fall time of the pulse at the source is less than the electrical delay of the line.

The voltage at the source impedance initially rises to one-half of the input

Cox DT TTEREEORT ARRE RS AT

voltage because the source impedance of the line forms a voltage divider. At the open or
unterminated end of the line, one propagation delay later, the pulse edge arrives. The
voltage reflects at full amplitude, and full voltage appears at the output. The reflected
wavefront from the open end of the line arrives at the source another line delay later,
bringing the voltage at the source impedance to full amplitude. At the source end of line
the voltage goes to one half amplitude and stays there until two line delays later at which

time it reaches full amplitude. This is shown graphically in Figure 2-2,
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To validate the model a source terminated microstrip interconnect was
simulated. The interconnect was 4 cm long and 254 um (10 mils) wide. The intercon-
nect was on a 635 um (25 mils) thick ceramic substrate with a power plane on the bot-
tom. This microstrip configuration is depicted in Figure 2-3, The parameters required
for the model were calculated using the formulas given in References | and 2, The
calculations are shown in Figure 2-4,

The coding for the RAYCAP simulation is given in Figure 2-5. The sifnula-
tion plot is shown in Figure 2-6. The responses Ep and E are as predicted. Ep does not
attain full amplitude until two line delays later while Ec reaches full amplitude one line

delay later. The simulations therefore agree with the analytical evaluation.

o

H = 25 mil
CONDUCTOR W o= 10 mil
L = 4cm
1 / DIELECTRIC Er= 97
— —— 1/
H CERAMIC
.f GROUND PLANE

Figure 2-3 - Mircrostrip Interconnect
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h 2w

60 4 (0.025)

2y = in
v 0.495 (9.7) + 0.67

_ _13.6 Q

9.7 + 1 ir - 1 1

Lroff = 2 + 3
0.01

v 6.2 - 1.13 of/cm
3 x 1010 x 73,6

CL=

L = 1.13 x 10-12 (73.6)2 - 6.12 nh/cm

tg = 1.13 x 10-12 (73.6) = 0.08 ns/cm

2.8 x 10~6 . _0.055 Q/cm
2 x 1073 (2.54 x 10~2)

R =

Figure 2-4 - Microstrip Calculations
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3. PACKAGING AND INTERCONNECT
STANDARDIZATION
FOR TEST CIRCUITS

The two most common state of the art hybrid circuit packaging approaches are
used in this program. The first consists of a hermetically sealed "Kovar" can with metal
I/O leads that protrude through glass feed-thrus. The package contains a cerarmic
substrate with multilayer metal interconnection patterns on its surface. Unpackaged
components, such as integrated circuits, resistors, capacitors, etc. are mounted directly
on the interconnection pattern. After component assembly and test, a lid is hermetically
sealed to the package. This hybrid assembly is called "Chip and Wire".

The second type hybrid circuit used in this program consists of a multilayer inter-
connect pattern on a ceramic substrate. Ribbon input - output leads are bonded to exter-
nal pads. Each active device is assembled into a leadless, hermetic chip carrier package
that looks similar to a flat pack without leads. The assembled and tested chip carriers

are reflow solder mounted on the interconnect pattern.

3.1 Comparison of C/W (Chip and Wire) Hybrid and Leadless Chip Carrier Packages

High density multichip hybrids that feature narrow and short interconnections are
preferred to reduce propagation delay and to provide efficient thermal heat transfer from
the active devices. However, in some applications multichip C/W hybrids are expensive
to produce. The main cost driver is the inability to fully test the chip devices to the same
extent as packaged devices. For this reason, higher rework cost is incurred. Leadless
hermetic chip carriers, on the other hand, can be fully tested and burned-in and therefore
resuit in lower rework and higher yield.

Today's leadless chip carrier packages have pads on 0.040 mil and 0.050 mil
centers. These packages result in longer interconnect; «nd increased thermal resistance
in comparison to C/W hybrid packages. Of course, the increased lead length may not be

detrimental in some applications.

3.2 Test Circuit Descriptions

In this program four basic interconnect configurations will be fabricated and evalu-

ated, differing by their interconnect impedance characteristics.
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Simple/Lumped - Interconnect only

Simple/Lumped - Interconnected with four different circuit families
in both chip and wire and chip carrier

Microstrip - Interconnecting four different circuit families in
chip and wire and chip carrier

Stripline - Interconnecting one circuit family in ¢hip .nd wire

and chip carrier

All test circuits for each of the selected device families are functionally equiva-
lent and have similiar interconnect layouts to facilitate comparison and correlation
; between device families and packaging configurations.

Table 3-1 shows the characteristics of each of the 3 functional packaging intercon-
nect configurations. The following paragraphs describe the packaging of each test circuit

interconnect type. The simple lumped-interconnect is described in Section 5.

3.2.1 Test Pattern - Simple/Lumped with Functional Circuits

A gnd/Vce plane (Figure 3-1) is deposited on top of the ceramic on to which

successive layers of dielectric and interconnect patterns are processed. The conductors

on adjacent lavers are processed to be orthogonal to each other in order to achieve mini-
mum coupling capacitance between layers. The chip and wire version of this test circuit #

is packaged in a conveniional hybrid package.

3.2.2 Test Patterr - Microstrip With Functional Circuits

In this test pattern (Figure 3-2) the Gnd/Vcc plane is deposited on the bot-
ton of the substrate and the conductor layers processed on the top to form a microstrip

interconnect. Holes are drilled in the substrate to teed-thru interconnects from the

gnd/VCC plane to pads adjacent to the active devices on the top No. 2 layer. Screening i
of conductor paste through the holes provides the electrical connection from the pads on '
the top layer to the power plane. Two versions of the microstrip test pattern have been
fabricated; one with chip and wire devices in a conventional Kovar package and one with

leadless chip carriers.

3-2 %




ODH JOJ OT3STi930RIRYD SWes a3edIpul X,
M/D 103 D13S1iB30PIRYD BWES 83ILOIPUT X,

¢ SdLON
¥/N ¥/N awes v/N swes Sbeyoed [euie3xd
EEY Sax sax sax SOk X31T11qeTTRAR
JUTOd 3S95 [ePuUISIUL
awesg aues aues awes awes X131n0a1) 3sal o1boq
puodt puodT
b1Sz brS?
O0A/PUDE 9 1 v v DOA/PUDT ¢ s18fe] TeISH Jo IaqunN
w6 TXu28°1 Wb ZXuB8°7 u6°TX,28°1 b TXu8°2 u6°TXut8'1 (seyout) @z1g I3eiIsqng
¥/N STIW 62 sTIW §g ¥/N ¥/N (s,uuoo pub/ooA)
JTweIs) ur °*BIQ BTA “UTKH
STTwW ZT1 sTTW 21 STTw 21 STIw 21 STTW Z1 *ATod 10 211303791Q
‘d°L UT °BT1d eTA ‘UKW
sSTIw 0Of STTW 01 sTww QT STTw 071 STTW QT ~butoeds -puo) ‘UTH
STTW 071 STTW 0T STIwW 0T STIw 01 STTw 071 YIPIM JIO3Donpuo) Teubls ‘ullW
X X X X X 921§ 93e13sqng
X X X X X SUOT3TS0d uny 1032Npuo)
X X X X X SuoT3IRD07 dTYD 3ATIRTIY
M/O 0B M2 J0H M/D
urTd wytd wurTd urTd OT13sTIIORIRYD
apturitod ¥OTYd ¥OTYL 3}OTYL yOTUL
aurTdra3s d11350101H padung/atdurs

SOILSTHALOVIVHD JLVHILSHNS 1S3L

1-t TI9VL




=—— DEVICE ATTACHMENT LAYER

--—— DIELECTRIC

-—— NO. 2 CONDUCTOR LAYER

=——DIELECTRIC

~—— NO. 1 CONDUCTOR LAYER

=—— DIELECTRIC

[=—GND/VvCC

=—— CERAMIC SUBSTRATE

Figure 3-1 - Test Pattern - Simple/Lumped

~—— DEVICE PAD ATTACHMENT

l-«—DIELECTRIC

~=—— NO. 2 CONDUCTOR LAYER

~——DIELECTRIC

+—— NO. 1 CONDUCTOR LAYER

. CERAMIC SUBSTRATE WITH HOLES FOR
VCC/GND FEED THRU CONNECTIONS

~—— GND/VCC PLANE

Figure 3-2 - Test Patterns - Microstrip
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3.2.3 Test Pattern - Stripline with Functional Circuits

The pattern syown in Figure 3-3 also consists of 2 conductor layers, each
sandwiched with a power plane on each side to form a stripline. Polyimide dielectric was
chosen since it is the most expedient and low cost method to fabricate a stripline struc-

ture. Both C& W and leadless carrier versions of this test pattern will be evaluated.

P

l =—— DEVICE PAD ATTACHMENT
i
i

~—— DIELECTRIC ;
=—— POWER PLANE {

e—— DIELECTRIC

[=—— NO.2 CONDUCTOR LAYER i
=—— DIELECTRIC

l«—— POWER PLANE

~—— DIELECTRIC

l=—— NO. 1 CONDUCTOR LAYER

DIELECTRIC

—— POWER PLANE

Figure 3-3 - Test Patterns - Stripline
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4. LS| CHIP AND LEADLESS CARRIER
THERMAL GUIDELINES STUDY

4.1 Introduction

Since thermal dissipation of the LSI devices will affect high density packaging, the

objective of this study is to determine the minimum spacing possible between:

1) Hermetic chip carriers (HCCs) on alumina substrates and polyimide
boards
2) Chips in hybrid packages on ceramic substrates and epoxy boards

Thermal analysis was perfermed on another program for 64 lead HCCs. It was
conducted using the SINDA Finite Difference thermal analyzer code. These studies evalu-
ated thermal conduction from the chip to the module substrate/board with and without a
thermal checkerboard pattern (thermal conduction pads added to the HCC central

location). Results indicate thermal resistances generally less than the following:

1) 50C/W with thermal checkerboard
2) 20°C/W without thermal checkerboard

These values apply for chip sizes between 200 to 300 mils, which is typical for this size
HCC. Power dissipations of 2 to 5 watts per chip are possible. At the larger dissipation
however, a 360 mil chip must be assumed in order to limit the hcat density to 39 watts/sq.
in. assumed in previous studies. In this case the thermal resistance without thermal
checkerboard is approximately 109 C/W, while it is only 20C/W with the thermal pads.
Therefore, the temperature difference between the chip and substrate/board is between
10° C with the checkerboard pattern and 40 to 50° C without it. This is summarized in
Table 4-1.

The temperature differences between a typical substrate/board and the cooling air,
for both direct and indirect air cooling, are discussed. Direct air cooling involves forced
air convection directly over the electronic packages, while indirect air cooling utilizes
forced convection through a convoluted heat sink attached to the back of the
substrate/board. These results are applicable to either HCC or Hybrid type packages

4-1
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TABLE 4-1
SUMMARY OF TEMPERATURE DIFFERENCES BETWEEN
CHIP-TO-BOARD FOR HCCs

With Without
Checkerboard Checkerboard

Chip Size (in.) 0.2 to 0.3 0.2 to 0.3
6CB OC/W, Thermal Resistance from

Chip-to Board 5.0 20.0
TCB Oc at 2 W/chi.p 10.0 40.0
Chip Size (in.) 0.36 0.36
6cB 2.0 10.0
Tes Oc at 5 W/chip 10.0 50.0

within the accuracy of this study. Temperatures (substrate/board) are reported as a func-
tion of heat dissipation, density (i.e., watts/in.2), and air flow rate at that level of investi-
gation, Edge cooling with liquid is shown to be inferior except where air cooling is
impossible.

LSI chips mounted in Hybrid packages are analyzed second to determine their mini-
mum spacing. Both HCC and Hybrid package data are then combined with the previous
convection data to determine the final device spacing guidelines. A limiting chip tempera-
ture of 1109C, consistent with high reliability requirements was incorporated through use
of the equation;

Tchip = Tajr + BTajr-to-board + A Tchip-to-board

The temperature difference from air-to-board through convection heat transfer is
discussed and the temperature difference from chip-to-board through conduction heat

transfer is discussed thereafter.
4.2 Convective Heat Transfer

Three board cooling concepts considered were:
1) Direct Cooling, Air
2) Indirect Cooling, Air
3) Edge Cooling, Liquid

4-2
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Peak board temperature and pressure drop data is presented for selected board
sizes and spacings. Typical system bounds were assumed to be a pressure drop of 2.0
in. of water for air cooling and, for liquid cooling, a flow rate cf approximately 3.0
GPM. Fans or pumps capable of capacities greater than these are considered beyond

the noise or size hmitations typically imposed in military rack or cabinet applications.
4.2.1 Direct Air Cooling

The first board cooling configuration studied has air blowing directly over
the devices as indicated in Figure 4-1. Air flows in the channel between card pairs,
directly over the front tace (device side) of one card and over the rear face of the adja-
cent caerd, Card spacings of 0.3 and 0.4 in. were evaluated. A typical ceramic board
thickness of 0.060 in. was assumed to give channel gaps of 0.24 and 0.34 in., respectively.

Heat transtfer coefficients were determined for fully developed turbulent
{iow between parallel plates using the Colburn correlation

NgT NPR2/3 = 0.023 NRE:'-O'2

multiplied by 0.75 for noncircular channels as recommended in Reference (3). Here:

NsT = Stanton Number, h/GCp
NpRr = Prandt! Number, uCp/k
NRrE = Reynolds Number, Gd/u

where:
h = heat transfer coefficient, BTU/hr-ft2-0F
G = mass velocity, 1bm/hr-ft2
Cp = specific heat, BTU/1bm-°F
u = absolute viscosity, 1bm/hr-ft
k = thermal conductivity, BTU/hr-ft-CF

d = hydraulic diameter, ft,

'
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Figure 4-1 - Board Cooling Configurations
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Entrance effects were then included from Reference (4) and multiplied by the fully devel-
oped values above. These values were compared with data given in Reference (5), which
includes laminar and transitional flow, and agreement was found to be good. Reference
(6) was subsequently used for all non-turbulent calculations.

Previous empirical studies of hybrids measuring approximately 1 in. sq.
mounted on modules 6 in. long by 3 1/2 in. wide have indicated that the heat transfer can
be determined with the coefficients obtained above when multiplied by the surface area
of one side of the card and the factor 1.5. This factor empirically accounts for spreading
of the heat in the ceramic board and also conduction through the board. This approach
was considered superior to using directly heat transfer coefficients for smooth channels.

The vressire drop was estimated for zero device height by adding the
iriction drop for a channel of the given gap width and dynamic drop to account for
entrance and exit osscs. These estimates were then scaled for increased device heights
using analytical as well as empirical reiationships determined from previous experimental
tests for comparable packaging. Heat transfer results are a weak function of device
height and therefore do not significantly affect the card temperature.

The results are presented for card lengths of 6, 12 and 18 in. with a gap of
0.2% in. in Figures 4-2, 4-3 and 4-4 (0.3 in. spacing) and for a gap of 0.34 in. (C.% in.
spacing) in Figures 4-5, 4-6 and 4-7. These results are discussed together with "Indirect

Air Cooling" after the next section.
4.,2,2 Indirect Air Cooling

This board cooling configuration is included in Figure 4-1 for comparison
with direct air cooling. Here, a finned cold plate is an integral part of each module card.
Two modules are mounted back-to-back to minimize the space occupied. Air flow is
"indirect” with respect to the devices, flowing only through the cold plate and not directly
over the devices themselves. This method has the advantage that cooling air does not
have to be as clean as it must with direct air cooling. Comparison of the space occupied
by the two air cooling configurations is shown in Figure 4-8. Two types of heat
exchangers both of which are available off-the-shelf were investigated for use in the cold
plate. One is the KINTEX Model No. 15000, the other a Wakefield No. 4434-2 extrusion.
The KINTEX exchanger has superior performance and is recommended in this application.
Its core is equivalent to Kays and London No. ll.1 with performance data given in

Reference (6).
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Figure 4-3 - Direct Air Cooling Data
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Figure 4-4 - Direct Air Cooling Data
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Figure 4-5 - Direct Air Cooling Data
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Figure 4-6 - Direct Air Cooling Data
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Figure 4-8 - Comparison of Configuration With Direct and Indirect Air Cooling
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Here, as with the direct air configuration, a dynamic entrance and exit pressure drop was
added to the friction pressure drop values. Device height is not a factor in this
configuration.

Results are given for module lengths of 6 and 12 in. with a fin height of 0.25
in. in Figures 4-9 and 4-10. Results are estimated for an assumed fin height of 0.34 in. in
Figure 4-11, for comparison. It is noted that this cold plate is not off-the-shelf and would

require special order.
4,2.3 Air Cooling Discussion

The direct air cooling datais interpreted first. InFigure 4-2, a card tempera-
ture of 100°C is attained with a dissipation density of 2.0 wa'cts/in.2 and a mass flowrate
of a little more than 0.2 Ibm/min/in. width. If a typical device height is assumed to be
0.060 in. this raquires a pressure drop of approximately 0.45 in. water. This would infer
that up to four of these cards could be arranged in a series flow path with a total drop of
2.0in. of water. Increased air flow (hence pressure drop) would be required with multiple
cards in series, however, to keep the peak card temperature at 100°C due to the
increased air temperature. This can be seen from Figure 4-4, which approximates the
results with three cards in series. This dissipation density is the typical maximum found
in present day electronic packaging. If the gap between modules is increased to 0.34 in.,
the results of Figure 4-5, indicates that a card temperature of 1000C takes a little more
than 0.3 lbm/min/in.-width and a smaller pressure drop of 0.3 in. water for a 0.060 in.
device height.

The indirect air cooling data is exemplified in Figure 4-9. Here, a 6 in.
long card temperature of 100°C occurs with 12 watts/in.2, 0.38 1bm/min/in. width and
approximately 2.0 in. of water pressure drop. Hence, the dissipation density is greatly
increased, but so is the pressure drop. Increasing the fin height to 0.34 in. increases the
dissipation density to 16 watts/in.2 while keeping the pressure drop at 2.0 in. of water
(Figure 4-11).

Comparison of direct and indirect air cooling is made in Figure 4-12. The
direct air cooling data from Figure 4-2 is extended to greater flowrates to allow this
comparison. It can be seen here that a dissipation density of 3 watts/in.2 with direct air
requires approximately the same flowrate and pressure drop that can handle 10 watts/in.2
with indirect air. It must be remembered from Figure 4-8 however, that an approximate
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Figure 4-9 - Indirect Air Cooling Data
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increase of 50 percent in packaging volume is required to utilize this indirect air configu-
ration. Due to the increased effectiveness in heat transfer with the cold plate, greater
power densities can be handled, but with shorter card lengths and a parallel arrangement

of cards with regard to the air flow since a series arrangement of cards is impossible.
4.2.4 Edge Cooling, Liquid

This board cooling configuration is also depicted in Figure 4-1. The edges of
the card at both ends make thermal contact with a liquid-cooled coldplate. Heat dissi-
pated by the devices is conducted in the card to the edges in contact with the coldplate.
A 1/4 in. wide thermal contact on one side only (both ends) was assumed since some sort
of aspring would be required on the other side. A typical thermal contact conductance of
500 BTU/hr-ft2-OF was assumed for moderate contact pressure.

The coldplate could simply be rectangular tubing, but the spacing would
have to be very small (less than 0.1 in.) to get a velocity high enough to produce the heat
transfer desired (h 1000 BTU/hr-ft2-OF) with a coolant flowrate of approximately 3.0
GPM. A cold plate height of 6 in. was assumed for this calculation. A 50/50 percent by
weight mixture of ethylene glycol and water was assumed as the coolant liquid. A finned
cold plate such as the KINTEX 15000 was found to provide the heat transfer with a low
pressure drop of only 0.05 psi per foot of length. A liquid temperature rise of only 1°C
would occur with 20 modules in series. An inlet coolant temperature of 50°C was
assumed.

A typical calculation witha 6 in. long card of 1/16 in. thick aluminum and a
dissipation density of 2 watts/in.2 produces a total peak card temperature rise of 53°C
above the inlet coolant temperature (Peak Card temperature of 103°C). This rise breaks

down as follows:

1) Card, center to edge 339C

2) Thermal contact 13

3) Coolant film 6

¥)  Fludrise 1
530C

It can be seen that the conduction and thermal contact contributions predominate.
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Results are given for 1/16 in. and 1/8 in. thick aluminum cards in Figures
4-13 and 4-14 and for 0.060, 0.080 and 0.10 in. alumina cards in Figures 4-15, 4-16 and
4-17. Results can be seen to be somewhat inferior to direct air cooling.

Edge cooling does not appear to have merit, except for cases where air
cooling is impossible, If liquid cooling is pursued, an integral liquid cooled cold plate with
the devices mounted directly could accommodate dissipation densities of 20 to 30
watts/in.2. Significantly greater design problems because of liquid [eakage would result

in greater cost and complexity.
4.3 Conductive Heat Transfer
4.3.1 Hybrid Chip Analysis

A more versatile approach was used to study the conductive spreading of
heat. Finite Element solutions (the ADINAT code) were employed to study chips in
Hybrid packages. These analyses considered the spreading of the heat dissipated in the
device packages and subsequent conduction through the substrate/board material. A
typical module configuration is shown in Figure 4-18.

Chip temperatures were determined for various chip center-to-center spac-
ing for both epoxy and polyimide boards as well as alumina substrates. Results along with
material layer configurations assumed are given in Figures 4-19 and 4-20.

LSl chip size was assumed to be 0.3 x 0.3 in., each chip dissipating 2.0
watts, with a r...nimum spacing of 0.120 between chips (minimum center to center spacing
of 0.42 in.). On epoxy or polyimide boards where spreading of the heat is significantly
reduced, the chip size was assumed larger at the higher dissipations in order to limit the
heat dissipation density as noted in later Figures. This limiting heat density provides an
upper bound beyond which generalization is unrealistic.
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Figure 4-13 - Centerline Card Temperature For Conduction

4-20



{'u1) HLON3IT aHvd

< [ 4 € 4 i
1 1 |

i

0S

/SIS s LSS S,

09

0L

ﬁlow
o6

-001

ot

SAN3 HL08 40 301S INO NO W' % 30 1IVINOD TVWHIHL D05 40

"dW3L 13INI '3LVTd Q102 000SL "ON XILNIN HONOHHL 31VHMOTS
ulwyjeb o'g H1IM ONIT00D 3DA3 HILVM/TOIATD 06/0S "AHVYI WNNIWNTY

‘U 8/L HLIM NOILLONAGNGD HO4 3HNLIVHIdWIL QYYD INITHIINID

oct

{30} 3UNLYHIAWIL QYYD MNV3Id

Figure 4-14 - Centerline Card Temperature For Conduction
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Figure 4-15 - Centerline Card Temperature For Conduction
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Figure 4-17 - Centerline Card Temperature For Conduction
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Figure 4-18 - Typical Module With Hybrid Packages
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Figure 4-19 - LSI Chip (0.3 x 0.3) Temperature on G-10 and Polyimide
Boards (k=0.17 BTU/in.ftOF)
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Figure 4-20 - LSI Chip (0.3 x 0.3) Temperature on Alumina
Substrate (k=12.0 BTU/in.ftoF)

4.3.2 Chip Spacing Guidelines

Convective heat transfer data discussed previously for a typical 6 in. long
module is summarized in Figures 4-21 and 4-22. They represent conditions of direct air
cooling and indirect air cooling, respectively, As a guideline, a limiting module pressure
drop of 2.0 in. water was assumed as typical, which in turn sets the mass flowrate at just
under 0.4 Ibm/min (6 cfm at 509C ambient, 3000 ft elevation) in Figures 4-21 and 4-22.

It can be seen that at this limiting flowrate, the module convective surface
temperature is directly related to the heat density (W/in.2) at that surface. This maxi-
mum allowable heat density is generally interpreted as:

(Q/A)max = Qchip/lf’2

where Qchip is the chip dissipation and p is the chip center to center spacing (pitch, Fig-
ures 4-19 and 4-20. Likewise, the temperature difference due to conduction between the
4-26
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Figure 4-21 - Direct Air Cooling Data
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Figure 4-22 - Indirect Air Cooling Data
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chip and convective surface is also related to the chip center-to-center spacing as previ-
ously described. Combining the two relations (convection and conduction) and assuming a
chip temperature of 1109C, the chip spacing was determined iteratively as detailed in
Table 4-2. This procedure is approximate in nature but with conservative assumptions
throughout. A 25 percent safety factor was incorporated with epoxy boards when cooled
by direct air to allow for some uncertainties in the lateral spreading of the heat.

The resulting device spacing guidelines for chips in HCCs are given in Fig-
ures 4-23, 4-24, and #-25. In the case of HCCs, the spacing is for HCC packages, not
chips. The curves represent the boundaries between direct air cooling, indirect air cool-
ing and further improved cooling such as liquid cooling. Operating points itemized indi-
cate the cooling regimes required for the 64 lead HCCs studied (0.72 in. x 0.72 in. with
0.10 in. spacing) with center-to-center spacing of 0.82 in. and chip dissipations of 2 and 5
watts each. Operating at 5 watts with air cooling at this spacing can only be accom-
plished with HCCs, if the thermal checkerboard pattern is utilized and the packages are
mounted on alumina substrates. Operation without the checkerboard pattern would
require a spacing greater than 1.0 in. for indirect air cooling. Operation without the
checkerboard pattern on polyimide boards is not recommended.

The center-to-center spacing guidelines between chips in Hybrid Packages
are given in Figures 4-26 and 4-27. Operation at 2 watts chip dissipation with a center to
center spacing of 0.42 in. is seen to be borderline at best with indirect air cooling and an
alumina board/substrate. Operation at 2 watts with a G-10 board would require chip cen-
ter-to-center spacing greater than 0.70 in. if indirect air cooling is desired.

A final note is that the curves in Figures 4-23 through 4-27 could all be
shifted downwards to give smaller spacings if the temperature difference between the
chips and the board/substrate convective surface can be reduced. Engineering of individ-

ual board designs to provide improved conductive paths are possible.
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TABLE 4-2
SAMPLE CALCULATION FOR CHIP AND WIRE DEVICE ON G-10 BOARD

Direct air Cooling
Let Ochjp = 1.0 W (half of that used in Figure 4-19)

Thru iteration of the following procedure determine p = 0.65 in.. From
Figqure 4-19

ATchjp-to~board = 1/2 (40) = 20°C
Convective surface temperature is
Thoard = 110 =20 = 90°C

From Figure 4-21 the convective surface heat density
allowable is

(Q/B) pax = 2.4 W/in.2

With a center to center spacing of 0.65 in. the heat density at the
convective surface would be

o/a = —29 2.4 win.2

(0.65)2

confirming the spacing determined.

Assuming a 25% safety factor for lateral spreading of heat in the epoxy
board.

The quideline spacing recommended is
0.65 x 1.25 = 0.81 in.

Indirect Air Cooling
Let Qchjp = 1.0 watt (half of that used in Figure 4-19)

Through iteration determine p = 0.46
From Figure 4-19

ATchip-to-board = 1/2 (82) = 41°C
Convective surface temperature is

Thoarq = 110-41 = 69°C
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TABLE 4-2 (Cont'd)

From Figure 4-22 the convective surface heat density allowable is
(Q/A)pax = 4.7 W/in.2

With a center to center spacing of 0.43 in., the heat density at the
convective surface would be

1.0
A =—-— = 4,7 Win.2
o/ (0.46)2 /1in

confirming the spacing determined.

A safety factor is not necessary with indirect cooling due to the higher

degree of certainty of the spreading of the heat. The guideline spacing
recommended is therefore 0.43 in.
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Figure 4-23 - HCC Package With Thermal Checkerboard Pattern On Alumina Substrate !
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) 5.

Lines 1, 2& 3

Lines 4, 5& 6
Line 7
Line 8
Line 9

Line 10

Line 11
Line 12

5.1 First Interconnection Layer

INTERCONNECTION TEST SUBSTRATE

To aid in the interconnect model validation a test substrate was designed. The
- type construction is simple/lumped. A simple representation is shown in Figure 5-1. The

test substrate is used to evaluate the all-important test equipment interfaces.

The first interconnect layer is shown in Figure 5-2, Each trace is identified with a

number. The following details the purpose of each interconnect:

Long parallel interconnects with varied spacing.
Cross talk evaluation.

Interconnects of various lengths.

An interconnect with 90 deg bends.

An intet . onnect with 45 deg bends.

Part of a serpentine interconnect. This line is
completed when the second layer is added. Evalu-
ates a line with ten vias.

Single interconnect parallel to a coplaner
interconnect. Isolation evaluation.

Coplaner configuration. Isolation evaluation.
Part of another serpentine interconnect that is
completed when a second layer is added. This has

five vias.

Note, that a large square pattern is provided at the bottom to form one plate of a

parallel plate capacitor. The other plate is the power plane directly underneath. It will

be used to evaluate dielectric thickness.

5-1
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L
CONDUCTOR
J DIELECTRIC
H = 25mil
H CERAMIC w = 10 mil
L = 4cm

GROUND PLANE

Figure 5-1 - Simple/Lumped Interconnect

Figure 5-2 - First Interconnect Layer
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5.2 Second Interconnect Layer

The following describes each pattern (See Figure 5-3),

Figure 5-3 - Second Interconnect Layer

Pattern 13 -
Line 14 -
Line 15 -

This pattern lies directly over the first three lines on the
first interconnect layer. Provision has been made to
ground this pattern using bond wires. Note that the pat-
tern is made up of lines of three different lengths. All
three lengths cross over line | on layer 1. Only the two
longer lines cross over line 2, and line 3 has the longest
line in the pattern crossing over it. The three lines on the
first layer in conjunction with the pattern on the second
layer are to be used in a crossover evaluation.

A single long interconnect.

This pattern is connected to ground and lies directly over
line 7 on layer 1, converting line 7 from a microstrip to a
stripline interconnect.
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Line 9 - This completes the serpentine interconnection for via
evaluation.
Line (2 - This completes the second serpentine interconnection.

Here again the large square at the bottomof the substrate forms one plate of aparal-

lel plate capacitor.
5.3 Third Interconnect Layer

The interconnect pattern for this layer is identical to layer 1. However, the dis-
tance between an interconnect and the power plane approaches the interconnect line
width. Although this interconnect is still considered simple/lumped, it is approaching a
microstrip configuration. The purpose of each line is the same as was described for

layer 1.
5.4 Power Plane

The power plane is located on top of the substrate. It is interdigitated as appar-
ent in Figure 5-4. One set of fingers is ground, and the other set of fingers is power. This
distributes power and ground over the hybrid for ease of chip power interconnection to
pads on the top layer. It will be shown later that the spaces between the lines influence

the electrical characteristics of the interconnection.
5.5 Sample Simulation

Line | on layer 1 was modeled and simulated. The simulated pulse response is
compared to the pulse response data taken from the same line on the interconnection test
substrate. For the simple/lunped configuration, the interconnect can be treated as part
of aparaliel plate capacitor because of the close proximity of the power plane. Since the
dielectricis non-magnetic, the permeability of the medium can be considered to be that of
free space. Knowing this, the inductance of the interconnect can be calculated. Once
the inductance per unit length and capacitance per unit length are known, then the charac-

teristic impedance of the interconnect can be determined. All of the values were calcu-

lated and are given in Figure 5-5.
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mu o

i
\i‘i
1
i
|

€r €o A
= mmmmmee—- where A =
a
10
2 mils = 5.1 x 1073 cm A

10 mils = 2.54 x 10~2 cm
393.7 mil =1 cm

8.85 x 10-14 f/cm

10 x 8.85 x 10-14 x 2.54 x 10-2

2

L xw=ocm

2.54 x 1072 em x 1 cm
2.54 x 10-2 cm2

4.41 Pf/cm

5.1 x 10~3
Ho d
2 em——— where H, = 4T x 10-°
w
anx 0.072 x 5.1 x 1073 2.52 nh/cm
2.54 x 10~2
0.055 Q/cm
------------ (Calculated in Figure 2-4)
L 2.52 x 10~9 23.9 Q
c 4.41 x 10712

Figure 5-5 - Simple/Lumped Calculations
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In order to be realistic the simulation must take into account the test interfaces.
The model and interfaces are shown in Figure 5-6, The pulse rate was between 10 and 15
MHz and rise and fall time was 1 nsec. The coding is shown in Figure 5-7, while the pulse
response, is shown in Figure 5-8. This plot will be compared to the actual test results.

5.6 Test Methods - Interconnection Test Substrate !
There are two test methods that are employed in the evaluation of the interconnec-

tion test substrate. These are Time Domain Reflectometer (TDR) and time pulse

response measurement.

r—— - = R
| Zs | Ea | Eg I
I | | :
| INTERCONNECT |
: | 27 MODEL | S% |
1 l | |
I PULSE J |
L_GENERATOR ] SCOPE |
— — — U

z

s = PULSE GENERATOR IMPEDANCE = 5092

Z1 = SUBSTRATE TERMINATION = 502

Z(S = SCOPE INPUT IMPEDANCE = 502

Figure 5-6 - Simple/Lumped Simulation
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5.6.1 Time Domain Reflectometer (TDR)

A TDR injects a pulse with a very fast rise time (45 psec) onto an intercon-
nect and displays reflection coefficient (0) and two-way propagation delay time on a
scope. Knowing the reflection coefficient, the characteristic impedance of the intercon-
nect can be determined. Also, any discontinuties, capacitive or inductive, are displayed.

From transmission line theory an open line has a reflection coefficient of
plus one. This means that a wavefront arriving at the open end of the line reflects in a
positive direction at full amplitude. On the other hand, a short circuit at the end of line
has a reflection coefficient of minus one. This means a wavefront will be reflected in a
negative direction and at fuil amplitude. The formula used to calculate impedance from
reflection coefficient follows.

5.6.2 Pulse Response

The effects of discontinuities, crossovers, capacitances, etc., will appear as
pulse degradation including ringing and cross talk. Although pulse response will provide
some insight as to the electrical effects of an interconnect, the exact performance can-
not be determined. The actual response will be dependent upon the dynamic characteris-
tics of the source and the load. However, TDR line measurement is a good tool to vali-
date the computer interconnect model.
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5.6.3 Test Interfaces

For high frequency digital measurements the interface between test equip-
ment and hybrids must have precisely controlled impedances. Therefore, great care must
be exercised when interfacing equipment, such as that shown in Figure 5-9. For example,
to keep ground loops to a minimum when interfacing a pulse generator to a test substrate,
a terminated coaxial cable must be used from the pulse generator. Otherwise, ringing

will mask the measurement.

O

SCOPE

CABLE

CABLE—“/)/

/_— PROBE
PULSE
GEN.

‘\\\\\\\\————SUBSTRATE

PROBES

Figure 5-9 - Test Set-Up

5.6.4 Coaxial Probe

To get a pulse onto a substrate a newly developed probe was used. The
shield or ground return is interfaced to the substrate via a second tip. A mechanical
drawing of this probe is contained in Figure 5-10. Note that the tip that carries the shield
to the substrate is helically wound to the probe shell.
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Figure 5-10 - 50Q Coaxial Probe

The probe was evaluated using a Tektronix scope with 7512 TDR plug-in.
The plug-in contained a S-52 pulse generator and S-6 sampling head. The test set-up was
as depicted in Figure 5-11. The results of a TDR measurement of the probe are shown in
Figure 5-12. The discontinuity due to the SMA to BNC adapter is noted, as is the
discontinuity due to the connector on the probe. Both discontinuities are capacitive.

To further evaluate the probe the tips were shorted together using a fuzz
button. The fuzz button is simply a 2 mil gold bond wire rolled into a small sponge. The
TDR response for this condition is shown in Figure 5-13. The first discontinuity noted is
the result of the connector. The second discontinuity is the probe tip. Note that this
discontinuity is inductive (inductive is positive while capacitive is negative). It was sus-
pected that the inductance is caused by the outer tip which is wound in a helix. To verify
this, a piece of 2 mil gold bond wire was wrapped around the shield of the probe and the
center conductor where it emerges from the shield. The TDR response for this is shown
in Figure 5-14. Notice that there is no inductive discontinuity, which verifies the

suspicion.
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5082 RIGID

REFERENCE
COAX — 8in.
COAXIAL CABLE 2% ft
7904 PROBE
SCOPE
&
TDR
SMA TO BNC LEPRA/CON
ADAPTER CONNECTOR

Figure 5-11 - Test Set-Up - Probe Evaluation
SMA TO BNC CONNECTOR PRORF

mp

50q

nsec
Figure 5-12 - 500 Coaxial Probe and Cable (500 mp/cm, 2 ns/cm)
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PROBE TIP

CONNECTOR

PROBE

mp

nsec
Figure 5-13 - Probe Shorted With Fuzz Button (200 mp/cm. 1 ns/cm)

PROBE COAX CONNECTOR

SHORT

nsec
Figure 5-14 - Probe Shorted With Bond Wire (200 mp/cm, 200 ps/cm)
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This probe should be adequate for clock rates up to and beyond 250 MHz.
Howaver, for clock rates approaching the GHz range this probe will probably be
inadequate. A special probe would have to be designed.

5.6.5 Test Substrate Evaluation

Three interconnection test substrate configurations were evaluated:

1) A single interconnect layer over a power plane
2) Two interconnect layers over a power plane
3) Three interconnect layers over a power plane

Each configuration was evaluated using TDR and pulse techniques.
5.6.5.1 First Layer Interconnect - TDR

A picture of the first interconnect layer was previously given in Fig-
ure 5-2. TDR measurements were performed on all but two lines, line 9 and 12, A large
variation in the characteristic impedance along a single interconnect or from intercon-
nect to interconnect was noticed, and Table 5-1 contains the reduced data. Note the large
impedance variation on line 2, the reasons for which will be discussed later.

As was mentioned earlier in this report, a square parallel plate
capacitor is located at the bottom of the intercennection test substrate, This capacitor
measured 13.8 pf, which is much greater than the 8.8 pf calculated for a 2 mil thick
dielectric. Refer to Figure 5-15 for the detailed calculation. Using the measured value,
the dielectric thickness was calculated at 1.3 mils. Figure 5-16 contains this calculation.
A variation of this magnitude in processing is considered normal. As a matter of fact, the
measured variations in line characteristic impedance can be attributed to these normal
variations in line width and dielectric thickness. Because of the close proximity of the
power plane to the interconnect, variations in these parameters result in significant varia-
tions in impedance.

As mentioned earlier, line 2 exhibited a high impedance with large
variations. This is evident from the TDR response in Figure 5-17. As a comparison, refer
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TABLE 5-1
FIRST INTERCONNECT LAYER

} 1
i Zo ave | Zo low | Zo high | Ct c L
Line No. ) Q) ) (pf) {pf/cm) (cm)
|
) 1 19.4 17.6 21.9 34.5 6.2 4,57
2 LARGE VARIATION 29.4 4.8 4.83
3 30.0 28.1 33.3 35.7 5.5 5.33
4 32.0 29.4 34.7 13.8 6.5 1.65
5 20.4 18.0 21.4 23.5 6.2 3.3
6 37.0 33.3 40.1 32.7 5.2 4.83
7 34.7 30.0 42.6 41.0 6.2 5.59
8 34.7 31.3 37.0 35.2 6.0 4,83
10 30.0 21.4 40.9 31.0 5.4 4.57
11 28.1 26.9 34.7 35.6 5.4 5.33
?
| CAP = 13.8 pf
1
NOTES: 1) Interdigitated power plane
2) Unterminated lines
€r €0 A
C = mmmm—m————
d
]
where: €, = 9.7
€0 = 8.85 x 10”14 f/cm
A=Q0xw where 2 =82 mils = 2.1 x 10~1 cm
w =98 mils = 2.5 x 10-1 cm
d =2 mils = 5.1 x 1073 cm
] A=2,1x10"1x2.5x 1071 =5.2 x 1072 cm2 i
oo 2:7%8.85x 10714 x 5,2 x 10-2 g
L 5.1 x 10~3
C = 8.8 pf

Figure 5-15 - Test Capacitor - 2 Mil Dielectric
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3 €r €0 A
C = ——=eemm-
4
€r €0 A where: €, = 9.7 '
! d = —mmmmme - €o = 8.85 x 10714 f/cm
CMEA A =5.2 x 1072 cm?

CMEA = 13.8 pf

13.8 x 10-12

[o N
i

=3.3x 1073 cm = 1.3 mils

Figure 5-16 - Test Capacitor Dielectric Thickness i

Figure 5-17 - Line 2 First Layer Interconnect - TDR Response
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to Figure 5-18 which is the TDR response of line 1. This is the expected response. Inspec-

tion of the artwork revealed that line 2 did not lie directly over the power plane, but over
a space on the interdigitated power plane. Because of this fact, impedance levels are
dependent upon fringing effects.

To verify this, another substrate was fabricated, but this time with a
solid ground plane. A TDR response of the same line, line 2, was as expected. This is
shown in Figure 5-19.

If interconnects require a precisely controllied impedance, then the
simple/lumped type construction should not be considered. Also, an interdigitated power
plane in a microstrip configuration should not be used in applications requiring a con-
trolled interconnect impedance.

The TDR responses of the other lines for both the interdigitated and
solid power planes are contained in Appendices A and B.

5.6.5.2 First Interconnect Layer - Pulse Response

The interconnects were pulsed at 15 MHz. The pulse rise and fall
times were | nsec. Transmission line effects could be observed when viewing the input
pulse at the pulse generator end. The coax cable from the pulse generator was termi-
nated at the substrate end. However, the interface between the scope and the pulse gen-
erator was not. Since the pulse generator is properly terminated at the substrate end,
these effects can be ignored. '

Figure 5-20 shows the pulse response of line 1. Line 2, as discussed
earlier, has a high and uncontrolled impedance which was also pulsed. The response for
this line is given in Figure 5-21. As can be noted, the response for both lines is the same.
The only degradation is in the rise and fall times. Observing the pulse response for the
other lines, no real differences could be noted. From this we can conclude that for the
frequencies of interest in this study the effects of 90° and 45° bends, impedance varia-
tions, etc., are negligible. For the simple/lumped type construction the large intercon-
nect capacitance will have the greatest effect on the electrical performance of an inter-
connect. For the pulse response of the other lines see Appendix C.
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50Q mp

T = 500 ps/cm
INTERCONNECT

50Q mp

T = 100 ps/cm
INTERCONNECT

Figure 5-18 - Line | First Layer Interconnect - TDR Response
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50Q mp

T = 500 ps/cm
i INTERCONNECT

509 mp

T = 200 ps/cm k
INTERCONNECT 1

Figure 5-19 - Line 2 First Layer Interconnect With Solid Ground Plane - TDR Response
5-19




INPUT

OUTPUT

INPUT

OUTPUT

Figure 5-21 - Line 2 First Interconnect Layer
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5.6.5.3 Scope Interface

As discussed in the previous section, transmission line effects were
noted when making the pulse response measurements. These effects on the input end can
be minimized by properly terminating the input at the substrate interface.

Figure 5-22 gives the pulse response of a line when the high
impedance FET scope probe is used. The transmission line effects on the output pulse are
due to the substrate to scope coaxial cable interface. These effects can be eliminated by
removing the FET probe and feeding the signal directly into the 50 ohm scope input, as
shown in Figure 5-23,

Although using the 50 ohm input of the scope terminates the cable,
this is not a solution for all cases, specifically when observing CMOS/SOS outputs. This

family cannot drive a 50 ohm load.

INPUT

OUTPUT

Figure 5-22 - FET Probe 10 M§ Input
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INPUT

OuUTPUT

Figure 5-23 - 508 Scope Input
5.6.5.4 Cross Talk

The first three lines, Figure 5-24, were designed to evaluate long
interconnects as well as cross talk. Lines | and 2 are on a 20 mil pitch, while lines 2 and 3
have a 30 mil pitch. This provides a means to evaluate cross talk for a number of differ-
ent line spacing.

Cross talk measurements were made by pulsing one line and looking
at an adjacent line. Both forward and backward cross talk was observed.

Forward cross talk is the noise that is coupled onto a line that
propagates to the end of the line. However, not all the noise energy coupled in
propagates to the output end of the line. Some of the energy propagates in the reverse
direction to the input end of the line. This is defined as backward cross talk.

Line 1 was pulsed and the noise coupled onto line 3 was recorded.
Figure 5-25 shows the forward cross talk. Figure 5-26 depicts the backward cross talk. In
both cases the cross talk coupled was less than 10 percent of the pulse amplitude which is
considered acceptable. Line | was pulsed and the coupling on line 2 was recorded. Here
again the coupled noise was less than 10 percent of the pulsed voltage. See Figures 5-27
and 5-28.
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Figure 5-24 ~ First Interconnect Layer

LINE 1

LINE 3

Figure 5-25 - Forward Cross Talk
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LINE 1

LINE 3

Figure 5-26 - Backward Cross Talk

LINE 1

LINE 2

- - T TR

Figure 5-27 - Forward Cross Talk
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Figure 5-28 - Backward Cross Talk

The cross talk levels were not predictable as expected for two
reasons. First, because of the close proximity of the power plane to the interconnect and
manufacturing tolerances large variations in electrical characteristics result. Secondly,
line 2 was situated over a space in the power plane, resulting in very large impedance

changes along the interconnect.
5.6.5.5 Second Interconnect Layer - TDR

Pattern 13 of Figure 5-29 is positioned over lines 1, 2 and 3 of the
first interconnect layer for crossover evaluation. TDR measurements were made on lines
1, 2 and 3 with pattern 13 floating. Pattern 13 was grounded, and measurements were
made again. The difference between the two sets of measurements is indicative of
crossover effects.

Figure 5-30 is the TDR response of line | without crossovers while
Figure 5-31 is the response with crossovers. Even though line | has the maximum number

of crossovers, twenty, there are no discontinuities, Figures 5-32 and 5-33 are TDR

responses of line 2 without and with crossovers. In this case the number of crossovers
5-25
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Figure 5-29 - Second Interconnect Layer

Figure 5-30 - Line 1 - Without Crossovers
5-26




Figure 5-31 - Line 1 - With Crossovers

Figure 5-32 - Line 2 - Without Crossovers
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Figure 5-33 - Line 2 - With Crossovers

was 14. Here again are no observable effects due to the crossovers. Figures 5-34 and
5-35 are the responses for line 3. This interconnect has the least number of crossovers; and,
as expected, there is no effect.

Figure 5-36 is the TDR response of line 14 of the second layer. The
impedance of an interconnect on this layer should be higher than an equivalent intercon-
nect on the first layer; and it is as it averages 33Q. Line 15 is one plane of a stripline
interconnect. The signal carrying conductor for this configuration is located directly
below on layer 1. This line (15) is connected to ground. Figure 5-37 is the TDR response
of the stripline interconnect. As expected the impedance is low, about 50Q.

Figure 5-38 is the TDR response of line 9. This line is one of the
serpentine interconnects and has ten vias. The other, line 12 with five vias, appears to
have a defect. The large dip in the TDR response of Figure 5-39 represents a very low
impedance. Since the variations in the TDR responses are not uniform and the vias are at
uniform spacing, we can conclude that these variations are not due to vias.




Figure 5-34 - Line 3 - Without Crossovers

Figure 5-35 - Line 3 - With Crossovers
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Figure 5-37 - Line 15 - Stripline
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Figure 5-38 -~ Line 9 - Second Layer

Figure 5-39 - Line 12 - Second Layer
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5.6.5.6 Second Interconnect Layer - Pulse Response

The pulse responses of the interconnects of layer 1 showed little, if
any, differences. Therefore, most of the data taken will appear in the Appendix A. How-
ever, the pulse response of line 1 without and with crossovers is of interest. These are
given in Figures 5-40 and 5-41. As can be noted from the figures, both pulse responses
are the same, which is to be expected as the TDR responses for the same set of conditions

were identical.
5.7 Third Interconnect Layer - TDR

The interconnect pattern for this layer is the same as layer I. Except for the mag-
nitude of the characteristic impedance, the responses were not that much different. The
impedances averaged 50 chms. The types of variations observed in the first interconnect
layer were evident in this layer. Just as variations in the first layer were due to manufac-

turing tolerances, the same is true for the third layer. One line, however, exhibited a

Figure 5-40 - Pulse Response Line |1 - Without Crossovers
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Figure 5-41 - Pulse Response Line 1 - With Crossovers

A adaie b o

fairly even impedance profile, indicating that the overall line width and dielectric separa-

tions were relatively constant. The TDR responses for line 1 are shown in Figures

5-42 and 5-43.
A tabulation of the electrical characteristics for each of lines on this layer is given

in Table 5-2. The remainder of the TDR response data taken for this layer is included in

e e adn

Appendix A.

5.7.1 Third Interconnect Layer - Pulse Response

The pulse response of the third layer interconnects are similar to those of
layer 1. The one noticeable difference is that there is less degradation to the pulse edges

because the interconnect capacitance is much lower. The capacitance per unit length is

down by a factor of three. This can be observed by referring to Figures 5-44 and 5-45

which give the responses of lines 1 and 2. The pulse response data for the remaining lines

are contained in Appendix A.
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Figure 5-42 - Line | Third Layer

50Q

Figure 5-43 - Line | - Third Layer
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INPUT

OUTPUT

TABLE 5-2
THIRD INTERCONNECT LAYER

Zo ave | %o low | Zo high | Ct c L

Line No. ) (2) (§2) (p£f) (pf/cm) (cm)

1 33.3 30.0 34.7 16.0 2.1 4.57

2 LARGE VARIATION 15.6 1.9 4.83

3 50.0 46.1 54.2 16.9 2.0 5.33

4 50.0 49.0 51.0 5.3 1.3 1.65

5 46.2 41.7 54.2 10.5 2.2 3.3

6 50.0 45.2 53.1 14.2 1.7 4.83

7 26.9 23.5 30.0 37.1 5.5 5.59

8 61.1 52.0 75.0 13.4 1.5 4.83

10 46.1 45.2 47.2 13.5 1.6 4.57

11 41.7 40.9 48.0 14.5 1.6 5.33
NOTES: 1) Interdigitated power plane

2) Unterminated lines

Figure 5-44 - Line | - Third Layer
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OUTPUT

Figure 5-45 - Line 2 - Third Layer

5.8 Discussion

The simple/lumped construction, although the easiest to manufacture, does not
provide well controlled electrical parameters. Impedance, capacitance and inductance
variations are large. Even with these observed variations, there were no surprising
discontinuities from the different interconnect configurations., The pulse response of
each interconnect appeared to be the same, and 90 degree bends, vias, and crossovers,
etc., had no noticeable effects.

Because of the large interconnect capacitance of the simple/lumped configuration,
this type of interconnect may not be suitable for some logic families. The limited
capacitive drive of the CMOS/SOS family will result in degraded performance. Even the
ECL family will be affected because of increased propagation delay times. There will be
some degradation in the performance of TTL, but it should not be significant.

The test interfaces were exercised, and some deficiencies were noted. The coaxial
probe, providing it is terminated, is satisfactory. Also, for some families with low drive
capability the output to scope interface will become a problem. This problem can be
overcome in one of two ways: either by making the passive coaxial probe an active one,
or by using a FET probe directly on the substrate for output measurements, i
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6. DIGITAL LOGIC FAMILIES

A number of logic families were considered for use in a test circuit that will serve
to evaluate various types of hybrid construction. The types of construction are
simple/lumped, microstrip and stripline. The logic families selected must be capable of
operating at clock rates between 10 and 250 MHZ, with switching speeds up to 1 GHz.

6.1 Performance Characteristics

The performance characteristics of the following families were investigated and

tabulated.
° TTL ° CMOS/Bulk
° LSTTL ° CMOS/SOS
° STTL ° ECL 10K
° BL o ECL 100K

The tabulation appears as Table 6-1. In reviewing the table, it can be noted that the LS
and S members of the TTL family cover the frequency range of 10 to 70 MHz. The BL
family meets the requirements, but it was rejected because of lack of availability. The
ECL family also operates within the frequency range of interest, but only 100K ECL will
operate at 250 MHz. CMOS/Bulk was eliminated because it is too slow, as its maximum
range is 6 MHz. CMOS/SOS was selected since it will operate in the MHz range, and
devices manufactured at Raytheon were available.

Since the requirements are well defined (clock rates between 10 and 250 MHz, |
GHz switching and production or near term production availability), these four families

were selected:

D LSTTL

2) STTL

3) CMOS/SOS
4) 100K ECL.
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6.2 Test Circuit

For this task a relatively simple test circuit is desired. This makes it easier to
identify normal operation and degradation due to the electrical characteristics of inter-
connects. In addition, the duplication of the test circuit for each of the logic families is
desirable because it provides a means of comparing one logic family with another.

A test circuit that will meet the above requirements is a four bit synchronous
counter. Figure 6-1 depicts the test circuit for the 100K ECL family. The logic diagram
is the same for the other families, therefore enhancing data correlation. Two gate ele-
ments are provided as a means to evaluate pulse degradation, resulting from a long inter-

connect and its restoration by a logic element.
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Figure 6-1 - Test Circuit - 100K ECL
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7. MODELLING

Modelling the interconnect by themselves is not sufficient. The source and load
should also be modelled since they will influence pulse response. All three models

(source, load and interconnect) are to be interfaced and verified.
7.1 ECL Model

The output impedance of a 100K ECL logic element is 6 ohms at one level and 8
ohms at the other. Therefore a good source model is a voltage source with an output
impedance of 7 ohms. The input impedance of an element is very high at low frequency.
At high frequencies the input looks like a 2 picofarad capacitor.

7.2 CMOS/SOS Model

The test circuit for this family uses three RB917 CMOS/SOS chips. These chips
were designed and fabricated at Raytheon, Bedford. The individual cells that make up
this chip have been modelled in RAYCAP. These models were verified by comparing
simulations to test data.

Figure 7-1 contains the schematic of the RB9050 driver cell. This is the model
that will be used at the input end of a interconnect. Figure 7-2 shows the RB9020 clock
input cell which represents the clock input to the counter. A gate input cell, RB9070 is
shown in Figure 7-3. These three cells represent all of the RB917 interfaces with an

interconnect.
7.3 Simulations

Since both the interconnect model and device model have been verified, all that
remains is to mate the two and perform meaningful simulations. These simulations will
be used as a basis for comparison with test data. Two configurations will be simulated:
simple/lumped and microstrip. The simulation conditions and the points plotted (test

points) are shown in Figure 7-4.
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7.3.1 Simple/Lumped - CMOS/SOS

This configuration is characterized by low impedances and large intercon-

nect capacitances. The RAYCAP coding for this simulation is given in Figure 7-5. The
simulation plot of the input/output of the CMOS/SOS driver is shown in Figure 7-6. Note
that the voltage at test point B does not go to zero after it switches from logic one. The

plot of the input/output of the receiver at the end of the interconnect is given in Figure

7-7. Here again, the voltage at test point C does not go to zero and just barely crosses

the device threshold. This results in a noise margin that is significantly reduced.
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7.3.2 Microstrip - CMOS/SOS

For microstrip construction the power plane is located on the bottom of the
substrate, resulting in a large separation between the power plane and the interconnect.
As a result, the interconnect capacitance is reduced, and the characteristic impedance is
increased. The coding for this configuration is given in Figure 7-8, and the computer plot
of test points A and B of Figure 7-4 is given in Figure 7-9. Note that the driver output at
point B does go to zero volts after switching from a logic one. The response of the device
at the end of the interconnect is shown in Figure 7-10. These figures also show that the
noise margin is normal. It is interesting to note that although this family operated
marginally when simple/lumped interconnect were used, the family performs adequately
when microstrip interconnects are used.
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8. FUNCTIONAL TEST HYBRIDS

The test circuit described in Section 6.2 will be implemented in five hybrid types.
Four of these will contain four separate circuits, one for each selected family type. The
fifth type, stripline, will contain a test circuit comprised of chip and wire 100K ECL
devices. The other three logic families will not show improved performance using strip-
line construction,

The four types are:

Simple/Lumped - HCC
Simple/Lumped - Chip and Wire
Microstrip - HCC

Microstrip - Chip and Wire

8.1 Simple/Lumped - HCC

The simple/lumped version with HCCs shown in the photograph in Figure 8-1, has
been fabricated and assembled. The test circuit for each logic family is comprised of
three devices: At the very top of the figure is the 100K ECL family, followed by the
STTL family. The third set of devices shown is the LSTTL family. At the bottom of the
figure is the CMOS/SOS family. At appropriate locations test points that will accommo-
date the coaxial probe, described earlier, are incorporated. The following paragraphs

describe the test results on the four family circuit types.

8.1.1 CMOS/SOS Family

Presently, initial testing performed on this family has shown that it has
limited drive capability. The coaxial probe and coax cable with its associated
capacitance slows down the CMOS/SOS outputs. Also, transmission .ine effects, due to
the unterminated cable, can be observed on the waveform edges (see Figure 8-2). This
difficulty is overcome when a FET probe, interfaced directly to the substrate, is used (see
Figure 8-3).
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Figure 8-1 - Hybrid - Simple/Lumped HCC
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Figure 8-3 - CMOS/SOS Counter - FET Probe
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The measured rise and fall time of this circuit was 7 to & nsec. The clock
frequency to the counter was increased to the point where the counter stopped counting.
This frequency was 23 MHz, which could be a result of the delays internal to the counter
or the interconnect capacitance. Some insight as to the cause should be gained when

the microstrip version is tested.

8.1.2 LSTTL Family

For most of these measurements the counter was clocked at 10 MHz,
Figure 8-4 depicts the input and output of the clock buffer, the clock and the counter

outputs are shown in Figure 8-5.

CLOCK

BUFFERED
CLOCK

Figure 8-4 - LSTTL Buffered Clock
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Figure 8-5 - LSTTL Counter Output

The average rise and fall times for the various outputs and the average
propagation delay times were 10 nsec.

The counter is specified to clock typically at 25 MHz and at a maximum of
32 MHz. The actual frequency at which the counter stopped was 40 MHz. Here again
until the microstrip version is tested, conclusions cannot be made. All the inputs and
outputs were measured, and a scope photograph was taken. All of this data is contained

in Appendix Bl.
8.1.3 STTL Family

The testing was performed at 10 MHz. The clock and buffered clock are
shown in Figure 8-6. When this figure is compared to Figure 8-4 of the LSTTL family, it
is obvious that this family switches faster. Figure 8-7 depicts the clock and counter out-
put. Because of the faster switching speeds more ringing is evident.

The average rise and fall times measured was 4 nsec. However, the average

propagation delay time of 8 nsec was longer than expected. The counter, which is speci-

fied to operate at 70 MHz, could only be clocked to 50 MHz before dropping out. In this
8-5
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Figure 8-6 - STLL Buffered Clock

Figure 8-7 - STTL Counter Output
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case. the counter frequency may have been limited by the interconnect capacitance.

NData of all the outputs was recorded and is included as Appendix B2,

8.1.4 100K ECL Family

The 100K ECL family is specified to clock at rates up to 450 MHz. Pres-
ently the equipment available here can provide clocks up to 250 MHz, which should be
adequate as this frequency meets the upper limnit of the task requirement.

The fast edges inherent in these high frequencies can present measurement
problems. These became apparent in the first set of measurements. To observe an output
the coaxial probe was interfaced to a test point on the hybrid. A coaxial cable was used
to connect the probe to a FET scope probe. When an output waveform was observed, it

became apparent that transmission line effects were masking the performance of the

logic. Looking at the input/output waveforms of the clock buffer, Figure 8-8, large

amplitude ringing was observed. Ringing of this magnitude should false trigger the

cLock

SN , : .- |
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}

CUFFERED
CLOCK

Figure 8-8 - 100K ECL Clock Buffer
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counter. However, when the counter output was observed, the counter was operating
properly (shown in Figure 8-9). This ringing was caused by the fast edges of the pulse

reflecting from the unterminated coaxial cable.
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Figure 8-9 - 100K ECL Counter

Since 100K ECL has a high drive capability, the coaxial cable was con-
nected directly to the 50 ohm scope input, terminating the cable and eliminating the
ringing (see Figure 8-10 and 8-11).

The measured rise and fall times for this family was 1.5 nsec. Since the
measurement is bandwidth limited by the scope, these switching times should be less than
a nanosecond. The average propagation delay time measured was also 1.5 nsec.

The clock frequency to the counter was increased to discover the frequency
at which counter would drop out. The counter was still operating when the upper limit of

the pulse generator, 250 MHz, was reached. The clock and counter outputs are shown in

3-8
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P —

Figure 8-12. Note that the waveforms are sinusoida! in nature. Because of the limited
bandwidth of the measurement, the pulse could appear sinusoidal. The remainder of the

H test data are contained in Appendix B3.
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Figure 8-12 - 100K ECL Counter - 250 MHz

8.2 Other Test Hybrids

The simple/lumped chip and wire, microstrip chip and wire and microstrip HCC
test hybrids have been fabricated and assernbled. Photographs of these hvbrids are con-
tained in Figures 8-13, 8-14, and 8-15. These hvhrids will all be tested in the near future.

The last hybrid type, stripline. is presently being fabricated. That too should be
ready for assembly in the very near future. The layout of this version is shown in Figure
8-16.




Figure 8-13 - Simple/Lumped Chip and Wire
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8.3 Initial CAD Guidelines

Not enough test data have been taken to establish the guidelines. However, some
general comments can be made.

There will be a set of guidelines for each condition and for each logic family. For
example there will be a set of guidelines for STTL logic and simple/lumped construction.
If the construction is changed to microstrip then the guidelines will change.

The specific guidelines will be kept simple. This is to allow the incorporation of
these guidelines into a CAD interconnect program. The conditions and specific guidelines

are listed below:
1) Conditions
a) Construction
° Simple/Lumped
o Microstrip
° Stripline

b) Material

° 40 Mil Thick Ceramic
° 10 Mil Thick Polyimide

c) Line Width

° 10 Mil
d) Logic Families
° LSTTL
° STTL
. CMOS/SOS
[ ECL




2)

Specific Guidelines

a) Maximum Length

° Light Load

° Heavy Load

° 10 Branches
b) Minimum Separation

. Parallel Lines

° Alternate Layers
c) Maximum Crossovers

IPE—




9. TASKS TO BE COMPLETED

The following is a list of the remaining tasks:

Complete the evaluation of the test hybrids

Generate initial guidelines for CAD hybrid interconnections
Relayout the test circuits using the guidelines

Purchase parts

Fabricate and assemble test hybrids

Evaluate hybrids

Revise guidelines

Second Interim Report

Write Final Report
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