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SECTION 1

SUMMARY

This report describes the design and fabrication of a 20 x 20 Satellite Switched
- Time Division Multiple Access (S5S-TDMA) IF Switch Matrix for application in a
30/20 GHz Communicaetions Satellite. Development of this 3-8 Gliz switch matrix
utilizing available technology was sponsored by NASA Lewis Research Center as

a part of their Advanced Communications Satellite Technology Program. The
‘switch matrix was one of several key technologies requiring development to
realize wideband, high capacity satellite communications systems for the 1990's.

An assessment in 1980 of switch architecture concluded that the coupled cross-
bar switch matrix, designed with Gallium Arsenide FET (GaAs FET) devices for
microwave switching, and with high-speed CMOS LSI logic, for switch crosspoint
addressing, were the optimum available technologies for satellite communications
switching by 1982, The major decision factors in this assessment were band-
width, switching speed, off-state isolation, and reliability over a ten-year
mission life. Following breadboard work, a Proof-Of-Concept {POC) Model was
fabricated and tested, to prove feasibility of the concept.

A conceptual design study was also completed for a wideband, 100 x 100 switch
matrix using forecasted 1987 technology. The study resulted in a switch matrix
design concept utilizing a coupled crossbar architecture implemented with Mono-
lithic Microwave Integrated Circuits (MMIC). The design consists of a basic
building block MMIC, permitting flexible growth, and efficient wraparound
redundancy to increase reliability.



SECTION 2

INTRODUCTION

The Switch Matrix Program was subdivided into major tasks. Task I developed a
conceptual design of a 20 x 20 Switch Matrix utilizing 1982 technology, whereby
Task IT pursued a conceptual design of a 100 x 100 Switch Matrix based on
projected 1987 Technology.

The Task I effort began with an assessment of available 1982 technologies.
Architectures were evaluated considering design goal requirements, size, weight,
redundancy, and expandable of design to matrices of N x N sizes other than

20 x 20. Available microwave switching devices were categorized to switching
speed, gain bandwidth product, switching power, and off-state isolation. Con-
trol logic devices were evaluated for switching speed and low power dissipation.

An Architecture and Switch Device trade—off was then completed from the findings
of the assessment study. The coupled crossbar design was the selected architec-
ture because it offered immunity to single point failures by the use of couplers
that isolate the switching devices from the main input and output transmission
lines. Redundancy to achieve a desired switch matrix reliability is readily
implemented into the coupled crossbar design. .

The Gallium Arsenide FET (GaAs FET) was the selected device for microwave
switching. The GaAs FET provides high speed switching, low power switching
drive signals, gain, wide bandwidth, and good off-state isolation.’ For the
logic control circuits, custom designed CMOS LSI devices were selected as the
desired technology. It offers high speed switching, low power dissipation,
high reliability, and high density packaging. .
A parametric trade—off study was then undertaken to develop the concepts of the
first two studies. An in-depth analysis of the selected architecture indicated
the flexibility and expandability of the row and column channel packaging con-
cept. Redundant channel modules could readily be provided to improve relia-
bility of the switch matrix with the design approach. This concept appeared

to be feasible for large (20 x 20) switch matrices as well as small ( 3 x 3)
matrices. Packaged GaAs FETs were selected mainly to eliminate hermetic sealing
of the row and column channels. )

Sample GaAs FET devices were obtained from various suppliers and were tested
and evaluated for use in the switch matrix design. Dexcel supplied the best
devices to meet the switch matrizx requirements at that period of time. How-
ever, future surveillance of device suppliers should be maintained, because
much research is being pursued in the manufacturing of high speed, low power
GaAs FET devices.

A conceptual design of a 20 x 20 Switch Matrix was. then completed using the
previous studies as a basis of the design. Reliability analysis (Task VIIT)
of the design indicated that five wraparounds would be a conservative estimate
in order to have all input and outputs operating over the duration of a

ten year mission.



Reliability analysis also concluded that a 32 bit address code for. the logic
control functions provided an optimum reliability figure. A scheme was
developed to update three switch matrix crosspoints with one 32 bit code.

To update the full 20 x 20 matrix including five wraparounds, nine data trans-—
fers of the 32 bit code would be required. Macrices of smaller size would
require less than nine data transfers. The control logic design imcluded an
approach for LSI implementation.

As a result of the 1982 technology study, a 5 x 5 Breadboard Switch Matrix

(Task III) was fabricated and tested. The matrix was the mechanical size of

a 5 x 5; however, to prove feasibility of the conceptual design while minimizing
costs, only nine of the possible twenty—five crosspoints were populated. The
average switch crosspoint bandwidth measured 2.0 GHz and switching speed
measured 12 nsecs. The problems experienced were an out of spec input and
output mainline VSWR, and an average switch crosspoint insertiom loss of 17 db
versus the design goal of 15 db. Off-state isolation, a major concern during
the study phase, was found not to be a problem. In general, the breadbcard
results indicated that the conceptual switch matrix design was feasible.

A proof-0f-Concept (POC) Model design (Task V) was next tc be completed. Based
on the breadboard test results, a gain bandwidth trade-off was made to permit
meeting the design goal requirements of 1 GHz minimum bandwidth and 15 db min-
imum insertion loss. A solution was also incorporated to eliminate the VSWR
problem. The POC model was designed as a 20 x 20 matrix with one wraparound;
however, sixty-one carefully selected switch crosspoints (including the wrap-
around) rather than four hundred and forty were populated in order to reduce
cost but prove feasibility of the design. Due to cost and schedule limitations
the control logic design was implemented by discrete devices rather than the
recommended CMOS LSI approach.

Special Test Equipment was designed to simulate an on~board spacecraft com-
puter. The Special Test Set provides a 32 bit digital code sent to either a
manual or automatic mode to the Switch Matrix. The 32 bit code provides cross-
point (row, column) addressing information. TUsed with an external word gen-
erator, the test set operating inm the automatic mode can accommodate sixteen
different switch matrix configurations and provide a wvariable routing sequence
that would closely simulate a SS-TDMA system. Operating DC voltages for the
Switch Matrix are aslso provided by the test egquipment.

During Task VI, the POC model and Special Test Equipment were fabricated.
Expandability of the POC model design was proven by going from the 5 x 5
breadboard model to the 20 x 20 POC model. Test fixtures were also designed
and fabricated to tune and test the microwave switch crosspoints.

Testing and data analysis of the POC model took place during Task VII. Most
of the microwave measurements were made using a Hewlett Packard Automatic
Network Analyzer. Noise figure, intermod distortion, and switching speed
measurements were accomplished with manually operated test equipment. The
switch matrix was tested in accordance to the POC Top Level TEst Plan developed
during Task IV. A statistical analysis of the data was completed and has pro-
vided confidence, tolerance, and prediction limits of all the measured param-
eters in order to evaluate what the POC model performance would be if all four
hundred and forty switch crosspoints had been fabricated. A detailed analysis
of the POC model test results will be found in a subsequent section of this
report.



Task IT studies of a 100 x 100 switch matrix utilizing projected 1987 tech-
nologies, evaluated a conceptusl design of an IF Switch Matrix for operation
in the 3.0 — 8.0 GHz frequency band, and a second conceptual design of a
switch matrix operating at Baseband. Both studies followed the same format

of first evaluating projected Architectures and Switch Devices for 1987 imple-
mentation, followed by a detailed parametric tradeoff analysis. In both cases,
the partitioned coupled crossbar matrix was selected as the most desirable
architecture. For the IF design an MSI GaAs MESFET was the selected device
technology. The microwave switch elements and control logic elements would be
integrated into a subassembly matrix (typically 12 x 12) fabricated with Mono~
lithic Microwave Integrated Circuits (MMIC) using the GaAs.MESFET technology.
The baseband design would be similar except that CMOS/S0S would be used for
the integrated switching and control logic elements. A Final Design GConcept
was then completed for the IF and Baseband Switch Matrices.

A Switch Matrix comparison was then completed. The first comparison evaluated
the 100 x 100 IF Switch Matrix to the 100 x 100 Baseband Switch Matrix.
Comparisons were made in terms of functional performance, scaleability, relia-
bility, weight, volume, power consumption, and projected costs. The baseband
switch included modems required for IF/baseband translation. The IF Switch
Matrix design was selected as the most desirable approach. A second comparison
was then completed between the 1987 100 x 100 IF Switch Matrix design to a
scaled up version of the 1982 20 x 20 IF Switch Matrix design. A 1982 discrete
component 100 x 100 Switch Matrix was rejected for large scale switching due

to the extreme weight and size penalty versus the-smaller 1987 MMIC design. A
conclusion of the Task IT study was that future large scale switching would be
most feasible at microwave IF frequencies, implemented with GaAs MMIC Technology.



SECTION 3

1982 20 x 20 IF SWITCH MATRIX

The purpose of the IF Switch Matrix Design subtask-is to complete the concep-
tual design of a 20 x 20- SS—~TDMA IF Switch Mattix. The design to be presented
15 based on the results of studies that included a technology assessment,
architecture and switch device trade-off, and parametric, trade—off analyses.
The ccncepts incorporated in the design utilize 1982 technologles.

3.1 IF SWITCH DESIGN

The general concept of the coupled crossbar is shown in Figure 3.1 and cross—
_point design is given in more detail in Figure 3.2. A two stage switching
amplifier is loosely coupled to the input and ocutput lines. The loose cou-
pling will maintain the input and output VSWR's, within specification. For the
15 dB coupler used in this design as many as 20 perfect shorts can be toler-
ated on any coupled line without exceeding the specification of a 1.2:1 VSWR.
The quarter wave directional couplers are centered at the upper end of the
2.5 GHz (i.e., A/4 @ 7.5 GHz) bandwidth so that the low frequency rolloff

of the couplers will compensate in part for the 2 stage FET amplifiet rolloff.
Each coupler will contribute slightly more than 1 dB of rolloff compensation
over the 5-7.5 GHz band.

In order to meet the insertion loss requirements of 15 dB maximum, a two stage
dual gate GaAs FET switching amplifier is employed. The predicted performance
from the preliminary modeling of 'the dual gate FET indicates that the forward
gain will be at least 20 dB over the 5-7.5 GHz band with more than 40 dB of
"OFF" state isolation. The input .and output matching circuits reduce the VSWR
and enable the amplifier to provide the required gain. The interstage matching
network has the added requirement of providing most of the amplifier rolloff
compensation. Incorporated into the interstage design is the mechanical inter-
connect which must have low insertion loss and VSWR and high isolation from
crosstalk in order for the total crosspoint to meet the overall switch matrix
requirements. The GaAs FET will require gate voltage levels of 0 and -4 wolts
for ON/OFF switching which are provided by the logic driver circuitry.

The controlled gates are commanded to an amplifier "ON'" state when the cross-
point is activated. The two stages are operated in the pinched off state when
the subject input/output path is to remain in the "OFF" state. TFigure 3.2
indicates the signal flow through crosspoint. The logic commands are Separately
decoded to each amplifier stage in a redundant scheme,. to reduce the probability
of an uncommanded crosspoint closure. .
The switch circuit is ‘comprised of lumﬁed constant elements and transmission
line elements implemented on 0.025" thick Alumina substrates. The microstrip
circuit topology is etched to form gold conductor patterns, arranged to provide
component .elements which form matching networks for the switching devices. The
switching devices are packaged dual-gate GaAs FET's biased to provide acceptable
gain in the "ON" state. The circuit topology and switching device were selected
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to provide gain of 15 dB imn the ON state and isolation approaching 60 dB in
the OFF state. The division of the switch circuilt into two separate modules
located on opposite sides of an interface mounting plate is an important
feature in attaining the high isolation “QFF'" state performance.

The interface between input and output modules of a crosspoint is made through
a connector insert in each module. The actual connection occurs within

the mounting plate; the outer conductor by resilient conductive contacts and
the center conductors via a male-to-male pin.

The directional coupler was chosen as the circuit element to provide immunity
to single point failure of a crosspoint. The coupling value designated to be
15 dB is dependent upon the level of gain achieved over the specified bandwidth,
using two amplifier sStages. This selection is a tradeoff to achieve the
specified value of switch matrix insertion ldéss of 15 dB.

The directional coupler circuit is separated from the switching, amplifier por-
tion by a wall in order .to preclude the existence of waveguide modes and thereby
compromising the OFF state isolation performance. The concept of the wall
separation allows max1mum allocation of space for the amplifier matching
circuitry. !

The allocatien of &pace (0.375" x 0.600" per amplifier stage) is sufficient for
matching circuit topdlogy. The design has separated the amplifier stages into
input and output substrate ‘areas of 0.250" x 0.600". A mounting rail (O. 075“
widch) for the Gass FET grounding is machined on the Kovar carrier.

3.2 IF FREQUENGY :

The switch matrix IF frequency was selected to be as high as possible within
the constraints of minimum crosspoint spacing and switching device isolatiom.
In the proposed design, 'the method of module packaging limits the maximum fre-
quency due to a 0.585" minimum dimension between coupler crosspoints. Another
consideration favoring a high IF frequency is the requirement to achieve wide
bandwidth. Thus it is necessary to push the upper frequency limit to keep the
percentage bandwidth low with a consequent reduction of mismatch losses.

The IF frequency was selected at 5 — 7.5 GHz for the 2.5 GHz bandwidth design
goal, and 5.75 - 6.75 for the specified 1 GHz bandwidth.

3.3 SCHEMATIC

The schematic of a two stage RF circuit is given in Figure 3.3. The represen-
tation of distributed circuitry is given as a block with an impedance and
element length computed for a dielectric constant of 9.8. The circuit shown
was designed' to use a Dexcel 2703AP70 GaAs FET device bonded in a cascade
configuration (second gate internally grounded).

. The lumped elements of the circuit are either etched as part of the circuits
in the case of resistocrs, or are attached by reflow soldering to the appro-
priate circuit pad in a separate operation. The capacitors are single layer
chips bonded with low inductance ribbon. The resistors etched as part of the
conductor pattern are formed in a tantalum nitride metalization and are
passivated through the formationm of a tantalum pentoxide over-layer.
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A block diagram of the control logic is illustrated in Figure 3.4, and the logic
control format in Figure 3.5.

The command data is organized as a 32 bit parallel word with a read pulse re-
quired to store the decoded data in the update memory (see Figure 3.6 for the
data format definition). : :

Each input/output command pair address is decoded by ome of the three 5:25 row
and three column decoders. The decoded data is OR'd and routed to the appropri-

ate update memory cell. The update memory is thus programmed during the dwell
interval for the next desired matrix state.

The reconfiguration or execute pulse transfers the contents of the update memory
to the matrix configuration memory. A high speed driver circuit buffers the RF
switch amplifier from the matrix configuration memory. The matrix configuration
memory contains the current commanded network pattern,

The control logic is organized in terms of controlling a 1 x 25 segment of the
matrix. This permits possible utilization of a single custom LSI containing

the control functions of the 1 x 25 sub-matrix. The control logic LSI would
contain the decoding logic and the update configuration memory, and as such pro-
vides a logical compatible partitioning of the system.

The matrix configuration memory and the RF switch interface drivers may be
packaged as another custom LSI . The present concept is to incorporate five
latch/drivers into a smaller package so that the RF switch-latch/driver inter-
face path, hence delays, can be minimized.

The control logic circuitry for column decoding consists basically of three

5 to 25 decoders and a 25 bit memory cell. The outputs of the three decoders
are OR'd and the result stored in the update memory by the read pulse associ-
ated with the data transfer.

The row decoding scheme is similar but does not require the memory feature.
The three 5 to 25 row decoders simply provide a sixth input, an enable, to the
column decoders.

After completion of the necessary assignments for the next desired network
pattern, the data is transferred from the update memory to the matrix config-
uration memory (high speed latch driver) and subsequently switches the RF
amplifier upon receipt of the reconfiguration pulse.

The logic diagram, Figure 3.7, of the digital control unit illustrates the de-
coding function that would comprise a row or a column decoder. The column logic
is slightly more complex than the row logic as it requires an ORing function and
memory to store the results in addition to the decoding network.

The logic diagram illustrates the row decoder in its simplest form. It decodes
the three bits of data into five of the eight possible states. The decoded row
output enables one of five column decoders.
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The data field.to the enabled column decoder selects the memofy cell in that
column to be activated. The accompanying read pulse clocks the data into the
flip—flop thereby completing the crosspoint selection for a data transfer.

The logic schematic in Figure 3.7 indicates the logic for a 5 x 5 matrix. The
logic circuitry is repeated to achieve a full 20 x 20 switch matrix with re-

dundancy.

For a 20 x 20 matrix with five wraparound redundancy, nine data transfers con-—
sisting of three crosspoint selections per transfer are required to completely
rearrange the entire matrix per the data format illustration Figure 3.6.

3.5 LOGIC CIRCUIT INTEGRATION

The control logic as described above can be partitioned into two LSI devices
for development of the POC model. The basic decoding logic and its associated
update memory constitute one LSI while the second is comprised of the latch/
drivers circuitry needed to provide the matrix configuration memory and RF
switch interface functions.

3.5.1 Decoding and Update Logic LSI

The 1 x 25 sub-matrix organization provided a convenient "building block" for
the decode logic and its required update memory. The number of inputs, outputs,
and logical functions needed blend into a suitable 48 pin custom LSI utilizing
CMOS-bulk technology.

3.4.2 Special Geometry Latch/Driver LST

The matrix configuration memory which basically breaks down to be a latch/
driver combination is presently conceived to be another LST utilizing CMOS-
bulk techniques. The need to minimize system propagation delays, hence line
lengths and capacitances, dictates that the latch/driver network be positioned
as close as possible to its associated RF amplifier switch contrel. Ideally a
one for one relationship would allow the latch/driver to be located almost
directly behind the RF network it controls, hence the shortest lead length
possible is obtained. Practically, it is not the best situation for signal
distribution of the clock pulse required to interface with all matrix config-
uration memory devices. Each clock input of the matrix configuration memory
adds to the propagation delay because of the increase in line length and .
associated capacitances. The compromise design solution is to package five
latch~drivers circuits and a clock buffer on a special geometry custom LSI.

The two basic LSL components that comprise the control logic are integrated
into the 1 x 25 building block as illustrated in Figure 3.8.

.

3.6 PACKAGING DESIGN

The 20 x 20 coupled crossbar matrix is made up of three basic components.
These components are: ’

1. Channel Modules
2, Mounting Plate
3. Interfacing Circuitry Modules
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Forty (40) channel modules (20 input and 20 output), two (2) interfacing cir-
cuitry modules and one (1) mounting plate make up the 20 x 20 switch matrix.
This arrangement is illustrated in Figure 3.9.

[ ]
As can be seen, the channel modules are of an I-Beam type construction. This
design was chosen for the following reascns:

1. It forms a very rigid structure
2. It forms a partition between RF and logic circuits.

3. It allows the RF circuits to be close enough to the logic circuits
so that interfacing the two is not & problem.

The partition formed by the I-Beam design provides two chambers. One chamber
will house a string of twenty (20) RF switching circuits and the other chamber
will contain a PC board to mount the accompanying logic. Input and output of
the modules is through an RF connector mounted to the front wall. Logic inter-
facing circuitry is wired to thé module logic board through a connector mounted
on the rear wall as shown in Figure 3.9.

The mounting plate serves as a mounting surface for the modules and also as a
mounting fixture for the overall matrix. The input and output modules are
assembled on the mounting plate at 90° to each other and are bolted, to the
plate, at front and rear. The interfacing circuitry will be mounted to the
plate adjacent to the rear of the modules. This allows the most efficient use
of space and also minimum cable lengths as shown in Figure 3.9. The mounting
of these modules as described above forms a very solid structure while also
allowing any individual module to easily be removed for repair or replacement.

In this design, the mounting plate is structured to support the interfacing
modules and to act as a-mounting fixture for the entire switch matrix. The
mounting plate concept results in a significant weight reduction. It elimin-
ates the need of a larger and heavier housing.

The interface logic circuitry modules contain printed circuit board plug-in
connectors on one side and mounting provisions on the adjacent side. This
allows the modules to be mounted with a minimum cable length to the channel
modules. -

Each chanmel module is approximately 13" long x 0.6" wide x 1.6" high; with
space allocated for the interfacing circuitry, the overall size and weight of
the 20 x 20 matrix becomes 16" long x 16" wide x 3.4" high. Weight of the
structure will be approximately 35 lbs. With redundancy included, 5 wrap-
arcunds, the overall matrix dimensions increase to 19" long x 19" long x 3.4"
high at a weight of 40 pounds.

A cutaway view showing the RF circuit side of the channel module is illustrated
in Figure 3.10. This is the basic design for the 20 x 20 switch matrix. The
same pattern is extended to accommodate 20 RF circuits.

Each RF circuit consists of three substrates which includes a coupler, GaAs

FET, and FET circuitry. The substrates are mounted on a Kovar carrier which
separates the coupler from the FET circuitry as shown in Figure 3.11. The

14
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usable coupler area is 0.3" x 0.585" and the usable FET circuit area is 0.6" x
0.585". Interconnection of the coupler and FET circuit is through an RF feed-
through which is bonded in an opening milled in the Kovar wall. The Kovar
carrier is mounted to the channel module at the top and bottom mounting feet.
Input to the coupler is accomplished by means of an RF connector which is mounted
on the corner of the channel module. Output of the FET circuit is through a 50
ohm interconnect, located in the lower right hand corner of the amplifier assem-
bly. The interconnects are placed into counterbored holes, in the base of the
channel module, and secured with press fit retaining rings. The interconnect
extends from the base of the module so that positioning in the mounting plate
will be simplified. This design allows the upper and lower modules to mate
within the mounting plate and thus reduces the amount of play between the two
interconnects.

Interfacing between the RF circuits and the logic circuits is accomplished by
bringing wires from the logic circuit through holes drilled in the partitioning
wall, and terminating at pads on the FET circuit.

The logic circuit side of the channel module congists of a printed circuit board
which spans the entire module length, and a 32 pin connector wired to the PC
board. The comnector mounts on the channel module back wall, and allows con—
nection to the external interface circuitry.

3.7 RELIABILITY

This section presents the results of the reliability analyses that have been
completed relative to the 20 x 20 IF switch matrix.

If no redundancy is employed within the switch matrix, the probability that any
one of n inputs can be connected to any one of n outputs at any time during a
ten (10) vear mission is calculated as follows:

Ps = RN
where Ps = Probability of success
N = Number of crosspoints (nzf
R = e T = Probability of success of one crosspoint
T = 87600 hours (10 vyears)
A = Failure rate of a crosspoint

This matrix, for n = 20 and with no redundancy included, will result in a low
probability of mission success (0.30065 for ten years for an assumed crosspoint
reliability of 0.997). To increase this probability of mission success, redun-
dancy is incorporated using the '"wraparound" technique as illustrated in Figure
3.12.

To assess the reliability of the IF switch matrix using the "wraparound” tech-
nique for redundancy, the following guidelines and/or assumptions were used:

1. For success any input can be connected to any output at any time.

16
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2. Mission life is 10 years.

3. Two crosspoints in a wraparound can be activated to conmect an input
to an output if its crosspoint fails to close.

4. No single failure in a crosspoint results in either a short between
« an input an output line,or a short to ground on an' input or output
line.

?

5. One wraparound (two crosspoints) can successfully connect an input to
any output if one or all crosspoints fail to close on an input row
or one or all crosspoints fail to close on an output column.

6. A switchable amplifier is required in each wraparound to compensate
for loss of signal gain due to coupler loss in the second crosspoint
of the wraparound. This amplifier is equivalent to an additional
crosspoint for reliability calculations.

7. Each input line and each output line requires a coax connector. Each
coax connector is a potential single point failure for the overall
switch matrix. The probability of success for the overall switch
matrix is then calculated -as the probability of success of 40 coax
commectors times the probability of success of the switching matrix.

8. The probability of success of the switch matrix was calculated by
using a truth table.

3.8 RESULTS OF RELIABILITY TRADE STUDIES

During the initial design stages, reliability trade studies were conducted.

The results of these studies has shown that the optimum design for a 20 x 20

IF switch matrix based on weight, power consumption and reliability is one that
contains: T S

i. Five wraparounds for redundancy.

2. Separate IC logic to control each GaAs FET switch in a crosspoint,
to eliminate single point failures.

3. The optimum building block for the switching.logic (to control the
switch of each crosspoint) when considering the IC packaging com-
plexity and output pins, is a 1 x 25 matrix. The use of 25 of these
building blocks readily provides a 20 x 20 switch matrix with 3

- wraparounds. :

4. A 32 bit interface method of decoding the input logic to control the
switches of a ¢rosspoint.

The reliability success diagram and the predicted reliability for a 20 x 20 IF
switch matrix is shown on Figure 3.13. The overall probability of success for
the IF switch matrix is limited by the forty mon-redundant coax input and output
connectors.
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3.9 CONCLUSIONS

A 20 x 20 IF switch matrix containing five wraparounds and controlled by a 32
bit interface logic is the optimum design. This optimum design will provide
an IF switch matrix that has a 0.97992 probability of success for ten years

with only the input and output coax connectors as potential single point
failures.
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SECTION &

BREADBOARD DEVELOPMENT

A Breadboard Development Task was undertaken to prove feasibility of the tech-
nical concepts developed during the Task I Switch Matrix Design study. Indi-
vidual microwave couplers were first evaluated prior to fabrication and test of

a cascade of five couplers. A single stage, followed by a two stage GaAs FET
switch/amplifier design was then evaluated. A test fixture to verify the -
performance of the two stage switch/amplifier interconnect system was completed.
Test results of a fully integrated microwave switch crosspoint was then evaluated
(Figure 4.1). '

In order to minimize breadboard costs, it was elected to build a 5 x 5 switch
matrix mechanical model, but populate only nine of the crosspeints with microwave
switches as shown in Figure 4.2. The control logic design was evaluated using
integrated circuits for all of the design with the exception of the high speed
switch drivers which utilized discrete bipolar devices. High speed switch
drivers were located at crosspoints 1,1 and 5,1. The balance of the microwave
switches were driven with regular TTL devices.

A block diagram of the breadboard switch matrix design is shown in Figure 4.3.
The only difference between this and, the Task I design was the grounding of Gate
2 on both GaAs FETs.  Because of the high output Q of the GaAs FETs, 2.5 GHz
bandwidths could not be achieved in. the ,computer design model. By grounding
Gate 2 of the FETs, 2.0 GHz bandwidth was achieved. Figure 4.4 illustrates a
block diagram of the control logic. Row and Column decorders, and memory cir—
cuits for twenty-five crosspoints were provided for evaluation; however, omnly
nine switch drivers were assembled. :

A fully populated input row channel module is shown in figu;e 4,5. This view
shows the microwave integrated circuit (MIC) side of the channel assembly. The
crosspoint interconnect system is shown on the bottom edge of the channel. A
center conductor pin is seated in the one comnector at the left side of the
assembly. A wire provides the logic drive signal from the reverse side

of the channel.

The fully integrated breadboard switch matrix is shown in Figure 4.6. The dis-—
crete component high speed switch drivers are shown in the logic side of the
channel modules. As shown, space was the limiting factor of providing only two
high speed switch drivers. This picture also shows the basic structure of the
switch matrix. The output column channels are shown on the top of the matrix,
the mounting plate in the center, and the input row channels on the bottom.

Figure 4.7 shows the two control logic printed wiring boards and the breadboard
test box. Toggle switches on the test box are used to set the switch matrix
crosspoint address data.

A summary of the breadboard test data is as follows:

° IF Frequency 6.25 GHz
. Bandwidth 2.0 GHz
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Figure 4.8 shows a data plot from an HP Automated Network Analyzer of a cross-
point (2,1) insertion loss versus frequency over temperature.
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SECTION 5 OF POOR QUALITY

PROOF OF CONCEPT MODEL DEVELOPMENT

5.1 SWITCH MATRIX

A major effort of the Switch Matrix Program was the design, fabrication, and test
of a Proof-0f-Concept (POC) Model of the 20 x 20 IF Switch Matrix utilizing 1982
Technology. The POC design was basically the same as the breadboard design. Design
efforts evaluated and improved the coupler performance and termination in order

to meet the VSWR requirement of 1.2:1. A tradeoff between gain vs bandwidth

was completed in order to improve insertion loss of the switch crosspoints.

Gain bandwidth is primarily a function of the GaAs FET device. It was decided

to redesign the crosspoint for a bandwidth of 1.3 GHz at an insertion loss of

11 dB.

The POC model was physically the size of a 20 x 20 matrix with one wraparound
channel for redundancy. The unit was populated with only sixty-one crosspoints
in order to minimize cost, but be able to demonstrate feasibility of the
conceptual design. The active crosspoints are shown in Figure 5.1. It was
also decided that the control logic would be fabricated using discrete inte-
grated circuits rather than a custom LSI design in order to minimize costs.

The complete logic design concept was incorporated into the POC model; however,
crosspoint addressing was only provided for the sixty-one crosspoints as shown

in Figure 5.2. Control logic timing and data formating are the same as discussed
in Section 3.4.

A close-up view of the microwave integrated circuit (MIC) carrier assembly is
shown in Figure 5.3. This photograph shows the output stage of the microwave
switch crosspoint, and Figure 5.4 shows the complete output column channel
assembly. Figure 5.5 shows the reverse side of the channel which is a close-
up of the logic switch drivers. For a flight model switch matrix, the discrete
logic components would be replaced with a custom LSI package. Figure 5.6 shows
the complete logic switch driver assembly.

The POC model control logic, excluding the switch drivers, are shown in Figure
5.7. Both boards are identical; the board on the right is the front side, and
the board on the left is the rear side. The control logic assembly consists
of two multilayer printed wiring boards. Each board contains 122 integrated
circuits and provides the redundant logic control system for addressing the
switch crosspoints. A heat sink design extracts heat from under each IC pack-
age and conducts it to the outer edges of the board where it is distributed
via the mounting clips to the switch matrix housing. The heat sinks were
chemically milled six-ounce copper foil, plated and bonded to both sides of
the printed wiring boards.

The fully integrated POC Model is shown in Figure 5.8. The Switch Matrix is
shown with the cover removed, exposing the input row channel assemblies. 1In
Figure 5.9 the bottom of the Switch Matrix is shown with the output column
channels and the control logic printed wiring board assemblies exposed.
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Figure 5.4. POC Column Channel Assembly (MIC Side)
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Figure 5.9. POC Model Switch Matrix (Bottom)
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5.2 SPECIAL TEST EQUIPMENT OF POOR QUALITY

In order to simulate an on-board satellite computer controlling the Switch
Matrix, a Special Test Set was designed and fabricated as part of the POC
Model Development. This Test Set provides the 32 bit address code, the read
pulse, and reconfiguration pulse in either a manual mode or automatic mode.
The test set also supplies the DC voltages to the switch matrix. The Special
Test Equipment is shown in Figure 5.10.

In the manual mode, one to three crosspoints are addressed by setting the
front panel thumb wheel switches to the desired switch crosspoint address. A
manually activated read pulse followed by a reconfiguration pulse updates the
switch matrix with the new crosspoint data. The selected crosspoints will
remain’'activated until another combination is dialed into the test set. The
configuration display indicates which crosspoints are addressed. 1In the
automatic mode, one through sixteen predefined matrices, stored in internal
ROM are selected at the front panel. A reconfiguration rate of 2 to 128
useconds may be selected. Once initiated, the test set will automatically
transmit the matrix configuration address codes, read pulses, and reconfigura-
tion pulses, repeating the sequence as long as desired. An external word gen-
erator may be used with the test set to provide a random reconfiguration
sequence in order to simulate an SS-TDMA operating system.

5.3 POC TEST RESULTS

As the assembly of POC model components were completed, Component Accep-
tance Tests were performed to evaluate performance versus breadboard results
and design goals. A summary of this data is shown in Figure 5.11. With the
exception of switching speed, the data indicates that the POC model design
meets or exceeds the design goal requirements. The difference in switching
speed was found to be caused by the narrow range of GaAs FET gate voltage vs.
gain at the top of the bias/gain curve. 1In the off state the GaAs FET gate
is biased at -4 VDC, whereby the bias is switched to approximately -0.5 VDC
for the on state. Full amplifier turn-on does not occur until the gate bias
reaches approximately 95% of its final value. The slope of the turn-on
voltage time constant therefore controls the switch on time of the GaAs FET.
Switching the GaAs FET off is accomplished within 3 nseconds. This problem
can be resolved by additional design effort within the logic switch driver and
GaAs FET bias circuits. It was considered a design problem and not a tech-
nology problem, therefore rework of the switch crosspoints was not considered
cost effective at this time.

As final testing of the POC model proceeded, fractures were found at the
crosspoint interconnect tab welds. The tabs are welded to an MIC substrate
pad. Gap tolerances between the connector and MIC pads (10 mils) were enough
to stress the welds when the channels were plugged in and out of the matrix
assembly. To correct this problem, a small ribbon wire service loop was
welded between the connector pad and the MIC substrate pad. This fix was
implemented in both row and column channels; however, since the interconnect
system is a part of the crosspoint bandpass filter, the two ribbon wires added
a series impedance within the filter which resulted in detuning of the filter.
It was elected to retune 50% of the crosspoints without removing the substrates
from the channels because the problem was considered a process problem and not
a technology problem. A statistical analysis was completed with new data
after retuning the crosspoints and is summarized in Figure 5.12.
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1.0-2.5 2.0 1.05
15 (max.) 17 10.7
40 (min.) 65 70
1.2 (min.) 1.4 e
10 (min.) 12 25
1 (max.) : - 0.56
2 (max.) 2 2
3-8 6.25 6.5

Figure 5.11.

SHITCH MATRIX

PERFORMANCE REQUIREMENTS VS POC MODEL RESULTS

TITLE
RECONFLGURATION RATE

SWITCHING TIME (90% POINTS)

INTERMEDIATE FREQUENCY
BANDWIDTH 1 DB

CAIN RIPPLE (OVER BW)
PHASE LINEARITY DEVIATLON
INSEKTiON LOSS

ISOLATION

IMPEDANCE ( INPUT/OUTPUT)
VSWR (INPUT)

VSWR (OUTPUT)

SIGNAL TO NOISE

INTERMOD DISTORATION

1 DB GAIN COMPRESSION
SIZE.

MATRIX SIZE

POWER
WEIGHT

Figure 5.12.

REQUIREMENT
2 USEC's MAX
10 NSEC's MAX

3.0 TO B.0 GHz

1.0 GHz MIN
1.0 DB MAX
+5° MAX

15 DB MAX

40 Dt MIN

50 OHMS

1.2 MAX

1.2 MAX

35 DBC MIN

35 DPBC MIN
N.A.

16" x 16" x 6"
20 x 20 MECH
57 ACTIVE CROS
POIKTS

NA
NA

36

S-

Component Acceptance Tests

POC TEST RESULTS
2 USEC's
24.9 NSEC's
6.5 CHz
©.95 CHz
1.1 DB
8.9°
16.1 DB
>75 DB
50 OHMS

1.4
59 Dac

52 DBC

0 DM

16.6" x 18.6" x 6.6"
20 x 20 MECH

57 ACTIVE CROSSPOLNTS
1 WRAPAROUND PATH

3w
35 LBS

POC Model Switch Matrix Test Summary




SECTICN 6.0

RELIABILITY PROJECTIONS

A reliability model and-analysis was completed for the 20 x 20 IF Switch Matrix
during the Task I study. An update of the preliminary reliability studies was
undertaken after completion of the POC model .design. The basic chahge is the
incorporation of the microwave switch crosspoint design utilized in the POC
model. Since a discrete IC design was used in the POC model for the control
and switch driver logic, ‘and an LSI custom design would be used for the flight
model, the original logic circuit assumptions used for the preliminary analyses
are valid for this update.

The revised Probability of Success model is shown in Figure 6.1. It consists
of three major parts: input/output microwave coax connectors, redundant row
and column decoders, and the switch matrix, The switch matrix includes the
control logic memory latches, switch drivers, GaAs FET switches, and the cross—
point interconnects. Based on the model, the total IF Switch Matrix probability
of success for a ten year mission life is a function of the number of wrap-
arounds. A computer program was developed to determine the switch matrix
reliability versus the number of wraparounds for different failure patterms.

A summary of the computer analysis is shown in Figure 6.2. With zero wrap-—
arounds the probability of success (Pgy) for the switch crosspoints is 0.30065
with a resulting probability of success for the complete switch matrix (2 )
0.29483. As the number of wraparounds increase, PSW increases with a corre-
sponding increase of P ;.however, when five wraparounds are considered, the
incremental change of p becomes limited by the probabiliry of success of the
input/output coax connectors (P ) and not by Por

For a future flight model, the number of wraparounds used would be bhased on

system requirements and the resulting probability of success assigned to the
IF Switch Matrix.

ORIGINAL PAGE 8
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ROW COLUMN T
1 DECODER | | DECODER [ OF POOR QUALI
) : 20 x 20
_— comgggioas ROW || coLuMn SWITCH
(40) DECODCR DECODER MATRIX WITH[
WRAPAROUNDS| P (FUNCTION OF NUMBER
OF WRAPAROUNDS)
A= .005576
PC = 98065 . i}
ROW COLUMN n
“= DECODER | | DECODER

{1 OF 3 REQ'D)
A = .00413 A= .00788

P=. 0.99999

PROBABILITY OF SUCCESS OF IF SWITCH MATRIX = % * % * %W

Figure 6.1. Flight Model Reliability Model

No. of
Wraparounds P p Pow Py
a 0.98065 0.99999 0.30065 . 0.29483
1 ) _ ) 0.68172 " 0.66853
2 ) 0.90154 0.88408
3 0.97822 0.95929
4 0.99606 0.97678
5 Y Y 0.99848 0.97916

PC = Coax Connecctors

PD = Row & Column Decoders
11'5“‘1 = Switch Crossp01nt§
PM =  Switch Matrix

Figure 6.2, Probability of Success vs Number of Wraparounds for 10 Years
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1987 100 x 100 SWITCH MATRICES QF POOR QUALITY

Task II studies evaluated projected technologies that would be available by

1987 for the development of large scale (100 x 100) high speed data switching

at both microwave IF frequencies and at baseband. The first sub-task, for both
designs, was an Architecture and Switch Device study which evaluated and com-
pared the projected technologies for an optimum architecture, switch device,

and control logic, that would meet the requirements of a 100 x 100 switch matrix,
Next a Parametric Tradeoff analysis was completed between functional performance,
matrix size, and reliability in order to determine the optimum design approach.
Utilizing the results of the first two sub-tasks, a final design concept was
developed for both IF and Baseband switch matrices.

Included in this study was a Switch Matrix Comparison which compared the Large
IF Switch Matrix to the Large Baseband Switch Matrix. To make the comparison
meaningful, the baseband switch included the modems required for an IF to base-
band translation. A second comparison was made of the Large IF Switch Matrix
to a scaled up version of the 20 x 20 IF Switch Matrix, utilizing 1982 tech-
nology. :

7.1 100 X 100 IF SWITCH MATRIX

The coupled crossbar architecture was selected as the optimum architecture

based on functional performance, expandability of design, and reliability.

GaAs MESFET technology was determined to be best for wideband, high speed
switching devices. The optimum approach was the integration-of both the con-
trol logic and microwave switching devices into GaAs MESFET substrates utilizing
Monolithic Microwave Integrated Circuit (MMIC) technology. Since state of the
art processing restricts the useful size of GaAs substrates, an approach to the
-design of a 100 x 100 switch matrix was the development of smaller 12 x 12 sub-
matrices.

Figure 7.1 indicates the concept of assembling sixty-four 12 x 12 submatrices
into a resulting 96 x 96 Switch Matrix.

Reliability analysis concluded that the optimum submatrix design would include
four internal wraparounds rather than redundancy around the complete 96 x 96
matrix (Figure 7.2). Each crosspoint would include a two stage microwave
switch/amplifier isolated from the input/output lines with 20 db couplers. To
achieve the full size reduction offered by MMIC .technology, high reliability
active couplers must be developed to replace the larger quarter-wave high
reliability passive couplers. For reliability, redundant logic switch drivers
were included in the crosspoint design (Figure 7.3). A switch crosspoint MMIC
layout, Figure 7.4, indicates a design using passive couplers. A metal plate
is shown between the upper and lower GaAs substrates.” This would provide iso-
lation, reducing the possibility of unwanted input line signals leaking through
to the output lines. The complete two stage switch/amplifier and redundant
control logic would be fabricated on the upper substrate. A feedthru connec-
tion would transfer the signal to the lower substrate which contains the output
coupler and output transmission line.
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7.2 100 X 100 BASEBAND SWITCH MATRIX OF POOR QUALITY

The optimum architecture for the 100 x 100 Baseband Switch Matrix is the same
as the coupled crossbar method developed for the IF Switch Matrix. Sixty—four
12 x 12 submatrices would be assembled into a 96 x 96 matrix structure. At
baseband, CMOS technclogy would be best for integration of the analog switching
devices and control logic. Reliability studies concluded that at baseband, re-
dundancy would be best implemented at the crosspoint, which would therefore
eliminate the four wraparound paths within each submatrix..

The redundant crosspoint, Figure 7.5, consists of cascaded switchable dual gate
CMOS FET5, two of them in parallel. The redundant crosspoint amplifiers are
passively coupled to the input/output lines via 23 db resistive line couplers.
Separate latch/driver and comparator logic circuits for each amplifier are
driven in tandem at the crosspoint address lines.

7.3 SWITCH MATRIX COMPARISON

Summary results -of the comparison between the large IF and the large baseband
switch matrices are shown in Figure 7.6. The baseband switch was made function-
ally equivalent to the large IF switch by adding a QPSK modem to each channel.
No significant difference in performance exists between the two implementations.
However, a severe penalty is paid in the baseband approach in terms of power
consumption, reliability, size and weight. The large IF switch is clearly the
preferred choice unless significant system advantages accrue from having the
data at baseband.

For the next comparison, the 1982 20 x 20 POC Model IF Switch Matrix was scaled
up to a 96 x 96 matrix. It was then compared to the 1987 large IF Switch
Matrix, with the results shown in Figure 7.7. Allowing for some differences

in performance characteristics, the large IF switch and the scaled-up POC model
were roughly equivalent except for size, weight, and reliability. The scaled
POC model is much larger and heavier because of the discrete technology em—
ployed in its implementation. The large IF switch matrix is clearly the
preferred design.

SECONDARY
VOLTAGE

EIﬂS

Transmission
Lines

Laceh/ (NOTE: Dashed-lines indfcate red
Drivers devices)

-5

Crosspoint N
Address Lines i

Comparator
Logie

Baseband Switch Matrix Crosspoint

Figure 7.5.
Block Piagram
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Parameter

Matrix size
Connectivity

Raconfiguration rate
Switching time
Gomputer interface
Electrical performance
 Input signal level
Frequency spectrum
Flatness
Phase linearity
I:ola.tmn

Insextion loss
Neice

Intermedulation {3rd order)
- Impedance {input/output)
VSWR {input/output}
Power consumption
Reliability (10 yeay mission)

Mechunical

Size -

Weight
Projected costs

Hardware deyclopment

New technology
Scaleability beyond 96 x 96
Growth to larger bandwidth *
Operating temperature

l't\‘Bas-ed on a ground equipment desfgn (DSCS III QPSK BER Test Equipment) veconfigured for

Figure 7.6.

Large IF Switch

96 x G

Any of the inputs to any
of the outputs, One for
one,

<2 microseconds

<10 nanoseconds

6l lines

-5 + 5 dBm

8 + 0,25 GHz

+ t dB.

E 5% max,

>40 4B all inputs
Equal signal strength
30 dB max.

. > 35 dB.below output

signal level

- 304dB Two equa.l tones

50 ohms
1.2:1

129, 3 watts
0. 76867

12 x 12 x 2 in,
11,5 1lbs

$3.1 nillion
$4.58 million

Feasible with degraded performance

Snrne as above.
-10°¢ to +50°C
|

Baseband Switch

Same
Same

Same
<. 10 nanosgeconds
Same

~6 +5 dBm

25 to 500 MHz
+1dB

50 max,

> 42 dB all inputs

Equal signal strength
- 32 dB max.

Baseband Switch
plus QPSK Modems

Same
Same

Same
< 12 nanoseconds
Same

-5 +5 dBm

8 +0.25 GHz

<¥1dB

N/A

Negligible S/N degradation

32 dB max,

> 35 dB below output N/A -

signal level

~ 34 dB Two equal tones N/A

Same

‘Same-

63 watts
0.91019
10.5 = 10.5 = 3,5
12.7 lbs

.$3.1 million
$4.2L nillion

. Same

Same
Same

. Large IF ves. Baseband Switch Matrix

Same

Same

500 to 1000 watts

0.3998% (Redundant Modems)

in. 30 % 20 x 15 in.*

60 1bs.

§4.5 million
$6.3 million
Sane
Same

Same

flight operation.
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Parameter

Matrix size
Connectivity

Reconfipuration rate

Switching time

Computer intoxface

Electrical performance
Input asipnal level
Frequency spectrum
Flatness

Phase linearity
Isolation

Ingertion losa
Noise -

Intermodulation {3rd oxder)
Impedance (input/output}
VSWR (2nput/output}
Power consumption
Rolicbility (10 year mission)
Mechanical
Size
Weight
Projected costs
Hardware development
New technology
Growth to larger bandwidth
Operating temperature

Figure 7.7.

Large IF Switch

96 x 96

Any of the inputs to any
of the outputs, One for
ohe,

<2 microdeconds

<10 nan¢seconds

61 lines

-5 + 5 dBm
8 + 0,25 GHz
ildB

+ 5° max,

'>40 dB all inputs -

30 dB max,

» 35 dB below output
gipnal level

~ 30 dB Two equal tones
50 chms

1.2:1

129.°3 watts ™

0. 76867

12 % 12 x 2 in,
11,5 1bs

$3.1 million
$4,58 million

Feasible with degraded performance.

-10°C to +50°C

POC Model

20 x 20
Same

Same
Same
100 lines

" 04+54B

(5.5 to 7.85) + 1,25 GHz
+1dB/2.5 GHz, + 0.5 B/
500 MH=

Same

> 40 dB all inputs equal
signal

15 dB max,

Same

.- 35 dB Two equal tones

Same
Same
8 watts
~ . 97

485 in®
20 1bs,

51.3 million
None

Same.

Same

Large IF vs. POC Model Switech Matrix

POC Model Scaled Up

26 x 96

Same

Same
Same
700 lines

0 +5dB
(5.5 to 7.85) + 0,5 GHz
+1dB/1.0 GHz

Same

> 33 dB ~ same crosspoint
signal strength

21 dB max,

Same

- 35 dB Two equal tones
Same

Same

44 watts |

~0, 751

12, 000 in3
500 Ibs.,

- §12.7 oiliion

None
Same
Same
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SECTION 8

FUTURE TECHNOLOGY DEVELOPMENT

8.1 REDUNDANCY MANAGEMENT

Redundancy management is a major technology issue which, while briefly addressed
in the Task 1 studies, must be fully resolved preparatory -to operatiomal use of
the system. 1In particular, for the Switch Matrix, corrective action in the

event of a failure must be promptly implemented to avoid unacéeptable operational
down—time.

The principal feature by which the matrix realizes the desired reliability is
through wraparound circuitry. Thus, redundancy management entails continual on-
board self test to:

1. Determine if a crosspoint-has failed
2. Locate the failed crosspoint
3. Determine which wraparound paths are available

4, Reroute -signal traffic from the failed crosspoint through the
selected wraparound path to the desired output.

There are two methods of implementing the control or intelligence function of

the self test system, namely: (1) use of the on-board computer to control
decision functions, and (2) a microprocessbr integrated in the matrix. The on-
board computer could determine when to test the switch matrix and which wrap-—
around to employ. Alternatively the switch matrix could embody its own internal’
control capability by use of an integrated microprocessor to control the self
test functioh.l This would make the switch matrix entirely self-contained.

Study of redundancy management should addrescs how frequent and the optimal time
to test to minimize traffic interruptions. In addition, an algorithm for con-
trol of the self test system needs to be developed and demonstrated. A suggested
plan for the study of such a self test approach is shown in Figure 8.1. The

5 x 5 Breadboard Switch Matrix could be utilized for the self test proof of con-
cept model, to minimize study costs.

A block diagram of a candidate self test system concept is shown in Figure 8.2.
A test oscillator, stepped automatically, injects a signal into each input row
of the switch matrix. A detector measures the signal at each .column output.

The detected signal is compared to determine if a specific switch matrix cross-
point has failed.

A column is added to the switch matrix for injection of a test oscillator signal
into the input rows, and a row is added for coupling the switch matrix test
signal from a desired output column to the detector circuit. An amplifier may
also be required to compensite for the imsertion loss of the extra switches
within the switch matrix path. The wraparound paths would alsc be tested. The
switch macrix is tested by sequentially connecting the appropriate oscillator
column switch and the appropriate detector row switch to the switch crosspoint
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Figure 8.1, Redundancy Management Suggested Study Plan
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under test. Absence or deterioration of the desired detector output would flag
the control logic and indicate a failed crosspoint. .

The oscillator-detector operation can alsc be checked independent of the switch
matrix. The total communications system could be tested by momitoring uplink
signals at the detector, and by generating downlink signals with the test
oscillator appropriately modulated.

During normal switch matrix operations, command data’ from the on-board computer
defining the matrix configuration passes through the interface circuitry and is
acted upon by the Matrix Control Logic. The matrix control logic establishes

the switch matrix configuration. TFor the self test feature, the control com—
puter could issue a command via the command data base, to initiate self test.
That command is decoded in the matrix control logic and initiates a start signal
to the segquence generator. The sequence generator initializes the program
counter to a known starting state, thus enabling the oscillator and detector.

The address generator establishes the routing of the test signal from the oscil-
lator through the matrix to the detector. The output of the detector is digitized
in an A/D converter. The digital signal is then compared with high and low limit
references for acceptability. The output should fall within this range or the
switch is considered failed. Decision logic determines the results of the com-
parison and issues a Pass/Fail Flag to rhe sequence generator. If a failure is
identified, the sequence generator loads the address location-of the failed
switch and -a fail status bit to the switch status register for tramsfer to the
computer.

8.2 MONOLITHIC MIGROWAVE INTEGRATED CIRCUITS

A major technology issue for future high capacity switch matrices is the develop-
ment of an appropriate monolithic microwave integrated circuit (MMIC) including
both the microwave switch crosspoints and associated control logic as discussed
vin Sectidn 7 of this report. . The key technolﬁgy advancéments required to redllze
such an MMIC switch matrix design suitable for eventual flight realization are
sumnarized as follows. y

. A mature high rellablllty GaAs MMIG process suitable for both RF switch
and high speed logic 1mplementat10n into a common chip.

® The development of high isolation multilayer substrate technlques for
fabricating switch crossp01nts. :

. The development of high quallty RF submatrix and largemnumbers of
input/output connections.

. The development of a 12 x 12 submatrix building block embodying high-
"isolation RF transmission lines and passive distributed couplers,
with large area GaAs wafer construction up to approximately two
square inches. Active device matching should also be evaluated.

A development program for an MMIC Switch Matrix should include a comparative
study of passive and active couplers. Improving the reliability of active
couplers for spare missions would be extremely valuable since high reliability
active couplers are required to reallze the full miniaturization potential of
MMIC designs.
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General Electric, Valley Forge Space Center, has recently achieved promising
results in the design and fabrication of a two stage GaAs MMIC switch/amplifier
for use in switch matrix designs. This effort was completed with IR&D funds.
This technology achievement can be extended to the integration of a complete
switch crosspoint, including couplers, microwave switch, and control logic.
Further evolution would include development of an MMIC 4 x 4 fully integrated
switch matrix, followed by the development of a complete 12 x 12 GaAs submatrix,
including four wraparounds for redundancy. ’
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SECTION 9

CONCLUSTION

This multi-year Syitch Matrix program, sponsored by NASA Lewis Research Center

as a part of their Advance Communications Satellite Technology Program, has
culminated in the development of a Proof of Concept Model 20 x 20 IF Switch
Matrix utilizing 1982 techmnology. The IF Switch Matrix was one of the identi-
fied key technologies that was to be developed in order to realize future oper-—
aticnal high capacity, multibeam, high speed switching, satellite communications
systems.

For both 1982 and 1987 IF Switch Matrix implementatiom, the coupled crossbar
matrix was selected as the optimum architecture. Loose signal coupling

(> 15 db) of the switch crosspoints to the input and output transmission lines
prevents both main lines from being disabled in the case of a switch crosspoint
failure that results in a short to ground. Therefore, single point failures of
a complete input row or cutput column are eliminated.

To achieve a package size which provides a reasonable weight and volume for
spacecraft applications, the IF frequency has been chosen to be as high as
possible. Within the constraints imposed by the various design goal require-
ments, the 5.0 to 7.5 GHz band was selected as the optimum IF frequency. The
goal of achieving 2.5 GHz bandwidth also favors a high center frequency where
‘the percentage bandwidth is minimized for best possible amplifier stage matching.

A dual gate GaAs FET was the selected device for microwave crosspoint switching.
Good on/off gain ratios provide the required off state isolation. Low power
gate switching and low on state drain current requirements are most favorable
when operating the switch matrix from a limited power battery system. The

dual gate FET does exhibit a higher cutput Q than the single gate FET, there-
fore resulting in a gain bandwidth compromise. GahAs FETs also exhibit high
speed switching capabilities which meets the system switching requirements.

The switch crosspoint consists of a two stage dual gate GaAs FET switch/
amplifier providing approximately 19 db gain. This gain reduces the combined
input/output 30 db coupler losses to a typical crosspoint insertion loss of

11 db, Independent logic switch drivers are used to control the on/off state
of the cascaded GaAs FETs. Redundant logic switch drivers were chosen to elim-
inate single point failures in either of the GaAs FETs or in the logic switch
drivers. )
The selected computer interface for switch crosspoint addressing is a 32 bit
parallel code. The 32 bit interface, which is TTIL «compatible, was selected
because it is a logical extension of current computer architecture and offered
an optimum design in the areas of speed and interconnections when alternate
options were studied. The contrel logic design provides redundancy for the
elimination of single point failures.

For a flight model design, a custom CMOS LSI was the selected control logic
device technology. The logic design is partitiomed so that only two basic
custom LSI chips are required. To prove feasibility of the control logic
design, discrete components were used in the Proof of Concept model to reduce
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development costs. TFabrication of the custom LSI chips were not considered to
be a technology issue.

The switch matrix packaging design features an integrated modular approach
utilizing individual input and output channel modules which are connected by an
RF interconnect system. I-beam construction of the channel modules separates
and isolates the microwave switch circuits from the logic control circuitry.-
The channel modules are mounted to a base plate with the input row channels on
one side of the base plate, and the output column channels mounted orthogonally
on the reverse side. The base plate aides in the alignment of the channel
modules, and becomes a part of the input/output crosspoint microwave inter-
connect system.

In summary, results of the 20 x 20 Switch Matrix Proof Of Concept Model indicartes
that the design is feasible for application in a muleichannel S8-TDMA communica-
tions system. Expandability, a design goal requirement, for switch matrices of
sizes other than 20 x 20 can be readily achieved with this design.. Gain band-~
width products of available GaAs FETs for the microwave switch crosspoint would
be the limiting component for switch bandwidth and insertion loss. requirements

of an operational transponder.

Reliability of the switch matrix for a ten-year mission life would be a function
of the size of the matrix and the number of wraparounds required to meet the
reliability figure allocated to the switch matrix by transponder tradeoff
studies. It is concluded from the Proof Of Concept model efforts that wide-
band, high speed switching is practicable for flight model application utilizing
1982 technology.

Results of the 1987 100 x 100 IF Switch Matrix conceptual design study illus-
trates an approach to the future requirements of a high capacity, wideband
S5-TDMA switch matrix. The design approach stresses high reliability to assure
a mission life of ten years.’

GaAs Monolithic Microwave Integrated Circuits are key technologies to be -
developed to realize such high capacity switch matrices. Integration of the
control logic into the GaAs substrate is essential to meet the high speed
switching requirements. High reliability active couplers, to replace the
passive couplers, must be included in the GaAs substrate development in order
to achieve full miniaturization advantages of monolithic circuits.
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SECTION 1.0

SUMMARY

This report presents a summary of the Proof Of Concept (POC) Model Switch Matrix
test results and analysis. Results of the Component Acceptance tests and the

integrated Switch Matrix tests are included. Component -Acceptance tests

were performed on each of the Microwave Integrated Circuit (MIC) crosspoints
after they were assembled and tuned. Special test fixtures were fabricated to
house the two stage GaAs FET switch c¢rosspoint. The MIC circuits were readily
tuned and tested in these- fixtures. Once tested, the MIC substrates were
assembled into the row and column channel assemblies. The logic switch drivers
were tested at the printed wiring board level, prior to integratiom with the MIGC
crosspoints. Each of the two control logic printed wiring boards were indepen-
dently tested in the Switch Matrix assembly. Once the channel assemblies and
control logic boards were assembled into the Switch Matrix, testing of the com—
plete system commenced.

As final testing of the POC model proceeded, fractures were found at the cross—
point interconnect tab welds. The tabs are welded to an MIC substrate pad.

Gap tolerances between the conmector and MIC pads (10 mils) were enough to
stress the welds when the channels were plugged in and out of the matrix
assembly. To correct this problem, a small ribbon wire service loop was im-
plemented in both row and column channels; however, since the interconnect
system is a part of the crosspoint bandpass filter, the two ribbon wires added
a series impedance within the filter which resulted in detuning of. the filter.
It was elected to retune 50% of the crosspoints without removing the substrates
from the channels because the problem was considered a process problem and not
a technology problem. A statistical analysis was completed with new data after
retuning the crosspoints. ’

A statistical analysis was completed for both the Component Acceptance and.
integrated Switch Matrix test data. This analysis evaluates anticipated per-
formance of a fully populated 20 x 20 Switch Matrix (400 crosspoints) bdsed on
parameter data from the 61 populated crosspoints of the POC model. Standard
statistics of the mean, standard deviation, and range were provided. Included
are confidente limits of a two-sided interval for the population mean. A
Confidence level of 95% is shown which results in an Alpha risk of 2.5%. Pre-
diction limits to contain the next observation, and approximate tolerance limits
to contain 95% of the population are also provided using a 95% confidence level.
A histogram is presented to illustrate the actual recorded data.



Table 1.1 compares the design geal requirements to summary data of the bread-
board and POC model manufacturing test results. The POC data are the average
results of the MIC crosspoints before integration into the Switch Matrix.

Table 1.1, Test Comparison .

Design Goal Breadboard POC Model

Bandwidth 1 dB (GHz) 1.0-2.5 2.0 1.05
Insertion Loss (dB) " 15 max. 17 10.7
Off State Isolation

{(dB) 40 min. 65 70
VSWR ; 1.2 min. 1.4 1.2
Switching Speed

(nsec) 10 min. 12 25
Gain Ripple (dB) 1 max. 1 0.56
Reconfiguration Rate

{usec) 2 max. 2 - 2
IF Frequency (GHz) 3-8 6.25 6.5

During the breadboard phase, 2.0 GHz bandwidth was achieved at a sacrifice of
insertion loss. A tradeoff between gain vs. bandwidth was completed im order
to improve insertion loss of the switch crosspoints. Gain bandwidth is pri-
marily a function of the GaAs FET device. It was decided to redesign the POC
model crosspoint for a bandwidth of 1.3 GHz at an insertion loss of 11 dB.
Results of the tradeoff are indicated in Table 1.1. Switching speed measure—
ments were made after integration of all crosspoints into the POC model.

The major performance design goal requirements are shown in Table 1.2 with
integrated POC model test results, after resolution of the channel interconnect
problem. Retuning the MIC crosspoints did not fully achieve the original band-
width and insertion loss results. Because the problem was process design
related and not a technology problem, it was not economically feasible to
remove the crosspoints from the channels in order to retune the crosspoints to
the original test results. Table 1.2 indicates the test results after retuning
30 of the crosspoints.



Table 1.2. Performance Requirements vs.

POC Model Results

TITLE REQUIREMENT TEST RESULTS
RECONFIGURATION RATE 2 USEC's MAX 2 USEC's
SWITCHING TIME (90% POINTS) 10 NSEC's MAX 24.9 NSEC's
INTERMEDIATE FREQUENCY 3.0 TO 8.0 GHz 6.5 GHz
BANDWIDTH 1 DB 1.0 GHz MIN 0.95 GHz .
GAIN RIPPLE (OVER BW) 1.0 DB MAX 1.1 DB
PHASE LINEARITY DEVIATION +5% MAX 8.9°
INSERTION LOSS 15 DB MAX 16.1 DB
ISOLATION 40 DB MIN >75 DB
IMPEDANCE (INPUT/OUTPUT) 50 OHMS 50 OHMS
VSWR (INPUT) 1.2 MAX 1.3
VSI-;R (OUTPUT) 1.2 MAX 1.4
SIGNAL TO NOISE 35 DEC MIN 50 DBC
INTERMOD DISTORATION 35 DBC MIN 52 DBC
1 DB GAIN COMPRESSION N.A. 0 DBM
SIZE 16" x 16" x 6" 16.6" x 18.6" x 6.6"
MATRIX SIZE 20 x 20 MECH 20 x 20 MECH
57 ACTIVE, CROSS- 57 ACTIVE CROSSPOINTS
POINTS 1 WRAPAROUND PATH
WEIGHT N/A 35 LBS
POWER N/A 33 W
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PROOF OF CONCEPT MODEL DESIGN

Studies of available techmologies and design trades led to the conceptual
design of a 20 x 20 IF Switch Matrix utilizing 1982 gvailable technology. To
show feasibility a 20 x 20 Proof Of Concept (POC) Model was fabricated and test-
"ed. The POC Model was physically the size of a full 20 x 20 matrix but only
partially populated with 37 carefully chosen active crosspoints to reduce
development costs while still validating the concept. One wraparound network with
4 crosspoints was also included to demonstrate redundancy.

The 20 x 20 IF Switch Matrix was developed to operate in an SS-TDMA com-
muntications system. Ground signals transmitted to the satellite at 30 GHz, are
received through a multibeam antenna and receiver system, and down converted to
the switch IF at 6.5 GHz. An on-board computer provides a 32-bit address code
to the switch matrix which defines the switch matrix configuration. Once re-
configured, the IF input signals are routed to the appropriate outputs. The
cutput signals are then up-converted to 20 GHz and tramsmitted via the multi-
beam antenna to the ground.

A coupled crossbar matrix with a constant coupling ratico of 15.2 4B for all
couplers was the selected architecture (Figure 2.0). Its primary advantages are:
(1) absence of single point switch matrix failure modes and (2) readily implement-
ed redundancy with wraparound techniques. The basic elements of the switch matrix
include 50-ohm Input Transmigsion Lines from which signals are coupled by the 15.2
dB Input Couplers and ‘applied to a two-stage microwave Switch/Amplifier, The switc
state is controlled by the switch matrix Logic System. When a specific switch is
.activated the microwave signal is coupled -from the main tramsmission line, amplifi
approximately 20 dB and coupled through the 15.2 dB Output Coupler to the Qutput
Transmission Line. In the following sections, additional details of the switch mat
elements are discussed. '

2.1 MICROWAVE

A block diagram of the microwave switch/amplifier crosspoint is shown in
Figure 2.1. The input and output directional couplers are edge—coupled micro—
strip lines -etched on 0.025" alumina substrate. The terminations are thin film -
tantalum nitride resistors with a two-section matching network to achisve
greater than 25 dB return loss from 180 MHz to 8 GHz. Coupler impedance is
- 50.7 obms with -15.2 dB coupling, The inherent low directivity of the micro-
strip coupler required that all reflections be minimized so that the ripple
in the coupling response and the mainline VSWR remain within acceptable limits.
Analysis indicated that couplers with 15 dB insertion loss on both input and
output lines would provide adequate isolation in the event of a short to
ground within the microwave switch circuitry.

A dual gate GaAs FET was chosen as the switch device because of its high
gain, high isolation, high speed switching, and low power switching capabili-
ties. OSelection of the critical gain-bandwidth product was complicated by the
high input/output Q of the GaAs FET devices. Amplifier tuned elements and
bias lines were etched on alumina substrates. Thin film series resistors
were used for gain ripple damping and amplifier stabilization. Packaged GaAs.
FET devices were used to avoid hermetic sealing of the row or column channels.
The GaAs FET device, coupler substrate, and amplifier substrates are mounted
to a kovar carrier as shown in Figure 2.2. This carrier assembly forms half



ORIGINAL PAGE 1§
OF POOR QUALITY

DUAL GATE
- GaAs FET
UNCOUPLED SWITCH MATRIX
LINES .
15dB
N COUPLER
OQUTPUTS
AW 4
o 60 00 \/ ‘_ﬁN

m) -
Y

Wy I Py I P W
)

- o
INPUTS
n s
-y fi_:l“
ol 4
T n o

—NAQEZT}

Figure 2.0.

PPN PRQISUIIpIEN SUIpESIpETNI I S NP Y

%.

oocaoo-—mii_—__JVVv_'
i3
n

560
'!"ERMINATION

i B 6 B O mefmm e —AAA—

[;-
® 0 Q& Ot AAN—
-

Coypled Crossbar Architecture



ORIGINAL -PAGE 5
OF POOR QUALITY

COLUMN CHANNEL

T T T

AN

L<

1
[
i
|
!
I
I
!
i
I
I

| QUTPET -
l DIRECTIONAL :><V CONNECTOR &
. COUPLER
| (5.2 dB)
l
+5v 100 omes OUTPUT
| wp A MATCHIFG .
J - 5100 NETWORE 0 OIS
O Q2
L —_ __I = D ‘ S ]
G2 Gl e
30 5 L =
DATS 7(—" T
pECORES |
s} 10GIC} | suitey | GATE VOLTAGE INTERSTAGE
RECORF «~— T DRIVER HATCHING
I BETWORK
1l Le e e o EEEERGONECT
- I (PIN CONNECTOR) I
i INTERSTAGE
..trgg 100 OIS AT
} 5100 NETWORK
I wo L @ s
| GZJ_ o =
. f s ; =
30 e, ? -
DATA ;
DECODEY } -
SWITCH | GATE VOLTAGE TNPUT
RECOWF, — LOGIC "__.‘ DRIVER MATC NING
| RETWORK
READ | _|_ 50 ows
I -

[~

i

5y INBLT

DIRECTIONAT,
COUPLER
2 - (15.2 dB)

} CONYECTOR

L

Figure 2.1.

o — — e — — — —— — S—

ROW CHANNEL

Crosspoint Block Diagram

|
|
|
|
%

&

—

1
z
[
|
|
|
|
|



ALITYNO ¥00d 40
Bl 39Yd TWNIDRO
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of the switch crosspoint. The input amplifiers are assembled into the switch
matrix input row channels, and the output amplifiers are assembled into the
output column channels. The POC Model output channel assembly in Figure 2.3
shows twenty output amplifier carriers plus one amplifier for the wraparound
path. The interface used to connect the input and output stages of the cross-
points is provided by a connector wall insert which is seen along the upper
edge of the channel assembly in Figure 2.3. This interconnect system permits
an in-line test fixture configuration for tuning of the input/output amplifiers
prior to their assembly into their respective row or column channel assemblies.
Once assembled into the channels, the interconnect system permits an orthogonal
input /output assembly.

Separately controlled gate switching voltages are supplied to the FET
amplifiers from the logic switch drivers to improve reliability in the event
that the logic drive signal would fail in the ON state. The remaining ampli-
fier can be independently turned off and would provide enough isolation to
the input/output transmission lines. Measurements of OFF state isolation
were made in order to determine isolation in the event of such a failure.
Results of the test are shown in Figure 2.4. Data shown was plotted from
measured data of an automatic network analyzer.

2.2 CONTROL LOGIC

The control logic interfaces with special test equipment to simulate an on-
board satellite computer which supplies traffic routing information in the form of
a 32-bit code. This code supplies switch crosspoint addressing information to the
switch matrix. The control logic interprets the computer address code and provides
gate bias signals to the appropriate GaAs FET switch crosspoints, thus configuring
the matrix. The control logic also stores in memory the reconfiguration addresses
for the next time frame.

The switch matrix control circuitry is divided into a decoder section
and a switch driver section, as shown in Figure 2.5. The test box shown was
built as a part of the POC effort to simulate an on-board computer operating
in a S5-TDMA mode. Operating DC voltages are also supplied by the test box.
The switch matrix decoder accepts the 32-bit address code through the input
buffer. The buffer provides a compatible interface to the computer as well
as supplying the address code to the switch matrix row and column decoders.
The decoders interpret the address code and load the update memory with the
next time period switch configuration upon receipt of a read pulse from the
test box. A reconfiguration pulse supplied by the test box transfers the
data from the update memory to the matrix configuration memory. The config-
uration memory provides a voltage level through the output buffer and switch
driver to the gate lead of the switch crosspoint GaAs FETS. The GaAs FET
switch is then controlled on or off as required.

The 32-bit data word is divided into three 10-bit pair fields (input, output)
and two reset bits. Each pair field is further divided into two 5-bit subfields.
The first 5-bits define the input channel of the matrix and the second group
of 5-bits defines the output channel. Within each pair field, any cross-
point in the 20 x 20 matrix can be defined. Since the data rate requirement
was 200 nanoseconds, the input command will be decoded and latched in the
update memory by a read pulse within this time interval. After a total of
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nine data transfers, a reconfiguration pulse will clock the update memory data
into the configuration memory. Nine data transfers were selected for a 20 x

20 switch matrix with five redundant wraparound paths, or in effect a 25 x 25
switch matrix. For switch matrices of smaller size, a reduction from the nine
data transfers would be required. This method of switch crosspoint reconfig-
uration meets the design goal requirements of total switch reconfiguration
within 2 microseconds. For the POC model, two identical decoders, ome for input
channels and the other for output channels, were assembled on separate 12" x 8",
multilayer printed wiring boards as shown in Figure 2.6. This dual decoder sys-
tem provides full redundancy in order to meet system reliability requirements over
a mission life of ten years.

The logic switch driver functions as a switching control device as well
as a voltage level translator. Both of the functions are accomplished by a
discrete PNP transistor and associated pull-up and biasing resistors. The
output of the switch driver controls the gate bias voltage to the GaAs FET
crosspoint switching devices.

To minimize development costs, feasibility of the logic system was proven
in the POC Model by using discrete IC devices. For a flight model switch
matrix, size, weight, and power reductions would be achieved by the use of
custom CMOS LSI chips for all logic circuits. The logic functions could be
partitioned into two LSI devices. The basic decoding logic and the update
memory would constitute one chip, with the reconfiguration memory and switch
drivers contained in a second chip. To optimize the propagation delay, pack-
age and circuit performance, the design solution is to package five latch-
driver circuits and a clock buffer on a special geometry CMOS LSI chip. Thus,
five chips would be required to implement 25 latch/driver circuits.

2.3 PACKAGING

The 20 x 20 switch matrix POC model contains two basic subassemblies,
namely the channel module (Figure 2.3) and the control logic printed wiring
assemblies (Figure 2.6). The channel module contains the microwave integrated
switching circuits, and the logic switch drivers. The control logic printed
wiring boards contain the logic input buffer circuits, row and column decoders,
update memory latches, and the logic matrix configuration memory.

The channel module, designed as an I-beam structure, contains two isolated
compartments. The MIC carriers are mounted in one compartment, and the logic
switch driver printed wiring boards in the compartment on the reverse side of
the channel. The MIC compartment is shown in Figure 2.3 and the logic in
Figure 2.7. Integration of the compartments was accomplished by inserting
small gauge wires connected to pads on the switch driver printed wiring

boards, through 40-mil holes, and then connected to pads on the MIC carriers.

SMA connectors, mounted on the front of the channel module, provide input
row and output column IF signal access. Logic control signals and supply
voltages are connected to the channel via the 31 pin MDM connector located

at the rear of the channel module. Each channel module is a self contained
input row or output column. This design is readily expandable to any switch
matrix size.

The switch matrix is readily assembled by attaching the input and output
channel modules, which are mechanically identical, to a mounting plate. The

12
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plate serves in the alignment of the channel modules and as part of the IF
signal interconnect system between input and output channels.

The control logic assembly consists of two multilayer printed wiring
boards. Each board contains 122 integrated circuits and a small number of
discrete components. Total heat dissipation of each board is approximately
11 watts, necessitating special heat sinks to transfer heat from under the
components. The heat sinks were chemically milled six-ounce copper foil,
plated and bonded to both sides of the printed wiring boards. Heat is removed
from the boards by thermally conductive card guides (Figure 2.7). The card
guides were riveted to the bottom plate of the switch matrix assembly.

The switch matrix is assembled by mounting the channel housing assemblies
and the control logic printed wiring boards into the matrix housing shown in
Figure 2.6. The switch matrix is shown with the bottom plate open to facili-
tate testing of the control logic. The channel modules and logic boards are
interconnected by a flexible wire harness. The channel input/output RF con-
nectors protrude through openings in the matrix housing for ease of connection
when the matrix housing covers are in place.

2.4 RELIABILITY

Trade-off studies have shown that the optimum design for a 20 x 20 IF switch
matrix based on weight, power consumption, and reliability is one that contains:

® Wraparounds for redundancy

e Separate IC logic to control each GaAs FET switch in a crosspoint,
to eliminate single point failures

e Channel construction of the input rows and output columms
¢ A 32-bit logic interface address code.

Without redundancy the probability that any one of N inputs can be con-
nected to any one of N outputs at any time during a ten-year mission life was
calculated as 0.30065 with an assumed crosspoint reliability of 0.997. To
increase this probability of mission success, redundancy is incorporated using
the wraparound technique as shown in Figure 2.8. To illustrate, if the cross-
point at input row 2 and output column 3 failed, the substitute crosspoint of
row 2 would be activated permitting the signal to flow through the wraparound
amplifier to the redundant input line. Column 3 crosspoint would also be turned
on connecting the signal to the desired column 3 output. A successful wrap-
around must have its amplifier and two specific switches operating. However,
when more than one wraparound is available, there is considerable redundancy in
the switches of the wraparounds which permit an interchange of amplifiers. The
probability of success of a wraparound would therefore be the probability that
the amplifier is working successfully.

To evaluate the predicted reliability of a flight model 20 x 20 Switch

Matrix with a ten-year mission, the microwave switching crosspoint design of
the POC model and a control logic design in CMOS LSI technology were assumed

15
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for the analysis.

The probability of success is then limited by the 40 input and output RF con-
nectors which have a probability of success of 0.98065.

Figure 2.9 shows the POC Model with one wraparound.

Zero Wraparounds
One Wraparound
Two Wraparounds
Three Wraparounds
Four Wraparounds

Five Wraparounds

The results of this analysis indicated a probability of
success which is dependent on the number of wraparounds; i.e.:

0.19483

0.66853

0.88408

0.95929

0.97678

0.97916
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2.5 SPECIAL TEST EQUIPMENT

In order to test the Switch Matrix POC Model, a special test set was de-
signed and fabricated. The test set is capable of sending crosspoint addressing
information in both manual and automatic modes. A 32 bit code is generated and
permits three Switch Matrix crosspoint locations to be updated simultaneously.
The total number of codes to be transmitted would depend on the number of
crosspoints to be updated. For a 20 x 20 Switch Matrix with five wraparounds,
nine data transfers would be required.

A block diagram of the special test equipment is shown in Figure 2.10.
There are two different methods to input data; one through thumbwheel input
switches, the second through internal PROM. The inputs are multiplexed into a
redundant RAM. The output control takes over multiplexing a single word at a
time, then latches the data to the front panel display and to the Switch Matrix
digital decoder logic. A separate control selects the rate of the read and
reconfiguration pulses. Capability is also provided for inputing an external read and
reconfiguration rate pulse. If a commercial variable word generator is used for
this purpose, the special test equipment has the capability of simulating an
on-board spacecraft computer operating in an SS-TDMA mode.

In the manual mode, one to three crosspoint locations may be inputed by
setting the thumbwheel switches, shown in Figure 2.11, to the desired switch
matrix crosspoint address. The read pulse and reconfiguration pulses are then
transmitted manually to the switch matrix. The test box display indicates which
crosspoint location has been selected.

In the automatic mode, nine read pulses are sent followed by a single re-
configuration pulse to update one entire matrix. The rate of completing an
update of the matrix is determined by the setting of the front panel rate
control, in steps between 2 usecs up to 128 usecs or by an external source.

Each read pulse transfers the 32-bit address code to the switch matrix. There
are sixteen different switch matrix configurations stored in the test equipment
PROM. Capability was provided for the option of selecting 1 to 16 different
matrix configurations to be transmitted before repeating the first matrix again.

The Special Test Equipment also supplies DC voltages to the Switch Matrix.
Power supplies were chosen with current limiting and over voltage protection,
with € 250 uV ripple, over a voltage range between O to 7 volts. Current and
voltage monitoring test points were also provided.

19
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SECTION 3.0

COMPONENT ACCEPTANCE TESTS

3.1 MICROWAVE CROSSPOINT ACCEPTANCE TESTING

Individual crosspoints were tuned and tested using a Hewlett Packard Frequency
Response Test Set. Each crosspoint was tuned to meet or exceed the requirements
of 1 dB bandwidth, insertion loss and loss ripple. As tuning was completed on a
crosspoint, the loss, ripple, 1 dB bandwidth and individual gate voltages were
recorded. Table 3.1-1 is a statistical summary of the insertion loss and 1 dB
bandwidth of 63 individual crosspoints. Given for each parameter are the spec.
value, the sample size, sample mean, range of parameter values, 95% confidence
level limits on the sample mean, prediction limits on next observation, tolerance
to contain 95% of population with 95% confidence, and the sample standard de-
viation.

Automated Network Analyzer (A.N.A.) testing was performed on a selected basis to
verify the data taken on the Frequency Response Test Set and to confirm that the
parameters of phase linearity and VSWR would meet or exceed the design goals and
earlier predictions. Thorough A.N.A. testing was performed at the POC assembly

level and is discussed in Section 4.2.1. The data on the individual crosspoints

verifies the design readiness for integration and establishes that the design goals

are being met.

Results of the statistical analysis for 1 dB bandwidth is shown in Figure 3.1-1

with a histogram of the data points. The range of data points was between 0.85 GHz
and 1.2 GHz with an average mean value of 1.055 GHz. Tight parameter process con-
trol can be achieved at the Microwave Integrated Circuit (MIC) substrate fabrication
level with the selected switch/amplifier crosspoint design. The major contributor
to any parameter variation would be from the GaAs FETS. No attempt was made during

POC fabrication to match GaAs FETS for specific crosspoint performance, although

the devices were tested upon receipt from Dexcel. Test results have indicated that

there are no critical GaAs FET parameters for devices fabricated from a specific
wafer.

Crosspoint insertion loss as shown in Figure 3.1-2 exhibited a mean value of 10.75
dB with a range of 6.9 to 16 dB. A feature of the crosspoint design is a select at

test resistor in the switch driver circuit (Figure 3.1-3) that provides the cap-

ability of matching the crosspoint insertion loss throughout the switch matrix. As

stated above there were no critical GaAs FET parameters evidenced within devices;
however, to reduce the insertion loss gain spread of the tolerance limits, a gain
specification for the GaAs FET would be desirable to reduce the time to match the
gain of crosspoints at the select at test functions.
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TABLE 3.1-1.

INDIVIDUAL CROSSPOINT DATA STATTISTICAL SUMMARY
CONTIDENCE PREDICATION | TOLERANCE
LIMITS LIMITS TO CONTAIN
_ RANGE ON X ON HEXT Xi 95%
SPEG N X S LG (1) (2) (3) v
BANDWIDTH 1.0 GHz| 63 ] 1.05 GHz | .85 1.2 | 1.04  1.07 .94 1.17 .92 1.19 | .06
INSERTION LOSS | 15 dB 63 | 10.75 ¢B | 6.9 16.0 | 10.25 11.25| 6.75 14.76 | 6.1  15.4 | 2.0

1. CONFIDENCE LIMITS ON THE POPULATION MEAN.

2. PREDICTION LIMITS TO CONTAIN THE NEXT OBSERVATION.

3. TOLERANCE LIMITS TO CONTAIN 953% OF THE POPULATION.
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Figure 3.1-1. Observed 1 dB Bandwidth for Individual Crosspeint
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3.2 CONTROL LOGIC TEST RESULTS OF POOR QUALITY

The test results for the decoder boards and High Speed Logic (HSL) switch
drivers of the '30/20 GHz Switching Matrix" are discussed here. These tests
were completed usingithe "30/20 GHz Digital Control Circuitry Test Procedure.'

The results of the decoders and drivers tests are tabulated in Table No.l
and Table No. 2, respectively. Both tables summarize the results of power
and timing measurements. Average values reflect the general characteristics
of the circuit, however, minimum and maximum values indicate the variations
from different circuit assemblies. ’

Figure No. 1 and Figure No. 2 are typical timing measurements taken at
the digital control circuit. The driver assembly and the RF channel assembly
are connected to the decoder board. The switching command and reconfigure
pulse are provided by "the Decoder Test Box'". The rise/fall time of the
switching pulse, as well as, the 50%:50% propagation delay of the switching
pulse with respect to the reconfigure pulse are measured at the outpuit of the
driver (the collector of the transistor). This propagation delay results as
a function of the signal traveling through the decoder board, wires and the
driver beoard. The average rise and fall times are 15 nsec and 19 nsec,
respectively. The average switching pulse delay is 32 nsec. The power
consumption per board is 9.85 W@ + 5.00 V. :

As shown in Figure No. 3, different data rates had virtually no effect
on the switching pulse rise/fall time or delays. However, the power supplies
do affect the switching speed as expected. Higher voltage causes faster
switching. A 2 nsec delay can be seen as the voltage is changed from + 5.50 V
to + 5.00 V and from + 5.00 V to + &£.50 V. The difference between the
switching pulse in Figure No. 1 and Figure No. 4 resulted from the fact that
Figure No. 1 was taken with RF channel assembly connected, but Figure No. &
was not. The additional capacitance of the RF channel in Figure No. 1 shows
the response time of the waveform and attenuates the higher order frequencies
inherent in fast switching devices, Figures 5 and 6 are the switching pulses
at the output of the decoder boards without switch driver connected. Timing
measurements on the decoder boards is also shown in Table 1.B.

The characteristics-of the drivers are tabulated in Table No. 2. These
tests on the drivers were made without RF channel assembly connected. Power
consumption, depending on the number of crosspoints, varied for each subgroup
of the drivers. The average rise time of the switching pulse is 6 nsec and
fall time is 11.5 nsec. The average 50% : 50% propagation delay of the
switching pulse is 14 nsec. Typical timing measurements are shown in Figure
Nc. 7 and Figure No. 8. ’

The output of the driver swing between the high level at -0.7V ('ON'
state) and low level at -3.8V ("OFF" state), but the "ON" state will be biased
to different voltage by "Select By Test (SBT) resistor' to meet the require-
ment of each individual RF crosspoint.
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Table 1.A:

Power Measurements of the Decoder Boards

CURRENT MEASUREMENT OF

8z

+5V POWER SUPPLY
+5.00V +4.50V +5.50V
Board #1% Tyo Board #1% Two Board#1*|  Two
Avg. — d Avg. ——— 1 & |15 g
Board #2 | Boards Board #2 oards Board #2 oards
1.96 1.56 2.12
1.97 1.98 3.94 1.54 60 3.18 2.15 518 4,30
*There are two identical decoder boards in the system.
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Table 1.B: The Timing Measurements of the Decoder Boards

Timing Measurement®¥

Timing Measurement®¥
Wich HSL Driver

Without HSL Driver

(nsec) (nsec)
50% ¢ 50% Rise Time |Fall Time 30% a 50%
Propagation Delay (10%390%) | (90%310%) Propagation Delay
L . Min Min .. N
Rise® Fall* Avg. Max Avg. Mo Rise¥ Fall®
Min Min ‘ Min Min
Av —— Av —— Avg Av
8 Max & Max Max 5 Max
16 21 15 118 30 30
2-0 5% 23 35 15 15 19 55 32 35 32 35

* Rise, fall means a positive and negative going switching pulses, respectively.

** Timing measurements were done at the oﬁtput of the decoder board/at the output of the
switch driver for without HSL Driver/with HSL Driver incorporated. The reference is
the reconfigure pulse at the input of the decoder board.
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Table 2.4

The Power Measurements of the High Speed Logic Switch Drivér Boards

ALIYND HCOd 40

PWB # .

A of Current Measurement of Current Measurement of the

5 ¢ ~4V FET Power Supply +5V Power Supply

S R | {ma) (ma)

E 0

M S , la \) oty wla

B g All¥* [Only* [ All On¥ All Off* Only One On} All On*

L P Off | One e ek ik i e

Y T Avg ik Avg Min™? Avg Hin Avg Min

# S On Max Max Max Max
Gl 21 219 57.5 74.8 415

G2 20 209 59.3 77.3 406

53.9 15.1 32.9 102.1
G3 5 54,0 ) 15.3 15.5 33.6 355 104.6 T05.9
0.0 10.8
G4 6 64.3 15.5 33.9 122.1
G5 2 21.9 31.1 49.7 68.2
G6 7 '75.3 31.0 49,0 153.8
G7 3 ‘ 32.4 29.4 47.6 82.8
21.5. 14.0 31.0 48.6

G8 2 “ 21.6‘ ) 14.6 5.3 32.7 35,6 50.6 5.0
69 3 (13737 | 24.2 | 35.1 27:9 46.0 63.8

* All ON = All crosspoints in channel "ON".

Only One On = Only crosspoint in channel '"ON".

% Min

Max

alanhe il
WA

only applies to those groups with 3 or more channels.

GY9 has a wraparound channel amplifier which is always on.

All OFF = All crosspoints in channel "OFF".
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Table 2.3B;

Output Voltage Swing and Timing Measurements of the High-
Speed Logic Switch Driver Boards

Switch Driver
Output Voltage Switching Pulse Timing Measurements (nsec)
Swing (V)
Avg Min Rise Time Fall Time Propagation Delay¥®
Max (10% 3 90%) (90% 2 10%)
Min . .
~0.6 Ave in Avg Min Avg Min
-0.7 -0.8 Max Max Max
3.8 | 6 s 2
-3.8 35 6 3 11.5 9 4 5

*Propagation delay

is measured by 50%=50% referred to the input clock signal.

A 00d 40
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Fig. 1. Propagation delay for switching "ON"
pulse. "A" is a reconfigure pulse
at the input of the decoder. "B" is
the switching pulse at the output of
the driver (with RF channel incorpor-
ated). GND reference for "B" omnly.

Fig. 2. Propagation delay for switching "OFF"
pulse.
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Fig. 3.

"A's" are reconfigure pulses. "B's"
are the corresponding switching pulses
with the different data rates. [1],
[21, [3]1, [4] and [5] are at the data
rata- of 2, &, 8, 16 and 32 usec re-
spectively. '

Fig. 4.

Power supplies may affect the switch-
ing speed. [1] is measured at +5.50V,
[2] at +5.00v, and [3] at +4.50V.
"A" is a rteconfigure pulse as a ref-
" erence.
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Fig. 3. Propagation delay for switching '"ON"
pulse. MAM is a reconfigure pulse
at the input of the decoder. "B" is
the switching pulse at the output of
the decoder (without driver connected)

Fig. 6. Propagation delay for switching "OFF"
pulse.

NOTE: Figure 5 and Figure 6 were taken
without RF channel assembly connected.
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Fig. 7.

8.

Driver switching. A is the external
clock at the input of "The Driver Test
Box" to deactivate the crosspoint.
"B is the switching pulse at the out-
put of the drive. .

Similar measurement as in Figure 35;
activating the crosspoint.
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SECTION 4.0

POC MODEL TEST DATA AND EVALUATION

4.1 POC MODEL FUNGTIONAL PERFORMANCE

The POC Design ‘Goal. specification and statement of work documents established
the performance requirements for the POC Model 20 x 20 Switch Matrix. This
section serves as an overview of the POC functional performances.

4.1.1 ELECTRICAL CONFIGURATION

Figure 4.1.1-1 is the selected POC Switch Matrix crosspoint distribution that
was assembled and tested. 1In addition to the required number of crosspoints
(57), four wraparound crosspoints and a wraparound amplifier were included to
confirm that the conceptual design of the wraparound method was feasible in the
switch matrix.

Connectivity was verified by extensive microwave testing. Control circultry
required to command the routing of RF signals was composed of the switch driver,
decoder, and switch memory circuits. Reconfiguration rate was demonstrated to
be superior to the 2 microsecond requirement. Switching time as defined in the
POC specification document was impaired due partially to improved logic switch
rise and fall times. This is discussed in more detail in Section 4.2. The I.F.
was selected to be at 6.25 GHz based on analysis of the crossbar architecture;
however, the results of the first POC crosspoints indicating that the actual
center frequency was 6.5 GHz, did not significantly impact other functional
performances. Bandwidth and insertion loss requirements were known to be
critical technology challenges and great care was taken in developing better
devices through interfaces with Dexcel and through screening of the devices
suitable for use in a large gain bandwidth product design. Gain ripple and
phase linearity were found to be related to both gain and bandwidth (Section 4.2)
and were carefully traded off to determine the optimum design. As a result, loss
ripple and bandwidth were very near the design goals of 1.0 dB and 1.0 GH=z
respectively. Phase linearity measurements indicated that the earlier pre-
dictions of +8 max. for this design were very accurate. An interface problem
was encountered in the intercomnect system which did not occur in the breadboard
or in the individual channel housings. Rework was performed which compensated
partly for the problem but some degradation in bandwidth and insertion loss
resulted. The rationale for the interconnect system was validated by the large
amount of isolation afforded by this system.

Input and output VSWR was recognized as amother significant technology goal as
early as the architecture selection study. The results of the study were
verified by the measurements of the POC model. The model used in the study
showed that there would be peaks and nulls in the reflected power (equivalently
VSWR) frequency response due to the periodic structure of the cascaded direc—
tional couplers. The optimum design was to place the center frequency of the
crosspoint at a null, and have the peaks occur outside of the passband. The
nulls and peaks occurred as predicted; however, the amplifier passband was
shifted and hence in band VSWR was compromised. Noise and input signal level
are two parameters which were not only met or exceeded over the relatively wide
range of input signal level specified in the statement of work, but also over
the range which was determined to be desirable based on additional third order
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POC Switch Marrix Grosspoint Distribution

Figure &4.1.1-1.
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intermodulation and gain compression requirements. The analysis performed in
determining signal level and noise figure performance in the design phase
proved to be accurate as indicated by the POC test data.

4.2 TEST DATA ANALYSIS

The Detailed POC Model Test Plan specified the following parameters to be
measured in order to verify the I.F. Switch Matrix performance.

. Microwave Parameters (Automated Network Analyzer Testing)
L Noise Figure
. Third Order Intermodulation

. Switching Speed
. Gain Compression
Test results of the above parameters are discussed in the following sections.

4.2.1 NETWORK ANALYZER TESTING

All of the POC crosspoints were characterized using the Hewlett Packard 85423
Automated Network Analyzer (ANA) in order to verify the functional performance
of the switch matrix. The crosspoint amplifiers were initially tuned and tested
as a single crosspoint on a manually operated frequency response test set,

which is shown in Figure 4.2.5-1. The ANA served as a verification of the
parameters determined by the scalar measurement method and provided information
to confirm that the amplifier design had met or exceeded the predictions and
specifications of phase linearity and VSWR. From ANA characterization, the
following parameters were obtained for each of the switch matrix 61 crosspoints.

Bandwidth
Phase Linearity
Insertion Loss

Insertion Loss Ripple
VSWR
Isolation

Figure 4.2.1-1 shows a typical crosspoint ANA data plot before integratiom into
the POC model. This crosspoint exhibits a 1 db bandwidth of 1 GHz at an inser-—
tion loss of approximately 12.6 db. After integration of the crosspoint into
the POC model, the interconnect problem cccurred and was corrected using the
two welded ribbon wires. Addition of the ribbon wires, which are in series
with the bandpass filter, detuned the crosspoint response as shown in Figure
4.2.1-2., Retuning of the crosspoint was completed without removing the two
microwave integrated circuit substrates from the channel assembly. Results of
the retuning are shown in Figure 4,2.1-3. Retuning had improved the bandpass
and insertion loss; however, the crosspoint could not be retuned to the originel
band shape without removing the substrates from the channel. Since the inter-
connect problem was a process problem and not a technology problem, it was
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decided to retune 30 of the crosspoints without removing them from the channels.
This, decision was based on cost effectiveness.

The following figures illustrate the ANA data taken for each of the crosspoints
in the POC model. Figure 4.2.1-4 shows bandwidth, insertion loss, and ripple.
Figure 4.2.1-5 shows crosspoint nonlinear phase, Figure 4.2.1-6 input VSWR, and
Figure 4.2.1-7 output VSWR. Additional data is included in Appendix A.

OFF state isolation measurements were made, using the ANA, on a selected number
of crosspoints. Figure 4.2.1-8 shows a superimposed data plot with both stages
ON as a reference of the crosspoint insertion loss vs. the input and output
stages alternately turned OFF, and with both stages simultaneously turned OFF.

&.2.2 NOISE FIGURE

This test as cutlined in the detailed test plan uses the Y factor method. A
noise diode of known excess noise ratio is alternately turned on and off while
monitoring the switch matrix output. The output on-to-off ratio is then related
to noise figure and thence output signal-to-noise ratio. This test.is performed
in order to verify that the minimum output signal to noise ratio is greater than
35 dB. The noise figure of the total system shown in Table 4.2.2-1 is given by:

ENR
10

To calculate the noise figure of the crosspoint alone, the second stage contri-
bution of the mixer must be

NF2 -1
NEy = Wgp = 7
1
where

NFT = Total system noise figure
ENR = Excess noise ratio of diode
Y = Y factor
NF1 = Switch matrix noise figure
NF2 = Mixer noise figure
G1 =" Gain of switch matrix

A representative path (3,3) will be used as an example.

Y = 0.3&
) NF, = 6.5 dB
ENR = 15.15 dB
G, = 16.5 dB
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= 10 Log 402
= 26 dB

4.47-1

NF = 402 - 022

= 245.5

23.9 dB

For a 1 GHz bandwidth, the noise power at the input is -84 dBm. The minimum
signal power required for the above crosspoint to achieve a 35 dB signal to
‘noise ratio is given by:

S5i = § /N + NF + Ni
(o3 o
= 35 1+ 24 - 84
= =25 dBm .

In order to predict the worst case limit of noise figure performance that still
maintains a 35 dB output signal to noise ratio, we restrict the winimum signal
power to the range of -20 to ~10 dBm. -10 dBm is about 10 dB below the 1 dB
gain compression point, and our design goal is a 10 dB dynamic range of input
signal level. From this condition we find that:

NF = 8i - S /N - Ni
max .0 o

= =20 -35 +84 dBm
= -29 dB

OQutput signal to noise ratio given in Table 4.2.2-1 has been computed for an
input signal level of -~10 dBm or:

S /N Si — Ni - NF
o o

74 — NF

All calculations are performed for F = 6.5 GHz.

4.2.3 INTERMODULATION DISTORTION

The, test equipment used for this measurement follows the setup suggested in
the Detailed PCC Test Plan. This setup is presented here for reference as
Figure 4.2.3-1. Two synthesized signal geénerators are programmed at slightly
different frequencies (F, = 6.500 GHz and F, = 6.501 GHz). The two signal
levels are independently adjusted for O dBm input power to the Switch Matrix.
A precision rotary vane attenuator is programmed to provide O and 10 dB atten-
uation to both signal paths. An H-P 8566A Spectrum Analyzer is used to
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Switch Matrix Noise Figure

Path NF So/No
1,1 23.0 51.0
2,2 22.6 51.4
3,3 23.9 50.1
4,4 22.7 ) 51.3
5,5 26.6 47 .4
5,4 23.5 50.5
5,3 23.3 50.7
5,2 24.2 49.8
5,1 25.3 y 48.7
1,2 23.6 50.4
1,3 22.8 51.2
1,4 24.6. 49.4 .
1,5 23.4 50.6

measure the spectral vutput power of the switch matrix. The fundamental (F1
and F2) power is recorded in abscolute power level (dBm). The IMD (2F1-F2 and
2F2-F1) power is recorded in dBc referenced to the fundamental signals. Pre-
vious predictions and earlier measurements indicated that the 1 dB Gain
Compression Point would occur at O dBm, referred to the input. The design

goal for the switch matrix was co achieve an IMD response betrer than -35 dBc
for two signals at a power level that is 10 dB below the 1 dB Gain Compression
Point. The data is presented in Table 4.2.3-1 for two input power levels, O
and —-10 dBm. The 2F1-F2 and 2F2-F1 products are shown in decibels below the
desired fundamental signals (dBc). This shows that the design goal has been
met or in many cases has been far exceeded. Figure 4.2.3-2 which was generated
using the statistical averages of the IMD data, can be used to determine limits
of input power and IMD performance. For instance, if the -35 dBc distortion
requirement was the only factor limiting the input power level (disregarding
gain compression temporarily), them the input power could be increased to

-2.0 dBm, thus expanding the input dynamic range to about 20 dB. Conversely
with the input dynamic range restricted between -10 and -20 dBm, the IMD per-
formance is better than -50 dBc.

4.2.4 SWITCHING SPEED

Figure 4.2.4-1 shows a block diagram of the switching speed test setup. The
switching speed measurement is accomplished by monitoring an output column with

a sampling scope while toggling between two input rows, using the.control logic.
For example, Figure 4.2.4-2 was taken with the sampling scope monitoring ocutput
column 1 while the logic toggles between input rows 2 and 1. Included in the
figure with the RF envelope is the control logic reconfiguration pulse. Switchin
speed was defined by measurement of the RF envelope as shown in Figure &4.2.4-3.

Switching speed in the POC model was measured at an average value of 24.9 nsecond

as compared to the breadboard measurement of 12 nseconds. Evaluation of the
problem found that the row being turned off was switching at a faster rate in
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CF
Table 4.2.3-1 POOR QUALITY

Third Order Intermodulation

IMD PRODUGTS
‘ 2F,-F, (dBc) 2F,-F, (dBc)
Crosspoint

Path Pl = 0 dBm -10 dBm | P1 =0 dBm —~10 dBm
(1,1) -31.3 ~51.5 -30.9 -52.0
(1,2) -34.7 -56.0 -34.4 -55.0
(1,3) -35.9 -54.8 -35.9 -55.4
(1,4) ~37.7 -55.8 -37.6 -56.0
(1,5) ~31.2 -52.5 -31.0 -52.0
(1,20) -44.5 -61.0 44,3 —61.0
(2,53) -26.3 -50.3 -26.3 -51.0
(2,2) -25.5 -49.8 -25.5 -49.4
(2,1) -30.5 ~51.7 -30.4 -51.9
(3,1) ~25.8 -49.1 ~-25.7 -49.6
(3,3) -37.2 -54,8 -37.1 -55.7
(3,5) ~28.3 -51.5 -~28.2 -51.5
(4,5) -31.4 -53.1 =31.3 -52.8
(4,4) ~24.5 ~43.7 -24.3 ~44.0
(&4,1) -30.6 -46.8 -29.9 -45.9
(5,1) -31.% -53.3 -31.1 -51.9
(5,2) -28.1 -50.9 -28.2 -51.3
(5,3) -25.6 -48.7 -25.4 -48.3
(5,4) -31.5 -54.0 -31.5 -53.9
(5,53) -35.6 -53.7 -35.0 -54.6
(10,1) -21.4 -45.0 -21.3 -45,2
(10,2) -33.6 -53.2 ~33.4 ~54.0
(15,2) ~41,8 ¥ ~41.4 -59.0
(15,1) -34.4 -56.7 -34.3 -55.0
(20,1) -28.8 -54.0 -28.7 ~54.0
(20,2) -25.9 -38.3 - -25.8 -37.8
(20,20) -54.2 * -51.7 *

*Not accurately measurable (Z-59 dBc)
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the POC model (Figure &4.2.4-4) due to the reductiom of 'stray capacitances be-
tween the logic switch drivers and the gate circuit of the switching RF GaAs
FETs. Figure 4.2.4-4 also shows the switch driver pulse that controls the gate
of the GaAs FET. Since the POC model GaAg FET is switching off faster than the
breadboard, by definition of switching speed the result is an increase of
switching speed. The other cause of increased switching speed is due to the
turn—on gate bias range of the GaAs FET. Figure 4.2.4-5 shows the gate logic
control pulse in relationship to the RF envelope of the FET that was turned on.
The difference in switching speed was found to be caused by the narrow range of
GaAs FET gate voltage vs. gain at the top of the bias/gain curve. 1In the off
state the GaAs FET gate is biased at -4 VDG, whereby the bias is switched to
approximately -0.5 VDC for the on state. Full amplifier turn-on does not occur
until the gate bias reaches approximately 95% of its final value. The slope

of the turn-on voltage time constant therefore contrels the switch on time of
the GaAs FET. Switching the GaAs FET off is accomplished within 3 nseconds.
This problem can be resolved by additional design effort within the logic
switch driver and GaaAs FET bias circuits. It was considered a design problem
and not a technology problem, therefore rework of the switch crosspoints was
not considered cost effective at this time.’

4.2.5 GAIN COMPRESSION

One dB gain compression as a function of frequency measurements were performed
using the test set—up as shown in Figure 4.2.5-1. This set—up is the conven-
tional frequency response arrangement which is discussed in detail in H-P
Application. Note 155 with two exceptions. TFirst, B/R (loss) is displayed on
the left channel simultaneously with B (P )} on the right channel. The
reasoning behind this will be apparent 1aPeE. Secondly, the normalizer is used
to store the small signal loss of the crosspoint under test. The normalizer is
used to display the loss—memory. This establishes a reference line since loss
and memory input are equal. As the power level is increased, the crosspoint/
amplifier begins to compress increasing the loss and hence causes the loss—memory
trace to deflect from the reference position. The power level at which this
deflection reaches 1 dB in any poxntion of the 1 CHz bandwidth is defined as

the 1 dB compression point. The output power is measured directly with the B
detector. The input power level is determined by adding the loss of switch
(small signal) to the output power.

The 1 dB gain compressicon point measurements were made on a representative
sample of crosspoints. The data of Table 4.2.5-1 are the results of these
measurements. Compression was observed first for the higher frequency as
expected since the device gain decreases with frequency. The input power
required for 1 dB gain compression is nominally between -1 and 0 dBm, which
agrees with previous predictions and observations made during IMD measurements
where the input power level was programmed to 0 and -10 dBm.

4.2.6 STATISTICAL ANALYSIS

The previously mentioned performance parameters of the POC model switch matrix
will now be examined in more detail. The statistics of the observations are
useful in predicting limits for the perfermance parameters of a fully populated
matrix.

Table 4.2.6-1 is a summary of the POC model test data statistics. Given for
each performance parameter are the specification value, the sample size, the
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P @1 dB

Path nggression S.S.L. P inFoue S5k
1,1 ~14.0 13.0 ~1.0
1,2 -15.0 14.3 ~0.7
1,3 ~16.0 14.1 +1.9
1,4 -15.0 15.5 +0.5
1,5- _13.4 13.5 +0.1
1,20 -15.2 17.9 +2.7
2,4 -16.3 14,2 -2.1
2,3 -15.2 14.8 -0.4
2,2 ~17.8 13.3 -4.5
2,1 -17.6 13.7 -3.9
2,5 -18.0 13.7 4.3
3,5 -14.0 -13.7 -0.3
3,4 -13.0 -15.2 +1.8
3,3 -14.0 -15.2 +0.8
3,2 -15.0 -15.2 +0.2
3,1 ~18.0 ~13.0 ~5.0
4,1 -18.0 -14.0 -4.0
4,2 -17.0 -14&£.5 -2.5
4,3 -17.0 -18.0 +1.0
4,4 -17.0 -14£.0 -3.0
4,5 -15.0 -14.5 -0.5
5,5 -15.4 -17.5 +2.1
5,4 —16.4 ~16.2 ~0.2
5,3 -16.0 -13.8 =2.2
5,2 -15.0 -14.2 -0.8
5,1 -15.0 ~15.6 +0.6
10,1 -18.0 -13.7 4.3
10,2 =-16.7 -17.9 +1.2
15,1 -17.7 -21.0 +3.3
15,2 _16.7 —21.1 +4.3
20,2 -18.7 -19.9 +1.2
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Table 4.2.6-1

POC Model Test Data Statistical Summary

Confidence Prediction Tolerance
Spec Range Limits Limits Limits
Value N X Min. | Max. (1) c (2) (3)
Center Frequency | 3-8 GHz 30 } 6.52 6.251 6.73 | 6.48 6.56 | 0.11 | 6.29 6.74 | 6.24 6.79
Bandwidth 1 4B 1.0 GHz 30 } 0.95 0.8 1.2 0.92 0.99| 0.11 | 0.74 1.17 [ 0.69 1.22
Bandwidth 3 dB 1.0 GH=z 30 1.24 1.05 1.42 1.20 1.28 0.11 1.01 1.47 0.96 1.52
Insertion Loss 15 dB 30 | 16.1 13.5] 21.3 15.3 16.9| 2.17 11.6 20.6 | 10.6 21.7
Gain Ripple 1.0 dB 13 | 1.1 0.5 1.8 0.86 1.32| 0.38} 0.22 1.95 | O 2.3
Input VSWR 1.2 13 1.3 1.2 1.4 1.31 1.38 0.06 1.22 1.47 1.17 1.52
Output VSWR : 1.2 13 | 1.4 1.2 1.5 1.34 1.45}] 0.1 ¢ 1.18 1.61 | 1.10 1.69
Signal/Noise 35 dBc 13 50.2 47 51 49.4 50.9 1.21 47.4 52.9 Le. 4 53.9
Noise Figure (TRD) dB 13 | 23.9 23 27 23.2 24.6 1.19 | 21.2 26,6 | 20.3 27.6
Non-linear Phase +:5° 13 | 8.85| 5 20 6.4 11.3] 3.99}{ -0.2 | 17.9 | -3.5 | 21.2
" Intermod Distoration 35 die 13 | 52 44 56 49.9 54,1 3.44 | 44.2 59.8 | 4l1.4 62.6
Gain Compression 1 dB (fBD) dBm 13 | -0.58] -4.5] 2.1 -1.70¢f 0.53} 1.85 | -4.754{ 3.6 -6.291 5.12
Switching Speed 10 nsecs|{ 16 | 24.9 17 32 22.8 27.11 4.0 16.2 33.7 | 13.3 36.5

(1) 95% confidence limits on the population mean
(2) 95% prediction limits to contain the next observation

(3) 95% approximate tolerance limits to contain 95% of the population
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sample mean, limits of the 95% confidence interval on the population mean,
sample standard deviation, limits for the 95% confidence level of predicting

the next observation, and finally tolerance limits to contain 95% of the popu-
lation with a 95% confidence level. It can be seen from this table that while
the sample mean may meet or exceed the design goals, the range of the parameters
is such that some observations are below the design goal. Deviation from the
specification is indicative of the process problems incurred during final inte-
gration.

The crosspoint/amplifier small signal parameters of insertion loss, ripple,
bandwidth and nonlinear phase are all interdependent. It was apparent from

the breadboard switch that the gain of the amplifier would have to be increased
which resulted in a reduction of bandwidth. Ripple and nonlinear phase are
known to be interrelated, however, the computer aided modelling performed in
the POC design indicated that there was also a tradeoff between ripple and
insertion loss. With a high Q device such as the dual gate GaAs FET, there
would be a high SWR present in the interstage and represents large ripples in
the gain shape. The ripple was decreased by inserting a small value series
resistor in the interstage, resulting in a subsequent reduction of gain. Thus
galn, bandwidth, ripple and nonlinear phase were carefully traded off to insure
the optimum design.

Input and output VSWR are dependent on the quality of the termination and the
input conmector as well as the coupling factor and the number of couplers in
the channel. The termination and connector were measured together and were
found to be better than a 1.11:1 VSWR. A mismatch of this magnitude in the
mainline of the coupler will be enough to cause the design goal to be exceeded.
As was evidenced by the breadboard effort there are many sources of mismatch
associated with the directional .coupler, but with the proper choice of inter-
connecting, lengths these sources are designed to constructively add at frequen—
cies out of band. This was also apparent from the parametric tradeoff studies.
The VSWR figures of Section 4.2.1 show that the resomant frequencies of the
" coupler discontinuity are indeed out of band; however, the base of the peak at
7.75 GHz is rather broad which leads to an undesirable increase in the VSWR
in the 6.0-7.0 GHz band. -

A histogram for each of the parameters indicating the specific observations
are shown in the following figures. .

4.3 POC_MODEL FUNCTIONAL REQUIREMENTS AND TEST RESULTS COMPARISON

Table 4.3-1 lists the POC model performance requirements, the sample mean for
each parameter, and the expected results from analysis of the design.

Gain, bandwidth, phase linearity, and ripple were carefully traded off to
insure an optimum design. , Expected values for these parameters based on the
design model are 11 dB insertion loss nominal, 1.0 GHz bandwidth minimum, 1 dB®
ripple (.5 dB maximum over 500 MHz), and +8° phase linearity. The measured
results confirm that the design concept has been implemented quite well. Input
and output VSWR does exceed the design goal and earlier prediction in a narrow
band sense; however, the measured results genmerally follow the prediction of
the coupled crossbar model over the I.F. range of 3-8 GHz. The reason for the
‘disagreement can be seen by examining Figure 4.3-1,
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Parameter- Requirement Result Expected Result Achieved
I.F. 3-8 GHz 6.25 GHz 6.52 GHz
Bandwidth (1 dB) 1.0 GHz min 1.0 GHz min 0.95 GHz
Insertion Loss 15 dB max 11 dB 16.1 dB
Ripple . 1.0 dB max 1.0 dB max 1.1 dB
VSWR (FWD) 1.2:1 max 1.2:1 max 1.3:1
VSWR (REV) 1.2:1 max 1.2:1 max 1.4:1
5/N 35 dB min 35 dB min 50 dB
Noise Figure N/A " 24 dB mnom. 24 dB
Nonlinear Phase - i50 max i86 nom. _-::8.8O
Third Order IMD. N/A 35 dBc max 52 dBe
1 dB Compression (Input) N/A 0 dBm ~0.6 dBm
Switching Time 10 nS max 10 nS max 25 nS

Figure 4.3-1 is a representative 6f the topology model used to simulate the
coupled crossbar mainline. The terminations are considered ideal. Since a

20 dB return loss termination is employed, this is a valid assumption. To
assess the worst case mainline VSWR, a 1 ohm resistor was used to simulate a
high reflection coefficient amplifier. The resistor does not allow for a
relative phase shift which would nommally occur due to FET device variatioms.
The model does not include any inductance that results from the interconnecting
ribbon weld. By trying to maintain equal spacing between adjacent carriers and
hence the periodic nature of the structure, the effect of the discontinuity
should be A minimum at 6 GHz and maximum at 7 and 8 GHz. The results show that
the maximum VSWR occurred at 7.8 GHz and by analysis there should be a maximum
at 3.9 GHz. The slight deviation from the expected results is attributed to
the process related problem. The shift of the peak to 7.8 GHz and the shift

of the amplifier passband center frequency to 6.5 GHz contribute to excessive
VSWR. This is seen from the fact that the maximum VSWR occurs at the upper
edge of the passband. Noise figure, third order IMD, and 1 dB compression were
all well within expectations based on the performance of the breadboard.
Switching time represents the most significant departure from the design goals,
and the breadboard results. The actual rise and fall times of the switch were
improved over the breadboard effort while having the effect of increasing the
switchin® time.
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CRITICAL REVIEW OF PCC DESIGN

Experience in the fabrication and test of the POC model have indicated features
of the present design to be evaluated prior to the design of a flight model
switch matrix. Some of these considerations were analyzed during the Task I,
1982 Switch Matrix-Design, and the Task V, POC Model design, efforts of the pro-
gram; however, they are reiterated as a summary of features that would require
addirional design consideration.

5.1 CROSSPOINT GAIN BANDWIDTH

Gain bandwidch of the individual switch crosspoints is a function of the GaAs TFET,.
It would be most desirable to add to the GaAs FET specification a tighter toler-
ance limit of gain at a specific frequency. This would reduce the range of device
parameters so that improved process controls could be achieved in the tuning and
test of the individual switch crosspoints. Consideration should also be given

to the integration of the logic bipolar switching device and the GaAs FET gate
bias resistors to the microwave integrated circuit substrate. This would aid in
tuning the amplifier, minimize the time required to set the gain of a crosspeint,
and reduce stray capacitances within the switch driver circuit. Reduced capaci-
tance would result in faster crosspoint switching speeds.

5.2 SWITCH DRIVER DESIGN

The GaAs FET gate bias turn-on time constant problem that was discussed in
Section 4.2.4 would require additional design effort to increase switching speed,
as currently defined. One method to consider would be to drive the FET gate
from a higher voltage source which would permit operating the gate on the fast
rising portion of the gate pulse. The voltage would be clamped at the appropri-
ate gate bias level to avoid overdriving the FET. From the results obtained in
the POC model, this new method should decrease the switching speed to less than
10 nanoseconds. Integrating the bipolar switch driver onto the MIC substrate

as discussed in 5.1 would also help increase switching speed.

5.3 INTERCONNECT SYSTEM

Further tolerance studies of the materials used in the interconnect system must
be completed to improve process control during fabrication and assembly of the
channel modules. Tolerance variation between the MIC substrate to the comnnec-
tor pin was measured and found to be within the anticipated range of 10 mils.
This required a service loop in the ribbon wire connecting the pin to the MIC
pad, which resulted in detuning of the bandpass filter. Anodther approach to be
evaluated would be to remove the interconnect system from the bandpass filter.
This could be accomplished by designing the filter into the input circuit of
the first switch/amplifier stage, and the output circuit of the second switch/
amplifier stage. The interconnect system would not be a part of the filter
frequency determining elements. This method would provide the required isola-
tion between amplifier stages without being a part of the filter.
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5.4 CUSTOM LOGIC LSI DESIGN OF POOR QUALITY

The logic design for the POC model was implemented using packaged integrated
circuits and discrete bipolar devices. This approach worked well for the POC
fabrication as it proved system feasibility at a reduced cost. A size penalty
was exhibited by the number of integrated circuits contained in the two logic
printed wiring boards that were required to address sixty—one active crosspoints.
For a flight model switch matrix, it is highly recommended to implement the cus—
tom LSI logic design, as discussed in detail in the Task I 1982 Switch Matrix
Design report. The approach taken for the LSI design would result in a smaller

package size and would be readily expandable to matrices of sizes other than
20 x 20.

5.5 CABLING

The cabling method used in the POC model consisted of a multiwire harness which
was functiomal for this build; however, the harness would become bulky for a
fully populated 20 x 20 matrix. For f£light model implementation, a flex wire
system would be desirable. By implementing the custom logic LSI design as
discussed in Section 5.4, this system would reduce the number of wires routed

to the channel modules and would therefore result in a smaller flex wire
system.

5.6 SWITCH MATRIX SIZE

The main mechanical supporting member of the Switch Matrix design is the hase
plate. The channel modules are directly attached to the base plate and are
completely inclosed so that no further envirommental or electrical protection
is required. For the POC model design, a housing was used as a support fer the
base plate and the two control logic printed wiring board assemblies. TFor a
flight model switch matrix, the control logic would be implemented with custom
LSI devices which, in most cases, would be assembled intoc the logic side of the
channel housings. The remaining addressing functions would be assembled into a
smaller housing that would be mounted to the base plate as indicated in the
Task I Switch Matrix design report. This would result in the elimination of
the housing used in the POC model. The base plate would be mounted directly to
the spacecraft structure, resulting in a smaller switch matrix package. This
design approach could be utilized regardless of the switch matrix N x N size.

The width of a MIC substrate, within the channel assembly, is determined mainly
by the % A\ coupler; however, the height of the assembly is determined by the
number of parts and filter size of the GaAs FET circuit. As shown in the POC
fabrication, excess space on the substrate was provided as a contingency. For
a flight model, the length of the input and output substrates could be reduced
which in rturn would reduce the height of the channel modules.

5.7 CONCLUSTION

During the course of the program, a switch matrix conceptual design was developed.
From this design, a breadboard 3 x 5 switch matrix was fabricated and tested.
Based on results of the breadboard effort, a design for the POC Model 20 x 20
switch matrix was completed. The design was fabricated using sixty-one active
switch crosspoints including one wraparound path for redundancy. Testing of

the POC model was the last program task. The intent of the POC Model fabrica-
tion and test was to prove feasibility of the conceptual design to solve the
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problems of multibeam switching in an advance technology 30/20 GHz SS-TDMA
communications system.

Key design goal requirements, such as bandwidth, insertion loss, high speed
switching and isolation, were the major design considerations throughout the
development program.

As predicted in the study phase of the program, the coupled crossbar architec-
ture has been proven to meet the established requirements. Tts immunity to
single point failures makes it the most promising architecture for a system
mission life of ten years. This immunity is enhanced by the use of 15 dB
couplers on both input and output transmission lines. The 15 dB coupler
insertion loss provides more than adequate isolation in the event of a failed
switch crosspoint.

The dual gate GaAs FET is still considered to be the best device for the appli-
cation of microwave signal switching. It provides low power, high speed
switching with the only major parameter compromise being a tradeoff between
gain and bandwidth. The packaged FET worked well in the design which elimin-
ated hermetic sealing of the entire channel assembly.

The control logic with its 32 bit code addressing format exhibited no problems
during the fabrication and test efforts. The design concept was proven to be
feasible and would only have to be fabricated into a custom LSI package for
flight model implementation. The switch driver design concept worked favor-
ably but would require additional design effort to reduce the average switching
speed from 25 nsecs to the desired 10 nsecs. This was considered to be a de-
sign problem and not a technology problem.

One of the key switch matrix requirements was expandability of the selected
designs. Expandability of the design was proven by the fabrication of a

5 x 5 breadboard switch matrix assembly and the 20 x 20 POC model. The
channel assemblies were designed so that only the length of the channel is
changed dependent on the selected matrix size. Each of the input and output
crosspoint microwave integrated circuits are assembled on individual kovar
carriers. One set of carriers is added to the row and column channels for
each desired crosspoint of a N x N matrix. The length of the channel assembly
would therefore be determined by the number of required kovar carriers. The
base plate design remains the same with the only change being the plate length,
width, and number of interconnect holes to be drilled in the plate dependent
upon. matrix size. Since the custom logic LSI design would consist of two basic
chips, the number of chips to be used would be dependent on the matrix N x N
size. These concepts have resulted in a switch mattix design that is readily
expandable.

Fabrication and test results of the breadboard and POC models have proven that
the selected switch matrix design is feasible for implementation into a flight
system. The program effort has shown that 1982 technology will provide a wide
band, high speed IF Switch Matrix up to an N x N size of 20 x 20. Reliability
predications of the design have indicated that the design would meet the re-
quirements of a ten year mission.
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RELIABILITY OF POOR QuUALITY

This analysis is an update of the preliminary reliability studies com—
pleted for the Task 1, Conceptual Switch Matrix Design. The basic change is
the incorporation of the microwave switch crosspoint design utilized in the
'POC model. Since a discrete IC design was used in the POC model for the coun-
trol and switch driver logic and a LSI custom design would be used for the
£light model, the original logic circuit assumptions used for the preliminary
analyses are valid for this update.

This document presents the theory, calculations, and results of the re-—
liability analyses that have been completed relative ‘to a flight model 20 x
20 IF Switch Matrix.

6.1 THEORY
If no redunaancy is employed within the switch matrix, the probability

that any one of n inputs can be connected to any one of n outputs at any time
during a ten (10) year mission is calculated as follows:

PS = RN
where P = Probability of success
N = Number of Crosspoints (nz)
R = ev'AT = Probability of Success of One Crosspoint
T = 87600 Hours (10 years)
A = TFailure Rate of a Crosspoint

This matrix, for n = 20 and with no redundancy included, will result in a low
probability of mission success (0.30065 for ten years for an assumed crosspoint
reliability of 0.997). To increase this probability of mission success, redun-
dancy is incorporated using the "wraparound" technique as illustrated in Fig-
ure 6.1.1. )

6.2 GUIDELINES AND ASSUMPTIONS

To assess the reliability of the IF switch matrix using the "wraparound”
technique for redundancy, the following guidelines and/or assumptions were used:

1. TFor success any input can be connected to any output at any time.
2. Mission life is 10 years.

3. Two crosspoints in a wraparound can be activated to connect an in-
put to an output if its crosspoint fails to close.

4, No single failure in a crosspoint results in either a short between
an input and output line or a short te ground on am input or output
line.

5. One wraparound (two crosspoints) can successfully connect an input to
any output if one or all crosspoints fail to close on an input row or
one or all crosspoints fail to close on an output column.
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A switchable amplifier is required in each wraparound to compensate
for loss of signal gain due to coupler loss in the second crosspoint
of the wraparound.

Each input line and each output line requires a coax conmector.

Each coax connector is a potential single point failure for the
overall switch matrix. The probability of success for the overall
switch matrix is then calculated as the probability of success of

40 coax connectors times the probability of success of the switching

matrix.

A wraparound to be successful must have its amplifier and two specific
switches working. However when more than one wraparcund is available,
there is considerable redundancy in the switches of the wraparounds
which permit an interchange of amplifiers. Therefore, the probability
of success of a wraparound is the probability that the amplifier is -
working succegssfully. (Figure 6.2.1) ‘

The probability of success of the switch matrix was calculated by
using a truth table and is given by the general equation shown in
Figure 6.2.2.

KRAPAROUND REDUNDANCY FOR CROSSBAR SWITCH MATRIX
END OF SWITCH

° P ° too ;

1
QUTPUTS ?

-

AN

Ore
o Jra
[ -]

r o,
FAILED CROSS POINT éﬁﬁiﬁ’lgﬁfr

20— & \>"/ >—r——0'-’/““'
TS o ° EXTRA OUT-

. o I L~ PUT LINE

o0 O o - O { O
enoor | | . _l SUBSTITUTE
SWITCH — e c—— — e CROSS POINT

T T T‘\\\ ‘\\EXTRA!NPUT LINE ;

REROUTE CROSS.POINT WRAPARGUND LINE

Figure 6.1.1.
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Figure 6.2.1

of Switch 1-1 can he corrected by:
Switches A and Amplifier A
Switches B and Amplifier B

Switches G and Amplifier C

of Switch 2-2 can be corrected by:
Switches D and Amplifier A
Switches E and Amplifier B

Switches F and Amplifier C

Therefore, for matrix success in the event of failure of switch 1-1 and switch
2-2, two of the three amplifiers must be working. 1In the wraparound switches
associated with the amplifiers, many combinations of switch failures can occur
before two wraparound paths fail. Therefore, the reliability of the switches

in the wraparound is essentially 1.0, when more than one wraparound is available.
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Figure 6.2.2. General Equation
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OR}
Probability of success of the Switch Matrix
Reliability of a crosspoint
Number of crosspoints
Number of crOS;points in a row or column of the matrix
(I-R) Unreliability of a crosspoint
Probability that one of ¥ wraparounds is working
Probability that two of X wraparounds are working
Probability that three of X wraparounds are working
Probability that all of the wraparounds are working
Number of wraparounds
Probability of success of wraparound
(I-8) Unreliability of a wraparound
Sum of the first X terms of the following equation
Sum of the first (X-1) terms of the following equation
Sum of the first (X-2) terms of the following equatiom
The first term of the following equation

X-1 . X=1

X8V T + (X 3 X"3T3 X

) S(X—Z)TZ L (X *® (E%l) x (5%2)) g ees + T =1

N-1
A

=
L

. (N-1, . (N-2
HC-ORNCS!

o (N=l, . N-2. . N-3
NE (D) F ) F )

o o2 4 S-1
2% G (==

x* x (&=l & (622
2% ¢ ( 5 Yy * ( 3 ) .
63

5 )

**E‘.-}:Eﬁ-_z:‘:
2% C (=) * (57 * (

Figure 6.2.2. General Equacion (Cont'd)
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222) w06+ 6 (C=3) + (C-3) + (C-8)]

¥ (24 12 (6-3) + 2 (-3 + 2 (6-3)(e-4)]

9 % 02 * (C-1) * ¢ * (c-1) * (6-2) * (6-3) * (€4

Figure 6.2.2.

2 3 4 5

General Equation (Cont'd)
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6.3 RELIABILITY TRADE STUDIES

During the 1initial design stages, reliability trade studies were conducted.
The results of these studies has shown that the optimum design for a 20 x 20
IF switch matrix based on weight, power consumption, and reliability is one
that contains:

1. Wraparounds for redundancy.

2. Separate 1IC logic to control each GaAs FET switch in a crosspoint,
to eliminate single point failures.

3. The optimum.building block for the switching logic (to control the
switch of each crosspoint) when considering the IC packaging com-
plexity and output pins, is a 1 x 25 matrix. The use of 25 of these
building blocks readily provides a 20 x 20 switch matrix with the
capability of providing up to 5 wraparounds.

4, A 32 bit interface method of decoding the input logic to control the
switches of a crosspoint.

6.4 CROSSPOINT RELIABILITY ASSESSMENT

6.4.1 GENERAL

Each crosspoint has two GaAs FET switches in series that are RF coupled
to and isclated from the input and cutput lines. Each GaAs FET switch is
contrelled separately by IC logic so that the only single failure mode for a
crosspoint is the failure of either GaAs FET switch to latch closed.

1f either 'GaAs FET or its associated IC logic fails to close, two switches
in a wraparound circuit-can be closed to provide an alternate path for the
signals, thereby eliminating this potential single point failure. If either
GaAs FET switch or its associated logic fails so as to close the switch
inadvertently the other series switch can be commanded open by its IC logic.
The probability that both switches will fail closed at the same time is a
double failure with an extremely low probability of occurrence.

6.4.2 IC LOGIC FATLURE RATE CALCULATIONS

The decoding of the switch control signals, drivers and latch circuits
required to switch the GaAs FETs off and on are contained in IC devices. The
failure rates for these IC devices was calculated in accordance with the
equation, ’

* 15=0
Ap =T [GT T, + (6y + G) T 37T, * 10

failures per hour, of Section 2.0 of MIL-HDBK-217C, Notice 1, for ICs. To
this failure rate is added the failure rate of .00008 x 107° per solder joint
and .000006 x 10~® for each hole on the printed wiring board times the number
of pins of each IG. The calculated failure rate of each IC including its con-
nection is as follows: :
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2)

32 Bit Interface (Row Decoder)

ORIGINAL PAGE 13
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Number Gates = 300

Power Dissipated = 0.2W

Number Pins = 52

T. =40 + 25 * ,2 = 45

J
TrT: .49

C, = L01714

C, = .00091

CcS = .035

T = 0.5
e =1

TrL =1

Ty = -2872

Ap = -5(.01714 * .49 % .2872 + (.00091 + .035) * 1] * 1 * 10"
Ry = .01916 * 10"6 + 52 % ,000086 * 10_6

= .02363 * 10“6
EFach Row Decoder = 1/3 ¥ .02363 * 10‘6 = .00788 * 10"6

32 Bit Interface (Columm Decoder and Drivers)

Number Gates = 550

Power Dissipated = O0.4W

Number Pins = 52

TJ =40 + 25 % 4 = 50

TTT = .707

C1 = .02184

02 = .00105

C- = .035

3

—er = 0.5

TTE =1

1TC =1

WV = .2938

)\P = .5 [.02184 * 707 * .2938 + (.00105 + .035) * 1] * 1 * 10
= .02029 * 10~0 + 52 * 000086 * 10°
= 02476 * 10"6

6

Each Column Decoder

A Crosspoint Driver

1/6 * 02476 * 10

1/50 * .02476 * 10"

86

6

= .00413 * 10‘6

= .00050 * 10_6

6

6
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3)  Latch Circuit OF POCR QUALITY
Number Gates = 50
Power Dissipated = 0.3W
Number Pins = 18
TJ =40 + 30 ¥ .3 = 49
TFT = 0.66
C1 = .00877
02 = 00062
;? = 0071
= 0.5
TS =1
TTL =1
'FV = .2924
)‘P = .5 [.00877 * .66 * ,2924 + (,00062 + .0071) * 1] * 1 * 1078
— .00471 * 107% 4 18 * .000086 * 1070
6

.006258 * 10~

6 6

Each Latch = 1/5 * .006258 * 10 ~ = .Q01252 * 10

On some of these IC's, the gates associated with a particular crosspoint
are physically separated from the gates of other crosspoints. For these IC's
the calculated failure rate is divided by the number of crosspoints the IC
controls to apportion the failure rate to a crosspoint.

Examples;

1. Each latch IC contains the circuits for control of one switch in 5
crosspoints.

2. Each row and .column decoder/driver IC contains circuits for control
cof one switch in 25 crosspoints.

6.4.3 RF SECTION OF A CROSSPOINT FAILURE RATE CALCULATIONS

The failure rate of the RF portion of a crosspoint was calculated using

failure vate data from MIL-HDBK-217C, Notice 1, and other sources as shown
below.

{1/2 of a crosspoint)

3 10pf chip capacitors @ .0000085 .000025 MIL-HDBK-217C
1 5100 pf chip capacitor @ .0000169 .000017 MIL-HDBK-217C
1 Etch resistor -0001 MIL-HDBK-217C
16 Micro-strip conductors @ .0001 .0016 MIL-HDBK~217C
8 Welded ribbons @ .000218 001744 MIL-HDBK-217C
1 Kovar carrier ’ .0001 Engr. Estimate
4 Alum. substrates @ .0001 .0004 Engr. Estimate
1 GaAs FET .010 (See below)
’ 013986710 ©
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. -6 , . .
The failure rate of .010 x 10 for a GaAs is a conservative estimate based on:

1. GE test data from accelerated life test on other programs MIBF =
’ 1 x 10" hours.

2. Information, from RADC that they have data for TI power GaAs FET of
-6
.0003 x 10 .

3. Failure rate for a GaAs FET calculated in accordance with MIL-HDBK-
217C Notice 1 of 0.140 x 1070 for 20% stress and junction temperature
of 50°C. This base failure rate is the same as that for Silicon FETs
and is based on limited data.

4, GaAs FET failure rate data presented in GE proposal of .0003 x 10_6.

3. Aerospace {SAMSQO) has concurred that a failure rate of .010 x 10_6
for a low noise GaAs FET is acceptable for use on the DSCS Program.

6.4.4 RF PORTION OF A WRAPAROUND AMPLIFIER FAILURE RATE CALCULATION

The failure rate for the RF portion of the wraparound amplifier was cal-
culated using failure rate data from MIL-HDBK-217C, Notice 1 and other sources
as shown below.

1/2 of Wraparound Amplifier

. 8 10 pf chip capacitors @ .0000085 .000068 MIL-HDBK~-217C
4 2 pf chip capacitors @ .0000071 .000014 MIL-HDBK-217C
2 Etched resistor @ .0001 .0002 MIL-HDBK-217C
26 Microstrip conductor @ .0001 .0026 MIL-HDBK-217C
14 Welded ribbons @ .000218 .00305 . MIL-HDBK~217C
8 Wire bonds @ .000218& .00174 MIL-HDBK~-217C
1 Kovar carrier .0001 Engr. Estimate
2 Substrates Alum. @ .0001 .0002 Engr. Estimate
2 GaAs FET @ .010 .020 (8ame as crosspoint)
.026406%10-0

6.4.5 CONNECTOR FAILURE CALCULATIONS

The failure rate for the input and output RF COAX connectors was calcu-
lated in accordance with Section 2.0 of MIL-HDBK-217C, Notice 1, as follows:

Ap

Ay (g * Ty *T0 )
L0041 * (1 * 1.36 * 1)
6

Ll

= .005576 #* 10~

The RF connmection between the two GaAs FET Switches in a crosspoint is estimated
to be one half the failure rate of a coax connection i.e., .002788 x 1076,
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6.5 RELIABILITY PREDICTICN OF AN IF SWITCH MATRIX

Figutes 6 5 1 thru 6.5.3 depict the Reliability Success Diagrams for a
20 x 20 IF Swr%ch‘Matrlx containing wraparounds. The calculations for the
probability that the switch crosspoints will operate successfully over ten
years with zero thru five wraparounds are shown in Figures 6.5.4 thru 6.5.9.
The probability that the 20 x 20 Switch Macrix will operate successfully over
a mission life of ten years is shown in Table 6.5.1.
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DRIVER LATCH SWITCH - CONN SWITCH — L@TCH DRIVER —
. 00050 001252 013986 .002778 .013586 .001252 .00050
= .034264 * 107°
P, = .99700
S -
Figure 6.5.1. Reliability Success biagram
Individual Crosspoint
AMPLIFIER RF AMPLIFIER
CONN [~
.026406 .002788 .026406 oo
6 g
= .0556 * 10 U
P, = .99514 Q3
8 Q%
S
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c
Figure 6.5.2., Reliability Success Diagram E %
Wraparound Amplifier i@j
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A = .005576
P, = -98065 I
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cALCOLETION oF PROBABILIIY 0 SUCCZSS
fA M 3F N UNTTG ROGJIRED FO° U IlIsE

ENTZR TOTAL MUMEER JF CROSSPOINTS

=40

RE_IABILITY OF zACH CROSSPOINT

=, 39700

FAILJRE

Figure 6.5.4.

LITY OF zACH WRAPAROUND

80 OF WAYS FATLJRE ARAPARJLNMD RE_IABILITY
SATTZRN CAN JCTUR HR/ZNA RE_IABILITY JF SH MATRIX
- 8/0 0.350851E 00

0.40600000000E b3 VAN 0.

SUBTOTAL $.30055°E GO
0.75000060000% 04 170 G. g.
G.72200000000E 03 2/0 0. 0.

SJBTOTA 0.300c51E 00
3.45500000090E 03 170 0. 0.
0.27436000000E 07 2/ 9. c.
0.77376G00000£ 07 3/6 0. g.

. SUBTOTAL 6.300651E O
0.13380000000E 05 1/0 g. ad.
G.173280000002 08 2/6 0. .
0.25374300000E 08 2/ - 4. 2.
0.44446320040= 09 2/0 7. 9.
0.56337h008000E 03 4/0 0. .

SUBTO0TA J.300851E 0
0.52015000000E &5 /760 9. 0.
0.736440006000Z 08 20 9, a.
0.30887150u00E 09 2/9 . g.
0.28630880000c 10 3s/8 0. g.

. 0.82108728000E 10 3786 0. 0.
0.428160216002 11 4/0 ¢. a.
0.283448B1320F 1t S/ 0. 0.

SUBTOTAL 0.30065iE 0
0.15504000900E 07 10 9. - 0.
0.23556080000E 03 2/ 0. 0.
. TITAL (.300651= 20

Reliability of 20 x 20 Switch Matrix With Zero Wraparounds
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—veEn TLTA
~agp
RELIABILI
=, 39700
HQ OF ARA
bl
Koo LABILT
=, 35514

Falcl
PATIC

RE MO OF AAYS FAILURE . HWRAPARQUND . RELIABILITY
RN PATTERN CaN OCCUR NR/NA RELIABILITY JF &4 MATRIX
- 0/1 0.280631z 00
0.4000000000062 03 171 0.995140E 00 0.360109C 00

SUBTOTAL 0.c007008 08
B.760000000C0E 04 L4 N.9951402 06 0,205380E-01
0.72200000000= U5 2/1 0. a.

' SUBTITAL - .581248E 00
0.45600000006E 05 171 0.995140E G0 0.371636E-03
0,27430000050E 07 271 0. 0.
0.77976000000 07 3/1 . 0, a.

SUBTOTAL 0.581726c 00
0.13380000000= 06 1/1 N.995140E 00 0.475341=~05
0.17328000000E 03 271 0. 0.
0.25378300000E 08 274 0. Q.

0. 44445320000E 19 3 0. 0.
i 0.5233756000062 09 4/ 0. 1.

SUBTOTAL - 0,581725c 00
0.6201c000000E 06 171 0.935140E 00 0.457701=~07
0.73544000000E 08 271 0. 0.
.30887150G00c 09 2/1 0 1%

0 2 o30880000E 10 371 ] 0.
82jua728030c {0 341 G. a.
2 O 42810621600 1 4/1 g, 0
- 0. 288458819¢UL i 541 0. g.
. SUBTOTAL 0.281725c 00
- 0.1550400000608 07 1/1 #.995140E 0Q 0.344309£-99
- 0, 23560080000E 03 2/1 a. 0.
o TOTAL 0.631723E 00
5.5. Reliability of 20 x 20 Switch Matrix With One Wraparound

Figure 6.
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“ardn IWMBER JF CRUBLSLPULNTS
CACH CROSSPOINT

iz
=af)i)
=,39700 -

M0 JF WAAPS

=
RE_IABILITY OF zZACH HRAPARGUND
=, 3951
RELIABILITY JF SA AATRIX WITH--
rAILJRE NO JF WAYS rAILURE #RAPARCUND RELIABILITY
PATTERM PATTZRM CAN JCCUR NR/NA RECIABILIT OF SH MATRIX
0 -- 0/2 0.300851E GO
1 0.400000000G0E 03 i/2  0.999376E 00  0.351853E 40
SUBTOTAL 0.602510E 00
2 0.75000000030E 04 172 0.93S975E 00 0.205880=~11
i-1 3.72200000000E 05 2/2  9.3903042 00 0.134835E 00
- SUBTOTAL 0.877883E 00
23 0.45500000Q00E 05 172 0.393976E 00 0.373505E-03
1-2 8.27436000000c 07 272 0.990304E 00 0.222552E-01
1=1-1 0.77375000000E 07 3/2 0. 0.
' SUBTOTAL 0.900462E 00 .
4 - 0.,19380000000E 06 /2 0.998976c 00 0.277552E-05
t-3 0.173280000002 08 2/2  0.,990304E 06 0.422946£-03
2-2 0.25373300000E 08 2/2  0.990304& 00 0.619433E-03
I-1-2 0.44446320000E 49 372 0. 0.
T-1-1-1 0.56337650000E 499 4/2 0. a.
SJBTOTAL 6.901509E 00
5 0.52015000000E 05 172 0.393976& 00 0.459325E-47
-4 0.73644G000008 08 2/2  (.930304E 00 0.540878E-05
2-3 0.30687150000E 09 2/2 0.390304k 00 0.226851E-04
1-1-3 0.2363203800002 19 3/2 0. 0.
2-2-1 0.82108723000E 10 372 0. J.
1-1-1-2  0.428165216008 i1 4s2 0, .
1=1-i-1-1 0.,28844881920E 11 542 0. Ry 0.
. SUBTOTAL 0.901537E 00
& 0.15504000000E 07 1/2  0.3939876c 00 0.345362E-09
r-5 0.235660800002 09 2/2  0.990304E 00 . 0.520806c-07
FOTAL 0.901537E 40

Figure 6.5.6. Reliability of 20 x 20 Switch Matrix With Two Wraparounds
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i 0.400006000000c 03

£000Q0C000E G4
22800000608 05

5600000300E 05
4350000U0E 07
79760000008 07

380000000z 06

228000GU0E 03
378200000z §8
440 20000E (9

.
N
-

13;.-Ul"-Jf.0

.62016000000c 06
. 73544000000 08
J.30887160000 09
0.296308800G0E 11
0.52103723000: 1
0.4281562c00E
0.28844581920c 1

= $.15504000000= 07
-5 0.23565050000E 03

e CHCH

Figure 6.5.7.

275600002 09 °

NRAPAROUND RELIABILITY
NR/NH RELIABILITY JgF SW MATRIX
8/3 0.300651= 00
173 0.1G0800E 01 0.361867z 00
SUBTOTAL 8.3625188 00
1/3  £.100000= 01 0.206885E-01
273 £.939323F 00 0.136527c 00
SUBTITAL 0,3797354Z 00
1/3 H.180860E 01 0.373514£-03
273 .D*SSEBZSL 60 0.224715E-01
3/3 0.985481c 350  0.325441c-01
SUBTOTAL 0.3635523c 00
172 0.3100002E 01 0.477683E-15
273 0.99329249z 90  8,427057£-03
273 7 0.989323E 00 0.525460E-03
373 0.383431z 00 0.107358E-01
4/3 0. g.
SUBTOTAL 0.377376E DO
1/3  0.100000E 01 0.453936c-07
273 0.393929¢ 00  0.546i38E-0S
2/3  0.299923E 00  0.223056&£-04
372 0.9863431Z 08 0.2i6565E-03
372 0.3854S1E 00  0.500117c-03
4/3 8. 0.
5/3 0. § 0.
SUBTOTAL 0,273222t 00
1/73  0.100000E 01 0.345990E-09
2/3  .D.399929c 90  0.525368E-07
TBTAL 0.2782228 WU
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LNgEn TITAL MUMBER OF CROSSPDINTS
=4
RELIABILITY OF ZACH CROSSAOINT
=, 39700
Ng IF RAAPS
RELIABILITY OF CACH WRAPAROUND
=.39514
RE_CIABILITY JF SW AATRIH WAITH--
.QILURL N0 OF WAYS ~ATILJURE ARAPARGUND RELIABILITY
PATTERN PATTERN CAN OCSUR HR/WA RELIABILITY OF sH MATARIX
Q - 0/4 0.300651E OO0
H 0.40000G0C00000E 03 V4 0.1009C0E 01 0.361367E 00
SUBTOTAL 0.682513E 00
2 0.75000000000Z 04 1 /4 0.100000E 01 0.208885¢-01
1-1 0.72200000000E 05 2/4 0.100000E 01 0.196341E Q0
SJBTHTAL 0.879748E 090
-3 0.45500000000E 95 174 3.1000008 01 0.373514E-03
i-2 3.274360060000E 07 2/4 0.1000C00FE 01 0.224731=-01
I-1-1 G6.7797600000DE 87 3/4 0.399853¢ 00 0.638613E-G!
SUBTOTAL 0.866453E 00
4 .0.193806000806E 05 i/4 0.100Q00& 01 0.477662E~05
1~3 0.17328609000E 03 274 6.10000CE G1I 0.427087E-03
2=2 $.25378300000E 08 274 0.163000E 01 0.5255U4E~03
.o1-1-2 0.444453200002 09 374 9.3999853E 00 4.109532~-01
IT-1-1-1 0.56337630000E 09. 4/4 0.980701& 06 N.136177E~01
SJBTOTAL 1),9920885E Q0
5 0.22016000003E 05 174 0.1000G0E Ot 0.43592356E-07
1-4 0.736440400008 08 2/4 0. IGUOUGE UI 0.546174c-05
2-3 0.30887 {0000 03 274 0.100000% 0.229072E-04
-1-3 0.25630850000E {0 3/4 {.939353E 00 0.2187242-03
2-2-1 0.32108728000E {0 3/4 0.4999859E 00 0.608365E-03
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SUBTOTAL 0.9960508 00
& 0.15504000000E 07 1/4 0.100000E 01 0.345390E-43
1-5 0.2352608G000E 03 2/4 0.100000E 01 d.525905-07
Ta7AL 0.9% 956z 00

Figure 6.5.8.
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i-1-7-1 0.55337550600E 95 4;85 9.339765E 40 0.138&24-01
_ * SUBT3TAL 0.992350: 00
5 a. SZOSEBUOGUOL 0o 1/5 3. 100608 01 0.455936c-07
1~4 ¢.73544000000E 2/5 B.700800E 01 0.546174E-05
2-3 0.3088716G000 09 2/5 ¢.100008E 01 0.229072E-i14
1-1-3 0.25630880000E 10 3/3 7.2999a39F g9 0.219755E-03
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Figure 6.5.9. Reliability of 20 x 20 Switch Matrix With Five Wraparounds
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Table 6.5.1. 20 x 20 Switch Matrix Probability of Success

Wrggérginds e C B P Py
0 0.98065 0.99999 . 0.30065 0.29483
1 0.68172 0.66853
2 ' 0.90154 0.88408
3 0.97822 0.95929
4 0.99606 0.97678
5 Y Y 0.99848 0.97916

PC =  Coax Connectors

PD = Row & Column Decoders

PSW = Switch Crosspoints

PM =  Switch Matrix
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6.6 CONCLUSIONS

The General Electric flight model design for a 20 x 20 IF switch matrix
that employs wraparounds for redundancy and controlled by a 32 bit interface
logic is a reliable design. The actual® reliability is dependent on the number
of wraparounds. The overall probability of success for the IF Switch Matrix
is limited by the forty non-redundant coax input and output connectors. The
number of wraparounds to be used for an IF Switch Matrix will be dependent on
the reliability goals or allocations assigned by further system requirements.
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SO0 .000 RS 21.9%8 19,21 1,173 g6 .11 37 .04
SOG0.0080 L23 21,11 19,940 1,97 Ta,10 2301
S120.080 1B 28.71 2247 1.:.3 21 .65 34.15
5188 .000 13- 2O6.87 24 .57 .4 25 .34 I3.57
5240 .000 1z 28.81 24 .95 .93 81.53 27 .90
5380 .000 12 21,87 24 .55 i .95 TYLES 31 .58
RIG0.A00 12 1.5t 25.99 1,19 Td.15 2T .47
N420.000 N3 22 .62 25.98 1,13 ELPET 29.28
5480.8090 sk 22,0 2r .42 1,05 B0 .44 37,34
540,000 15 22.59 2E..TT 1.65 Tl.12 31.8%5
SEEE L0006 12 22.83 25,168 1,93 TE .44 CIE
SEEH.E00 11 22,98 25,47 1,438 21 .58 22,02
5720.0086 s 2z.T2 27 .85 1,3 25.231 21.84
STE0.8608 BT 2z .06 285 1,23 7T.5 19,67
SE40.080 LS 21.13 253.33 1.4 24.01 23.4%
5900 . 800 B9 20,45 27 .58 1.48 72,15 I.T3E
SOG0.LHE0 BT 13.74 .53 . 1..2 TS.14 24.87
ROZD , 000 , o LS.7@ 2r.Te 1., B7 TE.FS 29,35
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LISE.800 LT 15.44 22,23 1.u7 TT LT 29,20
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s1z20.404049 14 25 .95 23.55 1, H& 23,948 21,73
S1Z28.009 16 27 .37 22.581 1..8 r2.a9 2e.13
nZd4g.84849 28 2T .23 26.95 S A TE .83 22.71
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TVERY.E00 LB 22.21 i1.208 287 4.3 B33
Teza.0ea T L.A7 233.32 11,99 2./4 8L, 75 ET AL 92
YERL.TID PR T .aes 12.79 B R 1 2F .43 10.43
TaLT.uan LanE Iv.Tl 12.60 1.0 TE.13 ir.53
NOOg.a0g s ATV .33 12.2a i..9 T.54 ZE.1&
FEF PLOHE ENTIUMI: IHPUT= 88 TPRM= JHB OUBTPUT= RN
BFPRILT 11= <+

132

[

Y



itk @b t
L5 Hl.._m = T (X3
2 1 T o ol
£ =% toono. oo
-+ gL 2 - o e 0
I b o o Y 1 T
[ 1] L l|_ i
I z 5 e fm
=+ o S S T 1 ! ! T 1
- o, ! I ! ' ! t ! I ! t
i = ! | ! i t ! ! | ! i
- 0w ! | 1 [ 1 [ i | 1 [
QO ') e [
g ! 1 !
o ! 1 t
L] I I
[ IR ! 1 !
W = -+
G} L
[
[ B T 3 ]
IR
- T B e ek el bkl ke mhaledly
L
4 e
(1] EL]
@ -
P I L & DLt et Rt S e ot St e S
= O e %
<= I |
[ I S I |
o T T~ S N S o L FELUNE FUSUDES ST S
o oo
- - o
L S o= v
& =
=
T -
Z W +
T3 —
T =
o Ll
[or I 'S
— Lt
= L
VY P
, N ] 1
o WA ]
o ' 1
J.- q )
r- t ] [ I i i + 1 %ﬁlﬁ !
' { ! } ! 1 ! 1 i
— 1 i 1 | L { 1 1 I
oy ! I ! I ! i ! ] ! i
o ! 1 ! 1 ! 1 ! 1 ! !
-+ [
—t =
[h)} Py [} | Jun}
o oo vioE =
o o = i m
= . = oo .
o . , o L )
v“-H- ‘v‘— n” b

Sonn o

IEW.o8 DI
IHHEI
133

FFEMWIEHLCY

ookt

584

wT

HE


http:15:45.54

FPRM4 314001 FTo.2078 D 3 ZEP 82 15:54:05
SWMITOH MATR L POC MODEL “EXTIHE
REFEREHCE Ll MOTEBODK 384-2 F43 ORIGINAL PAGE 3

‘18,1 M HAZ21T::4d OF POOR QUALITY

FFEO-~MHZ WP LOT>=-DE BTH LOCE led [F3] LOZI:-0EF E~H LOZS
FOPMNARD FORWARD FOFPWMAFD REYERZE REYEPTE REYERTE
SORG,HE .1l Ev.1a 25 .17 1,13 B8 .95 3% .60
SOR0.E00 .. B7 2ELET 9,68 1.488 89,62 ag.ez
5126.86080 .84 26 .43 &5 .78 1.3 TF.ST 24 .20
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5548 .,099 L1 24.71 21.28 i, 79.30 22,81
naGn.0a8 S1a 232.948 21.43 .93 S@ .94 25.55
5o . 000 c1E 23.0% 21,249 1..4 FO.56 2%.79
NOZ0. 000 V13 22.18 21 .27 1,48 TE.2d 28 .39
ROSE.000 AT 21 .41 22.29 - 1..8 TE.E2 21.82
nid4n.000 ! 8.7 2% .83 1.24 TS5 .28 19,40
REES.R0E0 14 Zg.09 22 .67 1,01 T3.37 25.52
HISO.0680 C1E 19,81 23,98 1,48 Ta.E 36 .23
K3ZG.000 c11 19.91 25.82 1.:2 TE.29 25,13
BISG.008 s 3= 20,3268 22,56 1,88 TE.d4 30,324
B4R, O0R s} AT 28,52 1.:9 TE .42 TELER
KSEG.O00 LBE 21.713 28,74 1..3 50 .54 24,27
BSER . 000 - 1 22,35 31 .45 1..5 T .68 22,41
HEE0.000 L83 .88 35.52 1.21 79.548 E.E1
GRS .006 LA 3 23.07 36,25 1..7 TS.98 2z.2T
ET40.,000 83 .78 35.78 1..2 89,93 24,25
RSO0 B0 LBS 2E .53 21,98 1.6 . TE. L4 19,93
LRGSR . 008 .10 23.14 IS L2AT . 1.5 F1.31 15.41
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LOI<-0F FTH LOTZ b EEE: LOZ®-08 RTH
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