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Preface

This is a living document and therefore under constant revision. Its purpose is to document
everything that we know about the HAIPER Microwave Temperature Profiler (MTP) so as to
facilitate FAA certification of the instrument.

Revision History

Version Date Comment

1.00 Jun 15, 2006 Initial release

1.01 Jun 17, 2006 Update after PDR

1.02 Dec 15, 2006 Added appendices with controller board drawings and
wiring

1.03 Jan 29, 2007 As presented as CDR

1.04 Jun 06, 2007 Updated SolidWorks Figures and added more of them

1.05 Jul 15, 2010 Updated control/wiring drawings and writing
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Secondary Power Distribution Box
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1 MTP Description

1.1 Background

The first airborne Microwave Temperature Profiler (MTP) flew aboard a NASA CV-990
in January 1979 and weighed more than 200 kg (Gary, 1981). A ~30 kg instrument was
built in 1985 to fly on the NASA ER-2 (Denning et al., 1989). Current MTPs weigh ~10
kg, they occupy locations on the aircraft not normally used by other instruments, they can
run unattended, and they make measurements at microwave frequencies which are not
affected by the presence of clouds. To date, MTPs have flow on 53 field deployments,
and have accumulated 4696 flight hours on 824 flights.

1.2 Principal of Operation

The MTP is a passive microwave radiometer that measures, at several frequencies, the
thermal rotational-line emission from oxygen molecules in the Earth’s atmosphere. The
instrument uses a scanning mirror to view ten elevation angles from the zenith to nadir in
the flight direction (Denning et al. 1989). The measured microwave brightness
temperatures, or observables, are then converted to a vertical temperature profile along
the flight track by using a statistical retrieval procedure (Strand and Westwater 1968)
with Bayesian aspects. To do this, a forward radiative transfer calculation must first be
made. Hundreds of radiosondes, which are representative of the season and location of
the actual measurements, are used to calculate the expected brightness temperatures for
each radiosonde temperature profile. These calculations must be done for all flight levels.
A linear multiple regression is then used to statistically relate the expected brightness
temperatures (from the forward radiative transfer calculation) to physical temperature
profiles (from the hundreds of radiosondes). This results in a set of retrieval coefficients
that can be used to convert actual measured brightness temperatures to a physical
temperature profile. Retrieval accuracy is improved by using radiosondes that are flown
by as templates to select the others needed to calculate a set of retrieval coefficients. An
information-theory-based metric then
compares the measured observables
to the average calculated observables
for each retrieval coefficient set, and
determines which set (or pair of sets)
of retrieval coefficients to use for the
temperature profile retrieval. A
temperature profile has a vertical
resolution of ~150 m near flight
level, and degrades with distance
from the aircraft. More information

on the theory of MTP measurements | Figure 1-1. The NASA DC-8 MTP mounted
can be found in Appendix A. in an unused window.

1.3 Hardware Description

It was originally proposed that the HIAPER MTP would be a close copy of the current
DC-8 MTP (Figure 1-1). All of the electronics for this instrument are mounted on the
back of a window blank. The MTP is controlled by a rack-mounted, flat panel computer
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located on a bulkhead behind
the forward starboard Exit
door. Previously, all MTPs
consisted of two components: a
Sensor Unit, which contained
the receiver and related
electronics, and a Data Unit,
which controlled the Sensor
Unit and recorded data from it
(Figure 1-2). The DC-8 MTP
simplification of having the
hardware in a single enclosure
was made possible by the use
of several micro-controllers
and “smart” peripheral chips to
replace many standard logic
and analog integrated circuits. For example, the integration timer/counter that reads the
output of the radiometer voltage-to-frequency converter previously required nine 74HC
DIP packages of 14 to 16 pins. It was replaced by a single 18-pin dual inline package
(Microchip 16F628) and a ceramic resonator.

Figure 1-2. The MTP Sensor Unit (left) and Data
Unit (right) used on all platforms except the DC-8.

The HIAPER MTP shown in Figure 1-3 weighs 18.2 kg (including the fairing and
Droplet Measurement Technologies (DMT) canister, but not the cabin control computer
and cables.) We had proposed to mount the HIAPER MTP in a window similar to the
DC-8 MTP shown in Figure 1-1. However, concerns about the cost and time involved for
anti-icing certification led us
to consider other options. The
one that we decided on was to
mount the MTP on the front
of a DMT canister, far
enough forward to have the
scanning mirror beam clear
the leading edge of the GV
wing. The canister itself is
attached to one of three wing
hard points by a strut. The
MTP requires a fairing with a
microwave-transparent high-
density polyethylene (HDPE)

V\I’indOW to protect it from the | o e 1.3 The HIAPER MTP is mounted on the
elements. front of a 6-inch diameter (ID) DMT canister.

Figure 1-4 shows a block diagram of the current DC-8 MTP on which the HIAPER
instrument is based. A flat panel computer (FPC) running under Windows 2000 controls
the operation of the radiometer, records the data, performs the analyses, and displays the
temperature profiles as they are retrieved. Between the MTP and the FPC there is an RS-
422 serial connection allowing the computer to be located anywhere in the aircraft cabin.
Since all control functions are in one computer with access to and from the Ethernet, the
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Figure 1-4. A block diagram of the current DC-8 MTP. The HIAPER MTP is very
similar to this, but it is mounted on a DMT canister instead of a window.

entire scan and frequency tuning sequence is available to the MTP experimenter, if
present or if there is a satellite connection from the ground, for modification during flight.
Parameters such as mounting offsets, integration time, frequencies and scan angles are
contained in a configuration file that can be changed at any time. Other experimenters
can obtain numerical data or temperature profile images during flight over the GVs
display and user data traffic network. If an MTP experimenter is on board or has access
via a satellite connection, he/she can control the instrument or download data files, or
even edit programs on the FPC.

There are three minor changes that were implemented for the HIAPER MTP compared to
the DC-8 MTP. Because it was a prototype, the current DC-8 MTP digital circuitry was
implemented on a wire-wrap board rather than a printed circuit board (PCB). The DC-8
wire-wrap design has been converted to a multi-layer PCB. This will allow us to
inexpensively make spare PCBs. The PCB design was optimized for the HIAPER MTP.
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The second minor change was the following. The HIAPER MTP uses the Network Time
Protocol (NTP), which has a latency of 1 ms, to synchronize the MTP measurements to
the other measurements on the aircraft. There was no time synchronization on the DC-8.

The third minor change involved changing the double side band (DSB) receiver to
operate with the IF at base band instead of 320 MHz (as is case for all our existing
instruments). This simplifies the data analysis and improves the quality of the retrievals.
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Figure 2-1. Block diagram of the HIAPER MTP, which shows major components,
and data and power connectivity. Numbers indicated in the upper or bottom left
hand corner of boxes map to sub-sections in Section 3 of this document.

2 The HIAPER MTP

2.1 Overall Architecture

The overall architecture of the HIAPER MTP is shown in Figure 2-1. As shown on the
left, most of the MTP components will be located inside a fiberglass Fairing (2) on the
front of a six-inch-inside-diameter aluminum Canister (1). The fairing will contain a
HDPE Window (3) for viewing through using a Scan Mirror (5) inside the fairing, which
is driven by a Stepper Motor (6). In addition to viewing ten different elevation angles
from near-zenith to near-nadir in the flight direction, the Scan Mirror also views a
Reference Target (4) for gain calibration purposes. The RF signal received by the Scan
Mirror connects to the Radiometer (7), which is mounted on a thermally isolated
temperature-controlled plate. A microwave signal from a Frequency Synthesizer (9) is fed
into the Radiometer to down-convert the RF signal to baseband. The Frequency
Synthesizer and Power Supplies (10) are located in the Canister itself, which is mounted
on a wing hard point strut.

The detected baseband signal is processed by a voltage-to-frequency converter (VFC),
and that signal is sent to the Controller Board (8), which communicates with the MTP
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Cabin Computer (MCC). The Controller Board also receives and processes commands
from the MCC and sends data back to the MCC. The MCC records this data and retrieves
real time temperature profiles. The raw data is also be recorded on the ADS3.

Small PIC-based Temperature Controller Boards are used at four locations in the MTP to
maintain stable temperatures and to prevent condensation on descent after cold soaking.
These locations are the Reference Target, the Radiometer Plate, Power Supply/
Synthesizer Plate, and the Controller Board enclosure. The controllers all operate near
40 C.

2.2 Connectivity

2.2.1 Wing

The connection between the MTP and MCC is done via wing Signal Connector #4, with
one of the ASCII cables used for RS-422 communications, and two pairs of the other
conductors used for a power relay signal and power status from the instrument. The MTP
is powered from one of the wing stores SPDBs using 115 VAC 60 Hz power via a relay
controlled by a toggle switch on the cabin Power and Status Panel (3). The MCC is also
powered by 115 VAC 60 Hz power from either a SPDB or a SPDDB. MTP cabling is
provided to connect power from the wing stores, and to connect to wing Signal
Connector #4. Cabling will also be provided to connect to a cabin SPDB power source,
and from the cabin end of Signal Connector #4. Section 4 provides a detailed power load
analysis. We now provide a more detailed description of the MTP cabin and instrument
connectivity shown in Figure 2-1.

2.2.2 Cabin

As shown on the right side of Figure 2-1, the MTP is controlled by a 1U rack-mounted
MTP Cabin Computer (1), which has a user-interface provided by the Keyboard and
Display Drawer (2). Power for the MCC is provided from the Power and Status Panel
(3), which receives power from a Secondary Power Distribution Box (SPDB) or
Secondary Power Distribution Drop Box (SPDDB).

The Power and Status Panel has one breaker to turn the computer on, and a toggle switch
to operate a relay to turn the instrument on. (It is done this way because there may be a
need to access to the computer, for example to offload data, without turning the
instrument on.) Power connectivity is shown by red lines on the right side of Figure 2-1.

An LED on the Power and Status Panel indicates that power is available to the rack.
Another LED indicates that power is available at the MTP canister. The condition in
which power is available in the canister, but the ‘Operate’ toggle switch has not been
turned on, is the ‘Standby’ mode. In Standby mode only canister temperature controllers
are operating.

The cabin MTP non-power-connectivity is shown by the blue lines on the right side of
Figure 2-1. Control signals from the computer are sent and data returned via an RS-422
interface between the MCC and the MTP. Data from the MTP and other on-board sources
are combined into data files recorded on the MCC for real-time analysis and display. The
raw data is also sent to the ADS3 to be recorded for backup. The MCC performs real time

6
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temperature profile retrievals. Images of these profiles (and other data products) are
available on the user data traffic network.

To properly point the MTP, real time pitch and roll are required. These are acquired from
the 1 Hz IWGADTS ASCII data stream. Its 2-3 second latency is much better than the
current 10-15 second latency of other existing MTPs, which have acceptable pointing
performance. If there is a need to reduce the latency this could be done by receiving an
ARINC-429 signal from the Honeywell Laseref IV. Time synchronization is obtained
from the Ethernet NTP signal.

2.2.3 Instrument

Top level instrument power connectivity is shown as red lines on the left side in Figure
2-1, while the control/data connectivity as shown as blue lines. In addition to wiring,
there is waveguide connectivity between the receiver components, and from the
frequency synthesizer (local oscillator) to the mixer in the receiver. Detailed information
on the instrument wiring can be found in the appendices.

There are two classes of measurements in the MTP: (1) radiometric, that is, data used
directly in calculating brightness temperatures, which includes the radiometer output as
well as the temperatures of certain key components, and (2) engineering values such as
power supply voltages, motor temperature, power supply temperature, etc. that are used
to evaluate and diagnose the health of the instrument.
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3 HIAPER MTP Hardware Component Details

3.1 MTP Canister Hardware

Figure 3-1. HIAPER MTP fairing (white), DMT canister (gold) and HDPE window
(white).

Figure 3-2. The HIAPER MTP without the DMT canister and fairing.

3.1.1 MTP Canister
Source: Droplet Measurement Technologies, Inc.

Material: Aluminum

Description: A Droplet Measurement Technologies (DMT) 6-inch diameter (ID)
canister, but with a simplified construction process to reduce cost. The completed
HIAPER MTP is shown in Figure 3-2.

3.1.2 MTP Fairing

Source: Zivko Aeronautics
Material: Fiberglass
Description:  The fairing protects the MTP hardware from the environment.
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Figure 3-3. The HIAPER MTP window with orthogonal anti-reflection groove detail inset.

3.1.3 HDPE Window

Source: NCAR/EOL/DFS

Material: High-density polyethylene (HDPE)

Description: HDPE is microwave transparent and allows the MTP scan mirror to view
outside the fairing. The window has groves machined on each side which are orthogonal,
to serve as an anti-reflection coating. The groves are separated by 0.102 inches, are 0.032
inches wide and are 0.046 inches deep. The thickness of the machined HDPE sheet is
0.215 inches.
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Figure 3-4. ER-2 Sensor Unit #2 is shown enclosed in 4 thick Styrofoam to control
thermal gradients and to provide a long thermal time constant. A top view of the target
is shown in front of the enclosed target, and the metal backing is shown to the right.

3.1.4 Reference Target

Source: JPL

Material: Carbon-ferrite mounted on an aluminum plate
PLASTAZOTE LD15 and ROHACELL foam insulation

Power: 115 VAC 60 Hz 0.5 A max for heater

Description:  The reference target temperature is used in combination with the outside
air temperature to calculate the gain of the MTP. The target is 4 inches x 4 inches and
about 1 inch deep, and it is surrounded by % inch foam insulation. All our existing MTPs
use polystyrene foam (Styrofoam) to thermally insulate the target. As discussed in
Section 11 we considered other materials for insulation because of the flammability
issues with using polystyrene. We found a new polyethylene foam (PLASTAZOTE
LD15) which has better electrical properties than Styrofoam, and initially used it on the
front face of the target. However, it did not hold up and was replaced with Styrofoam.
ROHACELL foam insulation was used on the other faces as it meets FAA flammability
requirements.

10
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Figure 3-5. Scan mirror, corrugated feed horn, chain drive, and orthomode transducer.
Note that the sprocket for the chain drive is mounted outside of the original belt drive
sprocket. This was done so that the reference target could be mounted closer to the
antenna. Previously, it was mounted in place of the original belt drive sprocket.

3.1.5 Scan mirror
Source: JPL Microwave Sounder Unit (MSU) satellite spare

Material: Aluminum

Description:  The scan mirror is used to view ten different elevation angles from near
zenith to near nadir in the flight direction. It also scans to a reference target for

calibration purposes. The scan mirror has a beam width of 7.5° FWHM, and re-directs the
beam 90° into a conical, corrugated feed horn.
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Figure 3-6. Lin Engineering CE-5718M stepper motor.

3.1.6 Stepper motor

Source: COTS from Lin Engineering
Part Number: CE-5718L-01PD-20 with 200 cpr encoder
Power: 12-40 VDC @ 3 A max, will operate at +24 VDC, 2 A max

Description:  The stepper motor is used to point the MTP scan mirror. It has a shaft
encoder to verify position, and an integrated controller that operates via an RS-485
interface.

12
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Figure 3-7. Schematic layout of the hardware on the HIAPER MTP radiometer plate.

3.1.7 Radiometer

Source: Custom built by Spacek Labs, Inc, Santa Barbara, CA
Material: Mostly metal
Power: 15 VDC @ 200 mA max

Description:  The signal received from the corrugated feed horn on the scan system is
converted into orthogonal linear polarizations in an orthomode transducer (OMT)
attached to the base of the feed horn. A load is put on one linear polarization and the
other is conveyed in waveguide to the radiometer. The radiometer consists of a cross-
guide coupler for injection of a noise diode calibration signal, followed by an isolator to
prevent local oscillator (LO) signal leakage. Next is a double-side-band biased mixer,
which mixes the incoming radio frequency (RF) signal with the LO signal. The LO signal
is derived from the frequency synthesizer, by first doubling the signal in an active
doubling amplifier, which is followed by a passive doubler. Unlike our current mixers,
the HIAPER mixer down converts to base band with the lowest frequency ~10 MHz.
This is followed by amplification and an intermediate frequency (IF) filter to select the
pass band which is nominally ~200 MHz, but can be larger or smaller depending on the
application simply by changing the IF filter. The IF signal is detected and processed by a
voltage-to-frequency converter, and then sent to the Controller Board for counting.
Section 9 provides more detail on how we arrived at this particular radiometer
architecture, which is essentially the same as what we currently employ in our other
instruments. We had wanted to use another architecture, which had definite advantages,
but the performance would not have been as good.

13
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Figure 3-8. HAIPER MTP controller board with attached hardware.

3.1.8 Controller Board

Source: Multilayer PCB board designed by JPL and manufactured by a third party.
Description: A single multilayer printed circuit board is used to control all of the MTP
hardware. It is 4 inches by 5 inches in size, and uses surface mount devices. The
Controller Board has two programmable integrated circuits (PICs) performing different
functions. As shown in Figure 3-8, one PIC controls the asynchronous RS-422 10 with
the MTP Cabin Computer, and communicates with the other hardware over a serial
peripheral interface (SPI) bus. On the SPI bus, a second PIC counts the signal from the
Radiometer voltage-to-frequency converter (VFC).

The LO frequency synthesizer is controlled directly as a device on the SPI bus, and the
stepper motor is controlled via an RS-485 interface through an SPI UART. The SPI bus
also controls the multiplexing and A/D conversions needed to read resistance data from
six platinum resistive temperature devices (RTDs). The RTDs are placed on instrument
components requiring stable temperature measurement for data processing purposes, such
as the Reference Target, HDPE Window, and components in the Radiometer. (Eight
channels are available on the RTD multiplexer of which two are used for precision
calibration resistors, which have an extremely low temperature coefficient.) Less critical
temperatures and voltages are measured on a separate 16-channel engineering data
multiplexer. This multiplexer also receives data from a vertical accelerometer. Section 13
in the appendix shows a complete layout of the Controller Board.
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Figure 3-9. Giga-tronics/Microsource, Inc., Frequency synthesizer.

3.1.9 Frequency Synthesizer

Source: COTS from Giga-tronics/MicroSource, Inc.
Part Number: Ultra-Low Noise Synthesizer, 12-16 GHz, MSI

Model No. SNP-1216-520-01
Material: Various
Power: 24 VDC @ 310 mA (500 mA max)
Description:  This wide band YIG-tuned synthesizer has 1 Hz resolution and can be
tuned for an output frequency from 12.0 to 16.0 GHz. The power output across the band
is 17 dBm. The output from the synthesizer is amplified in a doubling amplifier. It in turn
drives a passive doubler, which generates the final local oscillator (LO) signal needed for
the MTP heterodyne receiver. The size of the package is 5.0” x 5.5” x 1.6”.
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3.1.10 Power Supplies

Source: COTS from Acopian

Part Numbers Detail PS Number
24WB210 +24 V @ 2.10 Amp max, switching regulated 5
15WB330 +15 V @ 3.30 Amp max, switching regulated 1
15WB200 +15 V @ 2.00 Amp max, switching regulated 2

15EB40 —-15V @ 0.40 Amp max, linear regulated 4

5EB100 +5 V @ 1.00 Amp max, linear regulated 3

5EB100 +5 V @ 1.00 Amp max, linear regulated 6

Description:  Six (6) modular power supplies are used to convert aircraft 115 VAC 60
Hz aircraft power to the DC voltages needed for the MTP. The PS Number above is the
power supply number on the wiring diagram on page 66. The +24 V switching regulated
supply is used for the Stepper Motor. There are two +15 V switching regulated supplies:
one is used for the LO frequency synthesizer and the noise diode, and the other is used for
the IF and LO amplifiers. A -15V linear regulated supply is used for analog circuits in the
receiver and the Controller Board. There are two +5V linear regulated supplies: one for
the Controller Board, and a separate one for the Temperature Control System to provide
logic power when the MTP is in Standby mode. All these supplies can handle 60 or 400
Hz, and they all have the same footprint, but vary in height.
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In addition to the DC power supplies just described, the MTP also uses 115 VAC 60 Hz
for heater power. As mentioned above, heaters controlled by Temperature Controller
Boards are used to control the temperature of the Radiometer box, the Reference Target,
the Power Supplies/Synthesizer Plate and the Controller Board enclosure. The heaters
improve performance by maintaining temperature stability and they prevent condensation
on descent after cold soaking. These heater loads represent another 4 x 115VAC @ 0.5
Amp (max) added to the total power requirement. A detailed power load analysis is
provided in Section 4.
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3.2 MTP Cabin Hardware

In order to minimize the amount of space that the MTP control computer would require,
we used a rack-mounted computer with a display included in a separate keyboard drawer.
As a result only 5.25 inches of rack space (3U) are required to mount the MTP Control
Computer (1U), the Keyboard and Display Drawer (1U) and Power and Status Panel
(V).

e e

Figure 3-10. MTP General Technics Cabin Computer 1U enclosure.

3.2.1 Rack-mounted Computer

Source: COTS from General Technics.

Model: 1U AT X-style case with MB796 Intel SE3000AH system board
Description:  This computer controls the MTP in the DMT canister, records the data
from the MTP, and performs real time temperature profile retrievals. The computer is
rack-mountable and is 1.75” high (1U). It has a front accessible CD-DVD RW drive, and
two front and two back USB-2 interfaces. There are two internal 160 GB hard drives
configured as RAID 1 (exact images). There is a 300 W ATX power-supply.
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Figure 3-10. HIAPER MTP 1U keyboard and display drawer.

3.2.2 Keyboard and Display

Source: COTS from I-Tech Company

Model: BJK117-8Le

Description: A rack mountable keyboard tray with a foldaway display. The keyboard is
a 104-key Windows keyboard with short travel keys. The display is 17 diagonal with
1280x1024 resolution and has a 120 degree viewing angle with 350:1 contrast ratio.
Dimensions are 19” wide x 1.75” (1U) high x 24.6” deep (442 mm x 43 mm x 625 mm),
and it weighs 20.9 Ib (9.5 kg). The enclosure is heavy-duty steel with ball bearing rack
slides. The drawer is lockable.
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3.2.3 Power and Status Panel

Source: JPL build

Description: The power and status panel operates as follows. When AC power is
available to the rack, the RACK PWR LED will come on. At this time the Main Circuit
Breaker can be depressed (engaged) to provide power to the rack-mounted MTP Cabin
Computer (MCC). (This action could also provide power to the Ballard Technology
ARINC-429 to USB converter, which can provide data (pitch and roll) from the
Honeywell Laseref IV inertial reference system to the MCC. As mentioned above, we
decided to use the 1 Hz IWG feed instead of ARINC-429.) At this point only the MCC is
operational.

When wing power from the wing store is available to the MTP, the pod power on
(PODPWRON) signal line will turn on the POD PWR LED. The MTP has a 5-volt power
supply that is activated by the presence of wing power. Although the instrument is not yet
on, wing power does turn on the four temperature controllers in the instrument. The
controller logic is run from one of the two 5-v supplies although the heater resistors use
the AC power. The presence of the 5-v power is what energizes the PODPWRON signal.
When the POD PWR ON LED is lit, the instrument can be turned on. This is done by
switching the MTP ON toggle switch. This switch sends the MTP operate (MTP_OPR)
signal to a relay on the Power Supply and Synthesizer Plate in the instrument. When the
relay turns on, it returns the operate power on (OPPWRON) signal back to the Power and
Status Panel, which turns on the MTP ON LED. If for any reason the instrument fails to
cycle properly, the MTP ON LED will turn off.
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3.3 Summary of MTP Components Details

The Table 3.1 lists the major MTP components, referring to the section (Sec) in which
they were discussed above, whether they are commercial off the shelf (COTS), and their

source.
Sec Component COTS? | Source
3.1.1 | DMT Canister N DMT, Boulder, CO
3.1.2 | Fairing N Zivko Aeronautics, Guthrie, OK
3.1.3 |HDPE Window and | N EOL/DFS build
Mounting Hardware
3.1.4 | Reference Target N JPL build
3.1.5 Scan Mirror N JPL MSU Spare
3.1.6 | Stepper Motor Y Lin Engineering, Santa Clara, CA
3.1.7 | Radiometer N Spacek Labs, Inc., Santa Barbara, CA
3.1.8 | Controller Board N JPL build
3.1.9 | Frequency Synthesizer |Y Giga-tronics, San Ramon, CA
3.1.10 | Power Supplies Y Acopian, Inc., Easton, PA
3.2.1 | Rack-Mount Computer |Y General Technics, Ronkonkoma, NY
3.2.2 | Display & Keyboard Y i-Tech Company, Freemont, CA
3.2.3 | Power & Status Panel N JPL build

Table 3-1. MTP COTS components.
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4 Electrical Description

4.1 Circuit Protection
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Figure 4-1. Mil Spec 3320 circuit breaker.

4.1.1 Wing

There will be two circuit breakers in the wing for the MTP 115 VAC power. One is for
the heater circuit whenever wing power is available, and the other is for the main
instrument power which comes on when the MTP Power On toggle switch is turned on at
the MTP cabin Power and Status Panel. Both of these circuit breakers are Mil Spec.
MS3320 5 A breakers (e.g., Eaton part number 1500-052-5) as shown in Figure 4-1.

4.1.2 Cabin

Power for the MTP Cabin Computer (1U Rack-mounted Computer, and 1U Keyboard
and Display Drawer) is provided from the Power and Status Panel. 115 VAC power to
the Power and Status Panel comes from a SPDB or SPDDB, and is protected by Mil
Spec. MS3320 5 A breaker (e.g., Eaton part number 1500-052-5).

22



The HIAPER MTP Design Package (JPL Proprietary)

Acopian PS DC Voltage | DC Current DC Power 115 VAC 60 Hz
Model No. | (volts) (amps) (watts) (amps)*
24WB210 |5 +24 2.10 50.40 0.58

15WB330 | 1 +15 3.30 49.50 0.57

15WB200 | 2 +15 2.00 30.00 0.34

15EB40 4 -15 0.40 6.00 0.07

5EB100 3 +5 1.00 5.00 0.06

5EB100 6 +5 1.00 5.00 0.06

Total 145.90 1.67

*Assumes typical Acopian power-supply efficiency of 76%
PS No. is the Power Supply number from the wiring diagram on page 66.
Table 4-1. Maximum DC power-supply load summary and equivalent 115 VAC current.

4.2 Load Analysis

4.2.1 Wing

As is shown in Table 4-1 there are six DC power supplies for the MTP mounted in a
DMT canister using 115 VAC 60 Hz power. They are used as follows, where the leading
PSn is the Power Supply designation in the wiring drawing on page 66:

PS5, the large +24V supply powers the Stepper Motor,
PS1, the large +15V supply powers the Frequency Synthesizer,

PS2, the +15 V supply powers the IF amplifier and the frequency doubling amplifier, as
well as +15 V analog circuits on the Controller Board,

PS4, the -15 V supply powers the IF amplifier and —15 V analog circuits on the
Controller Board,

PS3, one +5 V supply powers logic circuits, and the other

PS6, +5 V supply powers circuitry on the Temperature Controller Boards. It operates in
both “Standby” and “Operate” modes.

When the instrument is turned on from the cabin Power and Status Panel, the total 115
VAC draw from the DC power supplies will be 1.67 A (max). Measurement of the actual
AC power draw from the power supplies indicates that the draw is only 0.34 A (max) and
0.21 A (typical).

In addition, there will be a 2 A (max) draw at 115 VAC 60 Hz to power four temperature-
controlled heaters, which will be on whenever wing power is on. Therefore, the total 115
VAC 60 Hz load will be less than 3.7 A. Actual measurements of the total 115 VAC
power indicate that it is 2.1 A (max) in Standby mode and 2.4 A (max) in Operate mode.
The typical values are 0.9 A and 1.3 A, respectively, when measured on the ground.
These can be expected to approach the maximum values when the instrument cold-soaks
in flight and the heaters have a longer duty cycle. The maximum measured AC current is
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completely dominated by the heaters, which draw 2.0 A when on, since the DC power
supplies use a maximum AC current of 0.34 A.

4.2.2 Cabin

The Power and Status Panel, which provides all the 115 VAC 60 Hz to run MTP Cabin
Computer and itself draws 1.6 A (max) and 1.2 A (typ). The Keyboard and Display
Drawer, which is plugged in separately because it has a shared 8-port KVM switch and
could be elsewhere in the cabin, draws x.x A (max) and y.y A (typ).
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4.3 Wiring Used for MTP-H

All wires are from the RAF approved wiring list dated November 15, 2007. Per the RAF
recommendation, MIL-W-22759 wire is used for all single conductor wire since it is
approved by the FAA in Advisory Circular (AC) 43.13-1B Table 11-11 and 11-12, from
any manufacturer, and does not need to be burn tested. The difference between Table 11-
11 and 11-12 is that the former applies to “open wiring” and the latter to “protected
wiring”. Open Wiring is defined as “Interconnecting wire [that] is used in point to point
open harnesses, normally in the interior or pressurized fuselage, with each wire providing
enough insulation to resist damage from handling and service exposure. Electrical wiring
is often installed in aircraft without special enclosing means.” “Airborne wire that is used
within equipment boxes, or has additional protection, such as an exterior jacket, conduit,
tray, or other covering is known as protected wire.” The specifications for protected and
and open wiring are Mil-W-22759/11 and /16, respectively. They have the following
properties:

Mil-W-22759/11

Insulation: Polytetrafluoroethylene (PTFE)
Conductor: Silver Plated Copper

Voltage Rating: 600 Volts

Temperature: - 55°C to + 200°C

Mil-W-22759/16

Insulation: Ethylene-Tetrafluoroethylene (ETFE)
Conductor: Tin Plated Copper

Voltage Rating: 600 Volts

Temperature: 150°C

For the MTP we have followed Mil-W-22759/11 since all the wires are protected.

4.3.1 115 VAC Wiring On Power Supply and Synthesizer Plate

Line M22579/11 20 AWG Black
Neutral M22579/11 20 AWG White
Ground M22579/11 20 AWG Green

4.3.2 Temperature Control bus: 120 VAC and 12 VDC

Wire: M22579/11 20 AWG
Thermal Cut-Out: Cantherm R20 60 C Open-On-Rise

Heaters: 4-Ohmite TCH-35, 220 Ohm in series/parallel on each
assembly. Each heater circuit is fused at 2 A (AGC-2).
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4.3.3 Main Wiring Harness

Connectors: Conec Industrial D-sub IDC for Flat Ribbon

Wire: Temp-Flex F2807S-050-55

4.3.4 DC and Signal Wiring in Sub-Assemblies

Unshielded: M22579/11 24 AWG
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5 Mechanical Description
5.1 Wing

Four views of the MTP with canister, fairing and window removed are shown on the
following page. NCAR/EOL/RAF (Mark Lord) performed the necessary mechanical load
analysis for certification.

5.2 Cabin

Section 3.2 described the Rack-Mounted Computer, Keyboard and Display Drawer, and
Power and Status Panel that are mounted in 3U (5.25 inches) of rack space in the cabin.
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6 Software Description

The MTP software can be categorized into three broad categories:

e software that is used in the programmable integrated circuits (PICs) that are used
in the instrument (the Controller Board has two and the Temperature Controller
Boards have one),

e software that runs in the MTP Cabin Computer to control the MTP and collect
data from it, and

e software that is used to perform retrievals and other data analysis-related steps.

These categories are described below.

6.1 PIC Software

There are three Microchip PICs used in the MTP-H. The Integration Timer and Counter
PIC on the Controller Board uses native Microchip assembly language for programming.
A listing of the assembly language code is provided in Section 18, and will also be
provided electronically. The Control and 10 PIC, also on the Controller Board, and the
Temperature Controller Board PIC are both programmed using Hi-Tech C in MPLAB
IDE, which compiles into native Microchip assembly code and is burned onto the Flash
memory in the PIC. A C-language listing for the Control and 10 PIC is given in Section
19, and for the Temperature Controller Board PIC in Section 17.

6.2 MCC Control Software

Visual Basic 6.0 software on the MTP Cabin Computer (MCC) is used to control the
MTP in the canister and record data from it. This software will be provided
electronically.

6.3 Data Analysis Software

Visual Basic 6.0 software is used for all the MTP data analysis software. It falls into five
broad categories: the main retrieval program, a simulation program, several RAOB
management programs, a program to calculate retrieval coefficients, and many utility
programs. The main retrieval program is also used in the MCC to generate real time
temperature profiles. All of the MTP data analysis software has already been provided to
NCAR, and it is updated as revisions and upgrades are developed.
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8 Appendices
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9 Theory of MTP Measurements

In the main text we mention that the MTP measures the natural thermal emission from
oxygen molecules in the Earth’s atmosphere. A little more insight might help as it is not
possible to measure a temperature profile using other molecules in the Earth’s
atmosphere. Molecular oxygen has some (almost unique) properties. First, molecular
oxygen is a well-mixed gas in the atmosphere. Therefore, the amount of emission or
absorption does not depend on geometric altitude, only frequency, pressure, temperature
and to a small extent water vapor density. This could not be said, for example, for water
vapor and other trace gases. Second, in order to measure a temperature profile, you want
to observe at several frequencies with different absorption so that you can “see” different
distances, and thus improve the information content of the measurements. (Measurements
at several frequencies with the same absorption coefficient would only reduce the noise
of the measurements but not improve the information content needed to make retrievals
at larger distance from the airplane.) If molecular oxygen (O;) had a simple diatomic-
molecule rotational spectrum, like carbon monoxide (CO) for example, this would not be
possible. For most diatomic molecules, the energy levels depend only on the rotational
angular momentum quantum number (J) and the moment of inertia (I) of the molecule.
The energy difference between energy levels increases as 2*(J+1)*B, where B is the
rotational constant for the molecule. (B is inversely proportional to the moment of inertia
of the molecule.) Thus the J=1-0 transition has 2B units of energy; the J=2-1 transition,
4B units of energy; the J=3-2 transition, 6B units of energy and so on. So if the J=1-0
transition was at 60 GHz (near the center of the oxygen band), the J=2-1 transition would
be at 120 GHz, the J=3-2 transition at 180 GHz, etc. If O, was like CO, this is how the
rotational lines would progress, and several receivers would be needed to measure several
lines. Fortunately, Molecular Orbital theory (correctly) predicts that molecular oxygen
has two unpaired electrons, which makes it paramagnetic. This produces a much more
complicated set of spectral lines, and therefore several lines with different absorption can
be observed using a single receiver.

Not just the MTP, but also many satellite-borne microwave temperature sounders, take
advantage of these properties of molecular oxygen, but there are important differences.
Satellite sounders generally observe in the nadir at a number of frequencies that define a
number of averaging kernals over which a temperature is retrieved. In addition to
observing a number of frequencies, the MTP also has a scanning mirror, which moves
from near-zenith to near-nadir in the flight direction. This allows the MTP to obtain very
good vertical resolution near flight level (see below).

As shown in the top left of Figure 9-1, when the MTP scan mirror is pointed at a
particular angle ® above the horizon, it is basically integrating the emission from oxygen
molecules along the line of sight. The emission is weighted quasi-exponentially W(r)
with range (r) because the emission further and further from the measurement location is
absorbed by the intervening oxygen molecules. Now it is possible to show that in the case
where the temperature changes linearly with altitude that the brightness temperature
measured by the MTP is actually equal to the physical temperature at the e-folding
distance Ra along the line of sight. (This assumes that the energy levels of the oxygen
molecules are populated in thermodynamic equilibrium at the Kkinetic/physical
temperature of the molecules, which they are.) The height above the aircraft
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Figure 9-1. MTP measurement illustration.

corresponding to the e-folding distance is called the applicable height H(®) = Ra sin(®).
Under the assumption of a constant lapse rate with altitude, measurements at a number of
elevation angles could be used in this manner to construct a temperature profile. Note that
when ® is small the applicable height is also small. This is why the MTP can measure
with very good vertical resolution near flight level. It should be noted however that the
measurement angle is not the limiting factor here, because the MTP has a 7.5° FWHM
beam-width. That’s what determines the ultimate resolution and the Nyquist-sampling
strategy. The reader should be aware that the vertical resolution of the MTP is elevation-
angle, and therefore altitude, dependent. The horizontal resolution is also scan-
angle/altitude dependent, and this is complicated by the fact that the aircraft is moving.

Of course the real atmosphere does not always have a linear lapse rate. Think of what
would happen near the tropopause, for example, where there is a temperature inversion.
As a result more powerful retrieval techniques need to be used. As mentioned in the main
text, we use a statistical retrieval procedure with a Bayesian component. Many other
retrieval techniques are possible such as physical retrievals or neural network retrievals.
We have tried some of these and basically find that <5% improvements in accuracy are
possible over a simple statistical retrieval (without Bayesian help). Since we have a
Bayesian component to our retrievals, our approach is likely as good as what is possible.
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10 Receiver Architecture Considerations

Figure 10-1 shows the microwave absorption spectrum for molecular oxygen from the
ground (green) to 20 km (purple). For HIAPER we will be predominantly interested in
the absorption from 10 km (blue) to 15 km (red). Notice that on the ground (green) that
the pressure broadending of molecular oxygen is so strong the individual rotational lines
are not apparent. However, even at 10 km the lines are starting to distinguish themselves.
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Figure 10-1. The molecular-oxygen absorption spectrum at altitudes from 0 to 20 km.

This is an important consideration for airborne MTPs.

The MTP instruments employ double side band (DSB) biased mixers. That is, they mix
the received broadband radio frequency (RF) signal with a nearly monochromatic local
oscillator (LO) signal to form an intermediate frequency (IF) signal from both the upper
(USB) and lower (LSB) side bands (frequencies RF+/-LO). The green triangles at the
bottom of the figure show the local oscillator (LO) frequencies for the three existing MTP
instruments. Notice that the LO is located between pairs of lines so that the DSB receiver
can receive signal from both side bands. The advantage of having two sidebands is a root
two improvement in signal to noise. However, since both side bands don’t have exactly
the same absorption coefficient, the received signals in the two sidebands are not coming
from exactly the same distance. This means that if there is temperature structure in the
direction being viewed, there will be temperature smearing in the observables, and hence
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de-graded retrievals. Another (not so obvious) issue is that the three pairs of lines don’t
have exactly the same frequency separation. Since the IF filter after the mixer is centered
at a fixed frequency (320 MHz with 100 MHz bandwidth), this means that the IF filter
will not be equally well matched to all three pairs of lines. This is illustrated in Figure
10-2. The thin blue line is the RF USB and the thin red line is the RF LSB superimposed
on the IF filter shape (heavy blue line) for an LO frequency of 56.66 GHz. Not only is the
absorption not the same for both sidebands, but they don’t peak at the same IF frequency
and they are not centered on the IF at 320 MHz. They peak closer to 280 MHz. For
another pair of lines the match is better, but there is always some compromise because
the line pairs are not equally spaced in frequency.

The issue of matching the IF filter to the upper and lower sidebands is obviously more
important at high altitudes where line shape becomes more important. An way to avoid
this problem all together is to use a single side band receiver and center the LO on lines
of interest. This is an approach that we seriously considered for the HIAPER MTP. As
shown in Figure 10-3 a 3-7 GHz IF is used with individual filters for each of 4 observing
frequencies. This has the advantages of observing all frequencies simultaneously and of
being able to use a single fixed-frequency LO source (which would be cheaper and
simpler than using a frequency synthesizer). On the down side, a high pass filter must be
included in front of the mixer to avoid unwanted signals in the lower side band. Two bad
things happen: you are only receiving half the signal because you are detecting only one
sideband, and the high-pass filter adds additional insertion loss, which degrades the noise
figure of the receiver.

39



The HIAPER MTP Design Package (JPL Proprietary)
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Antenna & Guide 1dB 1dB
Cross-Guide 0.8dB 0.8dB
Isolator 0.7dB 0.7dB
High-Pass Filter 0.0dB 1.0 dB (+ loss of LSB, 3 dB)
Total 25dB 3.5dB (6.5dB)

SPI Bus to uP

Mixer/l.F. Characteristics

B6L-YNS-0-22S5-aMd
SNeMO DI ISSMPIA
s Jemod

Conversion loss 6.0dB 6.0dB
Mixer DSB Noise Figure 4.0dB 4.0dB
I.F. Noise Figure 0.6dB 0.8dB
1F. Gain ~70dB ~80dB
Channel Bandw idth ~220 MHz ~220 MHz
Integration Time 200 mS 200-1000 mS

HIAPER MTP
Strawman Block Diagram
2006/04/27 RFD

Figure 10-3. A single side band (SSB) receiver considered for HIAPER.

To overcome the degraded noise figure, we considered putting an RF amplifier in front of
the mixer This has its only set of issues. Low noise InP RF amplifiers unfortunately do
not have good 1/f noise performance. To get around this problem, a Dicke switch would
have to be included in front of the amplifier. That has issues too. First you are only
observing the signal half of the time, and second you are subtracting two signals; the net
result is that a Dicke switched receiver is only half as sensitive as an unswitched receiver.
After all of these considerations, we concluded that our current receiver configuration
was the best choice (with one small change).

There is a trade off between mixer noise figure and IF frequency coverage. One way to
improve the current upper and lower sideband mismatch issue is to put the IF at baseband
with the LO centered on the lines of interest. This starts the IF as close to DC as possible
with the LSB measuring the lower half of the line, and the USB measuring the upper half
of the line. When we bought our current mixers, the noise figure of baseband mixers was
not nearly as good as at 320 MHz (a frequency dicated by line pair separation). Today it
is possible to get good mixer noise figure performance with a baseband IF starting at 10
MHz. That is what we are going to do. Figure 10-4 shows an ideal rectangular IF filter
superimposed on the 57.615 GHz oxygen line. The filter has a bandwidth of 100 MHz in
this figure. The actual bandwidth is important because it is one of the parameters
determining the receiver’s sensitivity. Below 10 km Figure 10-4 shows the absorption
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Figure 10-4. Upper and lower sideband IF with 100 MHz bandwidth superimposed
on the 57.615 GHz oxygen line with a baseband IF starting at 10 MHz (20 MHz

slowly increasing with altitude so much larger bandwidths could be used. The rms
variation in the absorption at 10 km, expressed as a percentage is 1% for a 100 MHz wide
IF, and only 2% for a 200 MHz wide IF. This means that over the IF pass band there is
not very much variation in absorption and there will not be much temperature smearing in
the retrievals. However, by 15 km (close to HIAPERSs ceiling) these percentages increase
to 5% and 13% respectively, which is starting to become significant. Since the IF filter is
easily replaced and not expensive (~$200), it might be important to exchange the filter
depending on the planned flight profile.
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11 Investigation of Target Cover Materials

In order to calculate the gain of a microwave receiver it is necessary to have at least two
reference temperatures. These could be obtained by using hot and cold (or ambient)
targets, or as in the case of all MTPs built to data, an ambient reference target and the
outside air temperature (OAT). Reference targets are ussually made from pyramidal-
shaped microwave-opaque materials that have a very large emissivity (as close to unity as
possible); they are generally mounted on a metal substrate into which are embedded one
or more precision platinum resistive thermal devices (RTDs) to measure the physical
temperature of the target. For these targets to be useful (i.e., accurate) it is necessary that
there are neither axial nor planar temperature gradients across the target. This is
particulary challenging in the space environment where solar insolation can easily
produce thermal gradients if the target is not thermally insulated. However, even in the
more protected thermal environment of the MTP fairing, temperature gradients in the
reference target can still be an issue. To provide a benign thermal environment, the MTP
reference target has to date been surrounded by a one-quarter inch thick layer of
Styrofoam — a Dow Chemical Company expanded polystyrene (EPS) foam. An important
property of an insulating material (in addition to having very small thermal conductivity)
is that it not absorb microwave energy as this would effectively reduce the emissivity of
the target and lead to a disagreement between the physical temperature (measured by the
RTD) and the brightness temperature (measured by the radiometer). (This relationship
can be affected by many more issues than will be discussed here.) Using one-quarter inch
thick Styrofoam results in a thermal time constant of about one-half hour. Until recently
this was the best material available: it was essentially microwave transparent, or

equivalently, it had a dielectric constant (or relative permittivity, €, - see below) whose
imaginary part was very small.

Before proceeding it will be useful to write down a few equations relating the dielectric
constant to other common physical parameters, as the relationship between them will be
useful in identifying material other than Styrofoam that might be useful as microwave-
transparent target-insulating materials. The reason for needing to look for an alternative
material to Styrofoam is that Styrofoam is flammable, and it was suggested during the
PDR that, even though the MTP target uses a very small amount of Styrofoam (4” x 4” x
0.25”) an effort should be made to find a less flammable material.

So we move on to a discussion of the relationship between common terms used to
describe the microwave properties of material such as the refractive index, the dielectric
constant, and the permittivity. First off, we note that the complex refractive index, m:

m=Je-u,
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is the square root of the product of the relative permittivity (€, and the relative

permeability (L), where the term relative means relative to free space. The relative
permittivity is just another name for the dielectric constant, and is given by:

where € is the permittivity, €, is the permittivity of free space, and €, and €;y, are the
real and imaginary parts of the relative permittivity or dielectric constant. A similar
expression can be written for the relative permeability. However, if a material is non-

m = EI

magnetic, the relative permeability is unity, and the complex refractive index is simply
the square root of the relative permittivity:

Now the microwave energy loss, or absorption, in any material is simply proportional to

the imaginary part €;,, of the dielectric constant (as well as the electric field strength
squared and the frequency). Therefore, to evaluate different insulators for the reference/
calibration target, we need to know the real and imaginary parts of the dielectric constant
of any potential material.

Sometimes microwave engineers use the loss tangent, tan(s), instead of €;,, to represent
the absorption. In terms of the loss tangent, €;,, can be written: €jy, = € tan(d).

Finally, in terms of the complex refractive index, m = n + i k, where n and k are the real

and imaginary parts, it is easy to show that € = n? - k? and €;m, = 2nk. Armed with this
knowledge we can scour the literature looking for complex refractive index, complex
permittivity, complex dielectric constant, and loss tangent information to determine
which materials will work best for the reference target window.

A comprehensive list of the microwave and submillimeter wave properties of materials
was published in 1996 (Lamb). In the decade since then, many new (and better)
microwave materials have been developed. In particular, colleagues at JPL have been
very involved in testing these materials for both spaceborne (De Amici et al. 2006) and
airborne (Brown et al., 2005) platforms. These recent tests show that one material stands
out amongst all others for use in insulating microwave calibration targets. This material is
Plastazote LD15, a low-density polyethylene (LDPE) foam made by a British company,

Zotefoams PLC. The JPL tests showed that Plastazote LD15 had a value for gj, of 4.5
10° + 5.0 10° at 50 GHz (and only 50% worse at 183 GHz). As is clear in Figure C-1,
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Figure 11-1. Materials considered for the HIAPER MTP reference target insulation.
Material abbreviations

PP (polypropolene) LDPE (low density polyethylene)  PMI (polymethacrylimide)
PS (polystyrene) HDPE (high-density polyethylene) EPS (expanded polystyrene)
PE (nolvethvlene) HRSI (hiah-temperature surface insulation)

this makes Platazote LD15 nearly an order of magnitude less absorbing than any other
known material. In fact it is so transparent that the value of the imaginary part of the
relative permittivity (dielectric constant) is smaller than the accuracy of the measurement.
It should be little surprising that virtually every group that uses microwave calibration
targets uses this material.

We contacted Zotefoam shortly after the PDR to discuss other fire retardant foams that
they make so that we could test them. We were promised four additional samples to test,
but repeated phone calls have not been returned. Obviously they realize that we only need
a small quantity and are not interested in pursuing the matter.

One material suggested at the PDR for use on the MTP target (because it has acceptable
flammability characteristics and is used by RAF) was ROHACELL -- a
polymethacryimide (PMI) foam made by Rohm GmbH. As can be seen in Figure 11-1,
the imaginary part of its dielectric constant is the second worst of the nine materials
considered.

Before we were aware of ROHACELL’s properties we ran tests in our laboratory to
compare it to Styrofoam. We set up an MTP to look at a 90 K hot target and adjusted the
gain so that the analysis software indicated 90 K. We then inserted the ROHACELL
foam sample and noted that the temperature dropped to 72 K! We then inserted a similar
thickness of Styrofoam and saw that there was a <0.2 K temperature change.

ROHACELL has terrible microwave electrical properties. In hind site this could have
been predicted. Although its dielectric constant is excellent (1.03, low-density foams are
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mostly air), it has a large loss tangent (0.003) — nearly three orders of magnitude poorer
than Plastazote LD15! The properties are from the Rohm web site:
http://lwww.rohacell.com/en/performanceplastics.html?content=/en/performanceplastics/r
ohacell.

Space Shuttle tiles (HRSI) have been suggested in the past as an insulator, and as can be
seen in Figure 11-1, it is the poorest of the materials considered. JPL makes aerogels for
various space probes and we considered it as an option. It’s imaginary part of the
dielectric constant is slightly worse than Styrofoam, and it is very expensive, absorbs
water vapor, and requires special mounting. Being silicon based however, it does not
burn and is an extremely good insulator.

To summarize, it is clear that Plastazote LD15 is by far the best material to cover the
reference target. We in fact plan to recover all of our existing MTP targets with this
material instead of Styrofoam. However, to address the flammability issue, we will use
Plastazote LD15 only on the face of the target facing the scan mirror to minimize the
amount of flammable material. (We could find no literature on the flammability of this
Zotefoam, but we were told by Zotefoams PLC that it is comparable to Stryofoam.) All
other surfaces surrounding the target will be covered with ROHACELL which is certified
for aircraft use and also has a slightly lower thermal conductivity (0.031 W/mK) than
Plastazote LD15 (0.039 W/mK). Both of these material are slightly more conductive than
Styrofoam (0.025 W/mK).
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12 Temperature Control Circuits — Small_TC

Four assemblies in the MTP-H canister are temperature-controlled, either for temperature
stability during a measurement, or to reduce condensation after cold-soaking at altitude.
The four controllers (see Figure 12-1) are implemented in PIC16F675 flash micro-
controllers on small PCBs mounted on or near the temperature-controlled assembly. A
schematic drawing of the temperature controller board is shown in Figure 12-2.

Figure 12-1. The MTP-H Temperature Controller board (show much oversized).

The control temperature is set by selecting a resistor that equals the resistance of the
control thermistor (44008) at the desired set point. Typically, all the controllers will
operate at about 40 C using a set point resistor of 16.2 K. The micro-controller drives a
zero-crossing solid state relay -- a Teledyne C45-11, which switches 120 VAC to a string
of four 220 ohm, 35W resistors in series-parallel configuration, producing a maximum
heating capacity of about 65W for each heating circuit. The resistors are attached to the
parts that they are heating by screws and thermally conducting compound.

The control program pulse-width modulates the relay at about a 2-Hz rate, and the zero-
crossing relays switch the power near the zero-crossing of the AC waveform, to minimize
switching noise. The temperature control system will operate with power line frequencies
from 47 to 440 Hz.
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Figure 12-2. Schematic drawing of the temperature controller.
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13 The MTP-H Controller Board Drawings

13.1Sheet 1 - Overall architecture

The MTP for HIAPER is comprised of two major systems: the MTP Cabin Computer
(MCC), and the MTP itself in a DMT-style canister. The MCC controls the MTP by
sending commands to, and receiving data from, the MTP-H Controller Board in the
canister over an RS-422 full-duplex serial bus.

The schematic drawings and printed circuit design were created using EAGLE 4.16.
Sheet 1 of the Controller Board schematics is a block diagram showing how the various
functions have been divided into logical subsystems on separate sheets. Each sheet has a
manageable number of input and output lines, which makes it easy to see how the circuits
work.

The MTP-H Controller Board consists of a combination of flash-programmed micro-
controllers and data acquisition integrated circuits along with analog components. While
the internal workings of the controller is quite complex, it can be treated as a ‘black box’
that interprets a small number of high-level commands and returns a correspondingly
small set of data types.

For example, there is a command to read all the engineering ADC channels, which is an
“M” followed by a carriage return. The response is a string of ASCII characters starting
with “m” containing 16 channels of ADC data. Similarly, there are commands to read the
status word, to start an integration cycle, move the scan system, and so forth.

Because of their “Flash-based” memory, the micro-controllers on the MTP-H Controller
PCB are “in-circuit programmable,” meaning that by connecting a programmer to a small
header on the PCB, the program in any of the micro-controllers may be replaced without
removing them.
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13.2Sheet 2 - PIC Control & 10

A pair of 75176 differential transceivers, Ul & U2, convert between the RS-422 received
and transmitted signals to and from the MTP Cabin Computer and the TTL levels used in
UC1, a Microchip PIC16F876 flash-based micro-controller. UC1 acts as the gateway to
the various circuits in the controller that perform the control/data acquisition functions
via the Serial Peripheral Bus (SPI).

While the SPI bus handles almost all of the data traffic on the Controller Board, certain
time-critical events (such as the ITG_BSY line that indicates whether the Integration
Counter is busy or done), are read directly by UC1 on an 1/O port to avoid delay in
transmission on the SPI bus. For similar reasons, other lines controlled directly by UC1
turn on/off the Noise Diode, or flash an LED, for instance.

The SPI bus is organized as three lines (SDO, SDI, and SCLK) that are common to all
peripheral devices, and several “Chip Selects” (CS0-9). Only one CS line is active at a
time to select to which circuit the communication is directed.

MTPH controller Chip Select (CS) assignments:

CS0: Integrator (UC2)

CS1: Engineering Mux (ADC1)

CS2: Engineering Mux (ADC2)

CS3: Platinum RTD (ADC3)

CS4: Platinum RTD MUX (SW1, SW2, SW3)

CS5:  Accelerometer Processor (UC3)

CS6: Frequency Synthesizer (CTI SLS-1403, Off-board)
CS7: Stepper Motor (UARTL, Lin Engineering Silverpak 23CE off-board))
CS8: Auxiliary UART (UART2)

CS9: Spare CS

The control program in the PIC16F876 is called MTPH_Control.C and is described in
Section X.
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13.3Sheet 3 - VFC and Integration Counter

The basic data produced by the MTP-H is a DC voltage proportional to the brightness
temperature in front of the antenna. This voltage is converted into a pulse train whose
frequency is proportional to the input signal by VFCL1, an Analog Devices AD654. 1A2
and OP3A provide for gain and offset adjustments during the initial setup of the MTP.

This pulse train, in turn, is counted for a known time, typically 200 mS by UC2, a
Microchip 16F88 micro-controller, programmed to do the communications, timing and
counting functions that perform the integration. It also signals via the ITG_BSY line
when an integration is in progress and then answers a request to send the resulting values
back to UC1 for transmission to the MTP Cabin Computer.

The integration time is controlled by a command on the SPI bus to UC2, which sets
values from 1 to 256 increments of 20ms each, or from 20ms to 5.12 s. The value chosen
is determined by a trade-off between receiver noise figure, receiver 1/f noise, and the
time it takes to complete one scan cycle.

The integration program in the PIC16F88 is called “F88 integ IRQ.ASM” and is listed
in Section X.

13.4Sheet 4 - Engineering Mux and ADCs

Sixteen (16) channels of engineering analog-to-digital conversion are provided by ADC1
and ADC2, both MAX186 low-power serial 8-channel analog-to-cigital converters.
Certain of these voltages require a scaling and/or polarity change to fit into the ADC
range of O to +4.096V. In the case of measuring engineering temperatures by thermistor,
a resistor to the reference voltage VTREF is used to provide bias. Typically, this resistor
has a value near the thermistor resistance at the expected operating temperature of the
device being monitored, so that mid-scale on the ADC represents the normal operating
point. In practice, these resistors are set to a “typical” mid-scale value of 34.8 K, which
corresponds to a temperature of +22 C. Thermistors are highly non-linear (actually
exponential), so a linearization algorithm is used in the data analysis to produce the
corresponding temperature value.

The MAX186’s generate an internal reference voltage, which is accessible externally.

The reference from ADC2 is buffered by OP3B and used for the thermistor bias
mentioned previously.

13.5Sheet 5 - Platinum Multiplexer and ADCs

Radiometric measurements are generally made by measuring the difference in radiometer
output between a known “Reference” and an unknown temperature such as, in the case of
the MTP, the air temperature. This comparison cancels out most of the variability in the
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receiver itself, and simplifies several independent variables down to a single parameter:
the physical temperature of the reference, which can be directly measured. Conversely,
this means that the accuracy of the radiometric observation literally hinges on the
determination of this one parameter.

All physical temperatures in the MTPH, which are used in the radiometric calculations,
are determined from platinum Resistance Temperature Devices (RTDs), which provide
excellent long-term stability. One of the penalties of the platinum sensors, however, is a
low resistance (500 ohms at O C for the ones used here), which requires a relatively high
measurement current (about 1 mA ) and causes vulnerability to resistance in the leads and
connectors (1 ohm ~ 0.5C).

In the MTP-H, a more-or-less standard 4-wire technique is used to remove the sensitivity
to conductor resistance, and an internal calibration method borrowed from space-flight
designs provides very high confidence levels, as well as a way to monitor the changes in
the circuits without having to do frequent calibrations.

The circuitry used to make these measurements is comprised of:

The current source, which generates a voltage across the selected RTD or calibration
resistor, comprised of OP1A, OP1B, and OP2A.

The current multiplexer (SW3, a MAX349 8-channel switch), which sends the current
source to one of the six RTDs, or two calibration resistors.

The differential voltage multiplexer (SW1 and SW2, both MAX349s), which sample the
voltage across the selected resistor or RTD and send it to:

An instrumentation amplifier (IA1, an Analog Devices AD620), which converts the
differential voltage from the resistor or RTD to a single-ended input for:

A 12-bit A-to-D Converter (a MAX1272), which makes the A/D conversion and sends it
to the controller (UC1).

The overall gain of the measurement circuit can be set with the gain resistor RG, on IA1,
and the scale offset is set by the resistors associated with OP2B.

By use of this 4-wire circuit, resistance of 100 ohms or more in any or all conductors to
the RTD can be tolerated without causing measurable error.

13.6 Sheet 6 - Stepper and Synthesizer Communications

The local oscillator frequency synthesizer -- a CTI SLS-1403 -- is tuned by sending the
desired channel number directly to it over the SPI bus at CS6.

The stepper motor -- a Lin Engineering SilverPak 23CE -- has an intelligent controller
built in, and needs only high-level commands to be sent to it on an RS-485 half-duplex
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(sending and receiving at separate times) bus. A MAX3100 UART and a 75176
transceiver convert the commands and responses to and from the SPI bus using CS7.

Another UART/Transceiver circuit provides a second RS-485 bus for future expansion, at
SPI address CS8.

13.7Sheet 7 - Accelerometer

An accelerometer measuring aircraft vertical acceleration has traditionally been included
in MTP designs as a means of studying the relation between the shape of the temperature
profile and air turbulence. An MMA1270D MEMS accelerometer converts the
acceleration to a voltage which is sent to the engineering mux.

More refined acceleration monitoring may be added later by the use of UC3, a PIC16F88
microcontroller, addressed on the SPI bus as CS5.

13.8Sheet 8 - Power Distribution

All DC power used on the Controller Board comes in on J106 and passes through simple
capacitive filters before distribution. Two voltage regulators drop the +/- 15 V to +/- 8 V
for use in the RTD measurement circuit on Sheet 5. R/C decoupling circuits prevent
cross-coupling through the power supply between several op-amps on the board.
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14 MTP-H Wiring

The first figure below shows the cable drawing for all signals between the MTP Power
and Status Panel in the cabin and the connector on the back of the DMT canister. The
cabin portion of the cable will be long enough (45 feet) so that any rack location in the
cabin can be reached via underfloor and crossover conduits from the Wing Connector #4.

The next drawing shows a schematic of the major wiring blocks: 100 Block for the
Controller Board, 200 Block for the Power Supply and Synthesizer Plate, 300 Block for
the Radiometer Plate, and 400 Block for the Scan Area.

The third drawing shows the 200 Block wiring for the Power Supply and Synthesizer
Plate. There are three classes of wiring in the MTP canister: 115 VAC 60 Hz power, low-
voltage DC power, and control/data signals.

115 VAC power from the wing store passes directly from the connector through a 5 A
breaker to a terminal strip (TB1). An Acopian power supply (PS6) operates from the
protected AC line at TB1 to generate 12 VVDC to power the temperature control circuits.
The temperature control heater power is from the same protected 115 VAC line. A
Teledyne 602-1W relay (RLY1), switches the AC power from TBL1 to the remaining 5
Acopian power supplies on a signal from the cabin MTP Power and Status Panel. When
this relay is On, the instrument is in Operate mode, and can receive and execute
commands from the MCC.

Low-voltage DC power is distributed to the various subsystems from another terminal
strip (TB2). The synthesizer, being on the same plate as the power supplies, is wired
directly to TB2 through connectors P203/J203. The Temperature Control subsystems are
powered from TB1 and TB2 via J210 (Radiometer, Target, Controller enclosure) and
P204 (Power Supply/Synthesizer Plate). All other subsystems receive DC power from
TB2 via J202/P202 and the Main Wiring Harness (see last figure in this section).

The controller PCB is connected to all other subsystems by the Main Wiring Harness
(Sheet 5 of MTP-H Wiring below). Through the Main Harness, commands are sent to the
stepper controller, the radiometer and the synthesizer, and data (temperatures, voltages,
radiometer output) is read back from all parts of the instrument.

Drawings for the 300 Block (Radiometer plate) and 400 Block (Scan Area) can also be
found below.
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15 Temperature Controller PIC Software Listing

Beginning on the next page is the C code used to program the PIC on the Temperature
Controller Boards.
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CihvDpocumenta and Sgettingatrdenning \Desktpp'HIAFER_TEMP“Small_T{ .o

ff Califprnia Inatitutse pf Techoology

ff  Jer Fropulsipn Labpracpry

/4 Richard F. Denning

ff MTP For HIAFER

Ff Small_TC.c == Intgrim wveraipn Fpr breadbpard
/¢ From TCRI_C.C

ff  Temperature contrppller io PICC Lite Epr 12F675 with P, I terma
/4 This versipn used Fpr WAC=II temp cpotrol Eor AVE fHoustpo "05
fF Quepues P,I, PWM parameters as TTL =grial po unuaed pin Epor
tgsting

rr

Ff 03.03.24 = Translated From TCPID.@am - RED

Ff 03,0409 = Working weraipn archived

r

/# Hardware Hptea:

fF PIC1I2FRTS usea internal 4 MHz pacillatpr

/f np External _MCLRE coonectipn required

tinclude <pic.h= /f cpde in pic.h gets the pic type Erom the
configure dialpg
ff and includes, in thizm caseg, "EicliFéx.h-

£y
f4 CopnFiguratipn Fuses
_ COWFIGIOx11C4) £ Cpofiguratipn Fusgas:
i = INTIO Qacillatpr
£F - 7 magca Power Up Timer oo
£ = Watchdpg Timer QFF
L = {pde Frotection QEF
i - MCLE intermal ., I/0
rr = M mmecs Powsr [Up Timer &n
£ = Watchdpg Timer QFF
£ - Cpde Protectipn SFEE
£ - BOCEM Enabled
L e e
ff messcssssssssssssss - Global VWariablggseeccccccccaccsn cmnnnmmn

wolatile unsigned int RTC = 0O; f/ Real Timg Clpck Counter
walatile unaigned int ADCO; /f space For ADC readings
wolatiles unsigned int ADCL;

wolatiles unsigned int ADCH;

wolatiles unsigned char ademe;

woalatils unsigned ¢har adatark;

£

migned int P;

migned int Po;

migne<d int I;

migne<d int D;

migned int Tpo = 0; /f thesge arg the PWM vars

migned int TgEE = 0xZ00;
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L

ff thess are used in cthe Serial pur rputines
un=fgned char bitimr

un=igned int charpuk;

un=igned char charhi;

un=igned char charlop;

migned int abcnk;

yolatile char bwal;

migned char bmp;

£

walatile char -=-;

yalatile int xx;

wolatile int yy;

fFf cpnat char veraipo[l?] ="TCPIC 0411 Z23cfdh0r;

woid cwbP?aac(shar cwbinl
I

charlpg = cwbin & Ox0F;
charhi = [(jewvbin & OxFd) A16)1;
£
if (charhi = 9]
charhi =charhi + 55;
elag
charhi= charhi + 48;

if (charlp = %)

charlpg =charlg + 55;
el

charlp= charlp + 4%;

} ff gnd cvbiamc
waid bittime(shar bloopal

bitimr = bloppa;

I
n

Raam
dgcka= _bitimr, E ; muat bg a glpbal
gota 5=1
kendaam
}
} fF end bittime
r
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CihvDpocumenta and Sgettingatrdenning \Desktpp'HIAFER_TEMP“Small_T{ .o

£ Emit
woid emitiunsigned <har gmaac)

I
.

f 7 =mends emaac put pno GFIOY @m RS=-232

charput = gmasc ;
GPIOZ = 1 ff gensrate start bit
bittime (22 ;

bval=1;

for (sbecot = O; abcot <= 7; abcokss |
I
1
if (charput & bwal)
GPIOZ = 0; Jf note ioversipn Fopr RS=232. ..
elag
GPIQE = 1;
}
bval=sbywal 2

bittime (22
} ff gnd Eopr

GRIQZ = 0; ff generacte ? actpp bica
bictimgi(22) ;
bicbimgi(22)

} £/ End Emit

i

L et Bit=Bang Sgrial QubpUbl=sssccccccccccccsccana
e e L L E L EL L L L

ff messsssssssssssssss .- VETHIR [UL=memcms s ms s

wodd vouk (wodd)

I
shar versipn[] = "TCRIC 05041 3-fdhor;
shar i;
while (versipn[i] '= "%07)

I
n

emit(veraign[i] ]l

i
}
gmit (Ox0d ]
gmit (Oxla);
t
ff memssssscssssssssssss———— End pf weraipn
PUL ==mmmmmm e me e c e ————————
I e e
ff mmmmmmmemammmmcceseemmme—e—e-a INITIfmmmmmmmmmcmamm-———————-

wodd initig (wodd)

I
.
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C:hDpocumentas and Sgttingatrdenning‘CesktpphHIAPER_TEMFYSmall_TC_{.c

CMCON = ObBOOOOO111; ff Copmparatprs B
ADCOND = Ob10000001; /F/ ADS right justify, ADD gnabled
ANEEL = OBOOOO1A11; #F ADC Clk= Foacf?, CHO, CHL, CH3 = AL
TRISIO = Ob00a11a1l; /7 GPIL bies 2, 5 = putput
GEIO = ObO0OO00a0; ff Startup value Epr GRIO
}
7
e IHIT[{mmmmmmmemmeeecemee mm———————
ff  mmmem e e e e s e A s s m . m e .
Ff s ssssssssses e —————— AL rEgdeemmsesces s e e ————

int unsigned AL (unsigned <har adch)

ademp = (adch << 2] ;
adatart = (adtmp | ObL1OOOOOOL)1; fF | = QR
ADCONO = adatark; fF this =elecks the chaonel, buk dpean't stark

ade
ff put spome msttling time here Fpr ioternal multplexer
bittimg (31 ;
gdatart = adstart | Z; f/ thia starts it
ADCOMNO = adatark;
while (ADCOWO & 2); F/f wait For fdone bit
return | (ADRESH << %)+ ADRESL);
t
I e ALY rEad-=memmmmsmmcmmcse. em—————
I e e Lt
ff memmcsasasccscsssssssssssass Send put 1A bitbt igb==ssscccccccceccas

woid sendlh | unsigned int alh, un=igned char alet)

cvbZascialh == H];
emik (charhi);
emit(charleg);
cvwb?aacialfb & OxFEl;
emik (charhi] ;
gmit(charlog);
gmit(slBL] ;

f/ mmmmmmmcmmemm e ———— Sgnd put 1B bit ik 33 @3cii==sscsccccaa=
e e e
ff memcscccsccscscscassses Lpng delayg-eseescceccccccnccccccnnnns

volid ldelay (unmigned int lde)

yy = 0f
while (yy <= ldt)
I

n

bittime (0=
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bittimg(OxfE] ¢

h‘ly“;
}
t
ff memcsasasccccccsssscse= Long delayg-=seececcccccccccccncnnans
e e
ff mmmemmseesesssssssssssses———— Al mmmmm s s mm e s ss s s s e

wioid readADd (woedd)

ADCO = ADC (O ;
ADC1 = ADC(1);
ADCH = ADC(3);

ff  mmmmmmmme e ———— AL mmm e m e mm e —————
ff mmm e e e e e e s s e e ——————
Ff  mmmm e e e BRI —mmmm e m e e e

woid reppre (woid)

agndl 6 (ADCO, 0x20) ;
agndl 6 (ADTL, 0x20)
agndl 6 (ADCE, 0x20)
gendl B (P, 0xZ0)
aendl &I, 0x20) ;
gendl B (D, Ox20) ¢

aendl B (Tpn, Ox0d] £/ cr tp end the line
t
ff  mmmmmmmsmcsscssscsssss e a—— e
L e e N L P L
f/  mmmmmmmm s ms s s s ————————— FWM Calommmmeccc e e cc i m—————

wiadd pwmcale(wodd)
I

n

migned int ptemp;

/4 Calc the current F walus
P o= [(ADCO - 0xZ00)
P=F * 16; f/ lefr shifr 4, retsin =3igon bit
F=F « Oxl00;
/¢ integrate the grrpr, check limita, theno add ino the Iotegratico

Af ((ADCO = Ox1F0) & (ADCO < 0x210)) ff don'e do anything with
I
I 4 LE Far Eropm null
Af (ADCO = OxZ00) f/ increment pr decrement I as nesded
I = I + 1;
if (ADCO < OxZ00)
I =1 -1;
i I = I « (ADCO = 0x2001; /F Thia shpuld increase the
reEapnneEs
]
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Af (I = 0x0FF) 4 limie I kg +/= OxFF
I = 0xz0FF;
if (1 < =0x0FF)
I = =0x0FF;
}
elas
I =0y ff sgts I to —grp if Far Erom home
£ avpida wrap=up of I
£
rr
pteme = B o+ Po o+ 1)
if (premp < 0]
ptame = 0;
if (prtemp = Ox200)
pteme = 0xZ200;
i Sgt the PWM times

Tgn = RLEmR;

TEE = 0x200 - Too;
fF Epr diagonpsis, will put put GPID state @z 'L kgrm which ian'e
used npWw

0= GPIO;
}
ff messccscsssssscssssesss. .- FiM Calommmccccccmcme cnmam mmmm-
L e e N L P L
B Cyolgm e e e e e
wodkd cycle (woid)
I
GFIOS = 1
ldelayiTenl;
GPIOL = 0O
Af (Tpon == 0x200) /4 gnaure max time Epr Full acals
GPRIOS = 1;
ldelay (ToEE];
}
ff  mmmmmmmmm e e ee e - CyolEmmmm e e e e m—————
Ff M e e e m e
ff mmmmmmmmmemmmmmmmmmmmmmme e MAIN=mmmmmm——.——————— .- —————
/4 Mainlins
woid maino(wodid) /4 Mainline

I
ff hardware initiali-ation

initipg(];

vput (1 ; /f agnds put the versipn string po sigo=po
£
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while (1)
1
readADC0)
pwmcale il
repnreil;
cycle (]
}
} /Y End pf Main
ff mmmmmemesmescssesscsessese—e—ee MAIHN
i
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16 Integration Timer and Counter PIC Software Listing

Beginning on the next page is the assembly language code used to program the PIC on
the Controller Board that operates the integration timer and counter.
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¥:WHIAPER firmware“F2®_integ_IRQ.a3am

; Talifproia Institute pf Techoology
; Jer Propulsipn Labpracpry

; Richard F. Denning

; Interim wversipn Fpr Breadbpard

; Integratipn timer and cpunter Fpr HIAPER MTE

; FEE_Integ_IRQ.zam v. Z006K10Z3 rid

; 8Pl ifp wersipn pf intggratpr/timer [rom Phosoix MTE

; "I" Epllpwed by byte (20mS incremsots] starts integrator and
; @grs "buay’ hi, then low wheno doos.

;"R O 0 00" sends put "R + 3 bytes pf last cpounter walus

; From &28Cpunt.aam
;1524702 added command "IT b implemeot intggratipn btimer fcpounker

liat P=1HF28, R=LCE(
INCLUCE "pl&ESE.inc"

CBLOCK 0x020
i
; intggratipn ctimgrfopunter regiscers

r

dlylo

dlymd

dlyhi

clp

Emid

chi

f

char_log

char_hi

i

cpunterlo i lp byts, cpuntgr atpre
countermid

cpunterhi H drd byre
f

inchar

pchar

E35 ; gEneEral pUrpEREE LEMERrary

W_Zave ; Epr interrupt service rputine
atatus_szave

ENDL

'.-a-a-a-a-’r’r’ra-!r’ra-a-a-’ra-a-a-’r’r:r’r’r’r’r’r’ra-’ra-’ra-’ra-a-’r!r’ra-’ra-’r’r’r’r’r’r:r’ra-
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FAGE

__CONPIG

_WRT ENABLE_OFF &

¥:WHIAPER firmware“F2®_integ_IRQ.a3am

_TONFIGL, _CP_QFF & _COPI_RBO & _DEBUG_OFF &

_CPO_GFF &

_PWRTE_GM & _WOT_OFF & _XT OS¢

__CONWFIG _CONFIGE,
QRE 000H

gota main

QRG O04H

gt ink_=zgrw

i
; Main ling
main

_IESQ_QFF & _ECMEN_QOFF

_LVWF_OFPF & _BODEN_OW & _MCLE_OFF &

i dizmable
bankagl
olrf

bankagl
e L
ey £

H turn pEf
bankagl
ML
menr £

ADC'a on Forta
sbank 0

ADCOND
ADCOND

ANSEL
Oz
AMNEEL

cpmraratpra

CMCOW ; bank 1

0x07
CMCON

; SPI Sgrup
L
merie £

bankagl
me L
merri £

H

[ Ser PORTA,
bankael
L

diggnpat ic

merwie £

ML
merie £

80

040

SEPSTAT H

SSPCON ;
Ox24 ]

SERCON

B ifp state
TRISA

Oxl0 H

TRISA :

0xFB H
TRISE :

atill banok 1

bank 0
CRE=0Q

Buay ling = PORTA, O

5, 7 don't gxist
bank 1

all IN except RB2/SDO
bank 1

1=3 puta Epr
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¥:WHIAPER firmware“F2®_integ_IRQ.a3am

; mgrial segrup (disable uarc)

baf STATIS, RPFO ; =gt k@ bank 1 Epr tx status reg

bef T¥SThA, TYEHN ; dimable tranamit
i

bof STATIIS, RED ; @gt tp bank 0 Fpr rc statua reg

bof RCSTR, CREHN ; dimable receptipn

bt RLCSTA, SFEH ; dimable Serial Pprtiausart] (bank 0]
i
Sy Sy Sy Sy SRy

bof STATIS, EPFD) ; back ko bank 0

; Sgtup default registera Epr counter/integrator

mowluw 0
movwE  dlylo ;thesg numbers yield an pwerall btimg pf ~20ma
per dlyhi

mevr L w 28
moywwt  dlymd

ML 10 ; 10=200 msS
mrvwE  dlyhi
gato Chk4bDat

;**************************************
; Sgt up interrupt For timer 1 pverflow

bankagl FIEL

ML 0x00 | (1 << TMRIIE] ; gnable Tl ink.

donrwf FIEl, E

bankagl INTCON

baif IWNTCON, GIE
;-**************************************
H Wait here Epr next command
Chk4Dat

bankagl SSPSTAT

btfa= SEPETAT,. BF

gota ThkiDat

;iF here, cmd chr ias waiting in SSFPRBRIF
call row

; Tommand intgrprebter
; row returns here with cocmd bykg in inchar
maovE W inchar

=ub) W I
btfas STATIE, B ; LF = I then
call integ

h glag
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¥:WHIAPER firmware“F2®_integ_IRQ.a3am

fLtants 3 inchar

=ublw "R
btfms STATUES, Z
sall rEpnrk

i

cixik

gata Chik4bat
; wait EFpr next command
H end pf main

H CCHTMG rputings

o
banksel PORTA
baf PORTA, O
raturn

f

pEE

bankasl PORTA

bef PORTA, O

raturn
r
srrrrrererererrrerrrrrrererererererrrrrrrrrrrrrrerrrerrrrr e e e
FErrrrrrrrnel
; SPI reow/mend rputines

row
; pn eokry here, S5FSTAT, BF = chr ready, or wait fpr new char
bankagl SSPSTAT ; baok 1
btfm=m SEPETAT, BF
goto row
bank=ael SSERIF ; Sw kp bank O
e £ SSPBIE, w ; row returns with chr ino w a3 well aa iochar

mvi £ inchar
raturn ; Erom row

i
agnd? ; @gnda pohar puk pn SFI

bankzel SSPSTAT ; bankl
alopop?
btfms SEFSTAT, BF ; check if buEfsr empty
goto alonp? ; ng, lopp back
bank=ael SEFBUF ; yes, lpad chr.
maovE pchar, w
movwt  SEFBUF ; ready fpr tranamissign
bankasl SSPSTAT
alpopd
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¥:WHIAPER firmware“F2®_integ_IRQ.a3am

btfmm SEPSTAT, BF ; check if buEFar empry
gota alonpd ; oo, lopp back

bank=ael SSERIF

mere £ SEPBUE, w
merie £ nx ; gt rid pf dummy ioput che.
f
raturn ; From send?
; end asnd?

H O an intggratipno. ..

inkeqg
wall o ; 28t bay hi, lgave in baok O
sall row ; 02t next bytg (@scii= noumber pf Z20mS increments)
e £ dlyhi ; row returna wWwith number ino inchar and w
sall cpunt
call oEE jbay lice off
raturn ; From inkeg tp command inoterpret

'r**********************************************************************

H Intggratipn btimer/cpunter
i
; ~Z200mS CELAY SUBROUTINE WITH 4 MHz CLOCE- dlyhi=10, dlymd

f

cpunk
bankagl dlylo ; Everything ino sub is pn bank 0
mof dlylp, w ; iniv. the delay loopa
moviwtf  tlo
mer dlymd, w
moviE  cmid
me £ dlyhi, w jRinstructigna*. 23 (instructipn time,

us) *12*2ER*I5E
e £ Ehi

sl cpunterhi ;Rezget the cpunt registeras
slrf cpuntermid
=irt counterlo

r
; make sure emrl iz pff and in cporrect mpde: ext colk, a@sync, tlpos=0
banokagl TMEILH ;TMRIH, L banok 0, INTCON all banks
mod LW a6
maovief T 1CGOM
mowlw 0
merrie £ TME1H JEet cpunbter Ltp -ern
mowwt  THMRIL

e L Oxicl
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¥:WHIAPER firmware“F2®_integ_IRQ.a3am

mov £ T ETCON

H=1-14 INTCON, FEIE ; enable interrupt
bankagl FIEL

el 0=01

mavi £ FIEL

bankagl TI1o0M

i
; Start theg cpuntegr

baf T 1O, TMELON r atart Tl cpunter
bank=zel THEIH ; back top bank 0
r
clopppO0n
me dlyhi, w ; init. the delay loops
maowi £ Ehi
clpppRi0
ey £ dlymd, w
mear £ tmid
clpppl
me £ dlylo, w

merie £ Elp

f

cloop
dacfaz tlp, F ; bamic timing lpops
gato clopm

dacfaz tmid,F
gota c loopd

depzfmz  thi,F
goto cloppi0

; dopne cpunting; tmrl off , stpre cpounter values
L a6

e £ T IO ; timer pfE

bt INTCOM, FEIE ; dimable periph. int.
bankagl FIEL

bef FIEl, THMEIIE

bankasl TMEIH ; back tgp bank 0

; copunter hi is already current here (iotserwv]
mer THMRIH, w

merri £ cpunktgrmid

mere £ THR1L, w

e £ cpunterlo

raturn

; 8nd cpunk
'.-*********************************************************

;wait Fpor SSPSTAT, BF
WtbE
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85

¥:WHIAPER firmware“F2®_integ_IRQ.a3am

seall oo

bankssl SSPSTAT
btfm=m SEPETAT, BF
guta f=1

;oall pfE

raturn ;From wtbf

'r*********************************************************
f
rEERIL

=all webE

banksel cpunterhi

meref cpunterhi, w
e £ SEPRIIF
sall wEbE

bankagl cpuntermid
mere £ countermid, W
maovi £ ZEPBIUF

sall WwtbE

bankagl cpunterlo
ey cpunterlp, w
merre £ SEPBIE

call WwEbE

’

raturn ; Erom report
r
sITITITITIIIITIIIIIIIIIITIIIIIIIIIIIITIIIITIIIIIIIIIIIIINIIINIIIIINIII
; Interrupt sgrvice rputine tp handle cpunter roll-pver
ink_=arw

bankael atatua_save

movwf w_mave ;o oEave w

=wapf STATIS, E ; mawve STATIS

swapf STATIS, W

movkE atatua_szave

bankasl PORTA
baf PORTA, 1
hate) =

bef PORTA, 1

bankasl FIER1
; deed ia dong hereg: PIR] is in baok 0 alap

btfsa= FIRl1, TMRIIF ; im it pwverflow?
gt restnre I oo, 3n 8Xik
banksgl cpunterhi ; yea, add 1
inet cpunterhi, £

-
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¥:WHIAPER firmware“F2®_integ_IRQ.a3am

bz FIEl, TMELIFE ; mark s =sgrviced
reakpre

bankzgl statua_save

aiwapf status_save, [ ; reatpre STATHS

aiwapf status_save, W
mowvi £ STATIS

swapf w_=mava, [ ; restnre w
awapf w_zmave, w

ratfis
; End pf int_serv
sITITITIIIIITIIIIIIIIITIIIIITIIIIIIIITIIIITIIIITIIIIIIIIINIIINIIIIIII

NN NN RN NN NN
2nd
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17 Control and 10 PIC Software Listing

Beginning below is a listing of the C code used by the PIC on the Controller Board that
performs all the control functions including 10 with the MTP Cabin Computer.
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¥:WHIAPER_ Firmwarg“MIPH_Cpotrpl.o

ff Califprnia Inatitutse pf Techoology

ff  Jer Fropulsipn Labpracpry

/4 MTP_H Cpntrpl. == MTPF Egr HIAFER

/4 Interim Breadbpard Copokrpl Program

/4 Compiled with Hi=-Tech £ in MPLAB ICE

/¢ PRichard F. Dennoinog

ff Version pf 2006/117/2% added "W (1f0)] Epr WD cootrol

Ff VWersipn pf ZO0GFL1FZ27T Baud rate increased top 19200, saviog ~.9
Sgc f cycle

f4 VWermipn gf ZO00&F10/30 includes: [(Arguments arg Ha:x)

ff B (0=%600] =melect channel For syothesi-er. starks at 13550 mheo,
by 0.12% MHz steps

£

/4 I oo = Integrate for oo * 20 msS
¥R = rgad put the counter

Fr

f¥ M1 = rgad all Mux 1 values

ff M Z = rgad " L.

/¥ P = rgad all Platioum channgla
ff 5 = rgad statua:

£ bit 0 = itgg buay

rr bit 1 = Scepper mowving

£F bit 2 = aynlpck = ayntheasizer alarm
fF bit 3 = apars

FF01 GEEEEGE = send String tp Stepper [ART and get responss

ff W = rgturn veraipn date of this program

Ff ¥ == dd ge Ef gg 2tc sends bytes e EE, ste tp EFI ({3=32) aond
repnres

£r any resppnsg = Diagonpacic poly

Ff meRm AR AR RN AR AR AL AL AL AL AL LLLLL ASALL LR LELAEEE L
F/ Ume TMRO, 1 magc interrupt a3 bass Eor RTC ticka (Erom Myke
Fredkn)

ff Hardware Hoptes:

ff PICIAEFETR running at 20 MH- uses HS pacillatpr

ff Extgrnal _MCLE connectipn requirsd (16F276 always haa MOLES)

L

FELLLLEEEEEE e e e e e e e e e e e
finclude <pic.h=
finclude <atdlib.h=
finclude =delay.h> f/ need bopth Eor Ma delays
finclude <delay.cx
finclude <atring.h=
e e e
#f Configuratipn Fuses
#if definsd (_l16FE76)
fwarning PIC1AFETA aslected
_ CONWFIGIOx03F?2); FfF PICIGEFETS Cpofiguratipn Word:
FF 0 __CONFIG(Ox03BIZ2); ff PICIGEFETE Cpnfiguration Word:

1
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Hi“HIAPER_Firmware'MTFH_Control.o

£ - HE facillatpr
£ - Popwer [p Timer On

£ = Watchdpg Timer QFF

£ =~ {pds Frotectipn {EE
felaeg
ferror Unsupported PICmicrp MO aglected
Fendif
Ff e e e e s e s m s s e s m . s m . —————
FEOTTrrrrrrrrrrrrrrrrrreerrr e errrrrerrrrrrrrrrrrrrrrrerrrrrrerre
L L e L e L L
/4 Glpbal Variables
bankl wolatile unsigned ink RTC = Of ff EReal Time Clpock Counter
bankl =tatis shar charry[16]
bankl wolatile bit trialED] @ (un=igned) =TRISC*E«1; ff LED
Fhy=sical Bita
bankl wolatile bit LED]1 @ (unmigned] SPORTCT 8«17
bankl walatile bit erislED? @ (unsigned) &TRISCS+2; f4 LED
Phyzical Bita
bankl walatile bit LEDZ? @ (un=signed] PORTC E+2;
con=t int LEDpon = 1 ff Declare valuga for LED ONSpEE

const int LEDQEE = O
“har pa, pal. pb, po; FF ram copy of ports waluse

un=igned char itemp, temp, temp?, tempd[2);
bankl int iarg[hf];
bankl int iottemp;

char no;

shar Charlnlondex = 0O

shar CmdSering[24] ;

wolatile ohar cmdBRdy;

#har txchar;

shar Char{utlndex = 0;

shar cmdi, mi;

un=dgned int camaak = Ox3FF; /¢ represents the value EFor WO chip
aglgcts actiwve; digitizgr im ack. hi

ffint *pr;

statis bank? ¢har spin(®]. spput[2],. hex[Z%], obyres;
bankl =tatis char Stringfut[ 48]

bank? shar Stringln[lf],. itaave;

fibank? char Scemp[32];

bank? int adcint, adcinth, adeintl; /fdigremp[4]);
ffbank? char mi;
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¥:WHIAPER_ Firmwarg“MIPH_Cpotrpl.o
bank3d int mux [16] ;

sonmt shar veraipn[32] = "MTPH_Cootrol 06/11/2% rEdhrho";

£ 1 234567800 1234567890 123456789 0 12

L e et L
FEOTTrrrrrrrrrrrrrrrrrrerrrrrrerrrrrerrrrrrrrrrrrrrrrrerrrrrrrrrrnn

ff imr mend chr

woldd iputch{unmigned char byee)
I

while( ! THIF] /* met when register iz empty */
ot i
TEREG = byte;

raturn;

ff Serial I/0 primitives

wiodid putchunaignad char byte)
I

while( 'TKIF) /* met when register is empty *f
cront i e
THEREG = byke;

raturn;
t

un= igned char ggtcoh (woadd)

I
.

while (| 'RCIF) F* @gt when register iz opt smpty *F
continue;
raturn RCREG; /* R¥DY and FERR are gpnoe oow */F
t
r
wodd zmik (wodd) 4 bramamit a8 null-terminated string io Striogfut

I

shar temp, i;

io= 0;

while!(temp = Striongfut[i=+]] !'= 0]
Fukch (keme] ;
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i

/Y Intgrrupt Handler
woid interrupt inotrAll_iok (woaid) f4 ALl apurces Ioterrupt
Handler

I
.

if (TOIF) !
TOIF = 0O; /¢ FEResst Interrupt Flag
BT+ ff lncrement the Clpck

ff Put additipnal inoterface code For 1 magc interrupt here

if ((RTC % 5121 == 0]
I

.

ff pos (po &) p fF HQR...Tpggle LED Bit ewery 1024 mascs
£/ PORTC= poj

fipo= (po ~ 41; FY EQR...Tpggle LED Bit gwvery 1024 magca
EORTC= PORTC 4

t
b fF endif

ff end vl services
£

ff uvare rx mervices thia im the 1AFETE [ART, nopt the MAXI1OO0

if (RCIF) ff  Berial Character Received
I
itgme = ROBEEG;
awitoch (ivemp)
I
fcame (Ox08) : ff BackSpace?
if (Charlolndex = 0) ff Yea, and Spmething tp Backspace
I

iputchiitemg] ;
ipukch({ ™ "1
iputch | itemp] ;
Charlnl ndex--;
}
braak;
cang (0x0A] : f4 line Feed, igopre
braak;
camg Ox0d:
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! fFf "Enter"”, End String and Prinok
fy iputchiCharinlodex + B&4); ff tp repore leo of inopuc
Charlnlodex = 0

cmdBRdy = 1/
}
braak;
dafault:
FALE (litemp »>= "a’] && (itemp <= "="]]
Y itemp == (fa’ = "RT]; f4 make capa

Stringln(Charlnlodex] = itemp;
Charlnlndex+=+;
Stringln[Charlnlodex] = "0 ;
iputch (itempE] ;

FITEREG = itempy

}

RCIE = 0 f/ EReset Interrupt Request
b #F endif reif

RCIE = 0O f/ FReset Interrupt Requeat

b ff End Interrupt Hanodler

A e L e
FELLLLEEErrrrrrrrrrrrr e e e e e e e e e e
L e e e L L L
shar ntoxionx) ff cooverts nibble tp asc hex 0=F

shar ox;
I

shar hx [17] = "01234%6789ABCOEE"

reaturn hx [nx]
t
Ff e e e e s e s m s s e s m . s m . —————
FEOTTrrrrrrrrrrrrrrrrrreerrr e errrrrerrrrrrrrrrrrrrrrrerrrrrrerre
Ff e e e e s e s m s s e s m . s m . —————
widd btox(bx) ff coowverts byke b 2 asc digs in hex()

shar bx;
I

hex[0] = okpxii(bx == 4] & Ox0F];

hex[l] = okpxibx &= O=z0F);

hex[2] = %07 ; /¢ terminate the atrinog
} fF gnd btox
L L e
widd lotpxibx) ff conwverta lo nibble of byte to 1 s@ac dig io hex[]

shar bx;
I

hex[0] = obtpxibx & 0x0F) ;

hex[1l] = "»0°; /¢ terminate the strinog
} ff end btox
L R R R R R R R R R R R AR RN R AR RN

&
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L L e L
windd itpxiix) fY convercs integer o 4 asc diga{d)l ino hexl]
int i

-

shar bl, bh;
bl = ix & OxEE; Ff low byee
bh = ({ix == 8] & 0xEE); £f high byes

hex [0] = nepxiibh == 4] & Ox0F);

hex[1] = ntpx(bh & 0x0E];

hex [2] = ntpx((bl => 4] & Ox0F);

hex [3] = ntpx (bl & 0x0FE);

hex [4] = "%0° fF tgrminate the string

} fF end itox

FF mmmm e e
FEoTTrrrrrrrrrrrrrrrrrrerrrrrrerrrrrerrrrrrrrrrrrrrrrrerrrrrrrrrr
L e e e L L L L LT
wadd chr?binichar achr)
I

whar i, j;

atatie shar va[11];

eafd] = "no7y

o= 128;

ta[d] = BT
for (i = 1; 1L < 37 if+=+]

I
if (achr &= j)
ka[i] = "1°7;
elag
ka[i] = 07 ;

Jo= 3 == 1

L

ea[i+l] = © 7,
atrcpyicharry,. kal;

raturn;
t
e e e
FELLLLEEEEr et e e e e e e e et e e e e
L e L T
waid gnablelED() f£F4 Sgr "gLED" accprding to

I

.
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LED] = LEDQEE; ffF Start with LEDz pEE
LEDZ? = LEDGEE;

trialED]l = () ff Make LED] Bit {utput
triaLED? = 0O f£4 Makes LED? Bit Jutpuk

} ff End gnablglLED

fF4 TUART Initialime
ywodd init JART (wodd)

i¥ Enable the USART
THESTA = Ox26;
RCSTA = Ox96;

SPBRG = B4; £/ 19200 bpa @ 20 MHz
ff  SPBRG = 12%9; A 9800 bpa @ 20 MH-
ff ESPBRG = 51; A 9A00 bpa @ 8 MH =
teme = ROEREG; ff clegars RCIF
RCIE = 1) /4 Enable Receiwve lnterrupt
THIE = 0 £/ Disable Tranasmit Inkgrrupt
FEIE = 1; f/ Enable FIE Interrupt Spurces
Charlnlodegx = 3;
raturn;
b ff eod iniclART
L L e L L L L L L L L L
FEALLLLETEErrrrrrrrrrr e e e e e e e e e e e
e e e e
Ff Send spnb bytes to SFI @ SPADD Erom spout[]
wolid SPH (spadd., spnb) ff data is passsed by glpbals apinf)], spout()

¢har spadd, spob;
I
Ghar i;
int spmaak;
==apnb; ff noeed tp Fix thim in ssveral places

PORTA = PORTA | 0x30; A/ Ser all £S5'a High
PORTE = OxFF;
gpmaak = camaak ~ [ 1 << apadd 1; ff exclusive pr: active low

if (apadd == 7]

I
PORTE = apmaak & 0xFF; £ low byee, ca 0=7
PORTA = PORTA | 0x30;

4

if (@padd == )
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I
FORTE = 0xFF;

PORTA = PORTA & OxEE;
}

if (@padd == %)
I
PORTE = 0xFF;
FORTA = FORTA & 0OxDF;
}

for (i = 1; i <= apob; i+=)
I
SSPIF = 0 £/ eclear Elag
SSPBUF = spput [1] ) ff =Zet data tp be =ent
while(!5S5PIF) sontinue; /7 wait Epr buflfer top be emptied
while ('STAT BF) continuds;
apinf[i = 1] = SSPBUF; ff get received data

ff 1BFEE zeema to need OS5 tp risme after gach chr
if (@padd == 0]
I
PORTE = OxFF; fiepggle ©50 berwsen chra
Celayla(20] ¢
PORTEB = OxFE;
}
} £ end Epr

ff Rerurn tp all ©5'a pff

PORTRB = OxFF; Ff lpw byee, ca 0=7
FORTA = PORTA | Ox30; ff high byte, ca H&d
}
ff end SPE

/4 Beport o chara Erpm apinl]
woid reppreinob)
shar nb;

{

shar ri;
nb- -
nb= = ;

FF atrepy(Stringfut, "h“rin"); fF return string started io Omd Ioterp.
btoxiiarg[0]];

atrcat (Seringfue, hex) [

btoxiiarg[l]];

atrcat (Seringfue, hex) [
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strecat (Seringfue, =)

for [ ri o= 0; ri <= (ob = 117 ri++]
I

btox (apin[ril) ;

strcat (Seringluk, hex);

strcat (Seringlue, " ")

4

strcat(StringQue, "hrho"l;
®mik (] ;

}
ff end repore

FF/ Wait Epr datardy from integrator
Ffvpid waitikgl)

f£r1

Ff while((PORTC & 1) !'= 1);

fr}

/¢ End pf waitiktg

£
FACLLLLEErrrrrrrrrrrrrrrrrrrrrrrr e e e e e e e
thar paracmd (woid) f/ Parsea CmdString, putting all #a inkg iargll
/4 returns oumber of arga Found
I
whar cmdlen. i, j; ff lpc in comdi, =subaker §

cmdlen = atrlen(CmdSeringl;

for(i=0; i< cmdlen; i++)

I

AfCmdSeringl[i]l < 071 ffF Firat tgrminate sub=atrinoga
CmdString[i] = 0Of
}
-0y
forii=0; i < cmdlen; i==+]
I
SfiCmdSering[i] == 0] f# gwvavate the sub=z3trings
I
iarglj] = atpi(CmdSering + i + 1]
j-v-q-;
}
}
rgturn 37
} /Y end parscmd

#har vartat (=har uat)
I

.

gapput [1] = Oxa0;
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appuk [Z2] = 0O
SPE(T,. 3. fY inpur goes tp spinld] aod [1]

raturn apin(0] & OxB0;

L L
ff EolART
wodd eollART () ff mends cmdatring(after init chr) tp Stepper ART
I
shar ruir
appub[1] = Qx4 f/ irg pn rev For diagnpatic
appukb [2] = Ox0A; S/ cpnfig. baud =3R00 wfl . B347 xtal, | stop bit
=] o B // spadd, apnb
DelayMaid);
sppub[l] = OxB4; ff =er RTS, op tranamiszion yet
apouk [2] = Ox00;
SRE(Y, 31 // spadd, apnb
DElayMEfjl;
gpput[l] = OxB0;
foaritui = 1; kui <= (atrleniCmdSeringl-11; tui++] /¢ akip lgading chr.
I
apput [2] = CmdStriong[euil;
SPE(T, 3); FISPE(T, 2); need tp Fix these
DelayMaild] ; ff wait Epr redf3 tranamission
}
spouE [2]=13; fiadd CR
SEE(T, 3
DelayMail0); ff wait Fpr radB8%5 rransmisaion
ff spout[@]=10; ffadd LF
Ff BPE(T, d1;
Ff DelayMailo); Ff wait for ra485 tranamissipn
spputb[l] = Ox26&; /4 Felgaag RTS
sppuk [2] = 0O
SPE(T, 3
appub[1] = Qx4 S/ irg bit po rew chr.
gpput[2] = Ox0s; ff cpnfig. beaud =3600 wfl . 8347 xeal, 1 stop bit
SPH(T, 31 ff spadd, apnb
DelayMa(l0); Ff aceually -3 mS

b fF end pf eQlART
Ff ErlART

10
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wodd ErllART () f£f geta [ART string EromStepper [ART

I
.

shar uat, epa, Erdx, di;

Ff orrrrrrrrrrr i fonpek [JART gtakugt trrrrrrTrrrrrrEr AT n R e
epa = O;

ff%tringdut haz been started with "“rostep:"” in omd decpder
Erdx = atrleniStringfut) ;

whilei(gpa == 0] f4 uneil gend pE actring

I

n

while (uae == 01 fF wait Eopr row chr
I

uszt = uarksk(uak];
Celaylaill]; i
} ff end pf whilgiuat == (]

£ ger chr

appuk [1] = 0O
appuk [2] = 0O
SPE(T,. d1;
£ FORTC = PORTC | 15
£F DelayMaill; Ff sceually ~.3 mS

foaridi = 0; di < 7; di==+]
Celaylai?l4a); Ff gatimated best for o = 7 = 0.%36 mS
£f DelayUaiZ00); ff7 pE thess = 0.% mS 2006710704
ff B bad, 7. % gopd, 9 bad

Ff 0 PORTC = PORTT & OxFE;

awitehiapinll])l fF Allmption cpontroller sends FETX" (= chri(3d]) at er
I

Game 3
ffepa = 1;
braak;

camg Ox0D:
frepa = 1;
braak;

sase Ox0h:
gga = 1;
braak;

default:
Stringbut[frdx] = apinll];
Erdx+=+;
Af(Frdx > 45) Frdx = 45;
braak;

} ff end pf switch

11
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} ff end pf while(epa == 0]

sppub[l] = OxC4; /4 irqg biv po rew chr.

sppuk [2] = Oxdh; ff config. baud =%600 wfl . 8347 xeal
SEH(Y, d1 s /f =spadd, apob

DelayMaill);

f4 got complete string oow
Skringfuk [Erdx] = 0 // berminate =string

/f gnd pEF ErllART

£f

fF ustat
wodid uatat (wodd)

I
.

4

fF ger Stepper ART atatua
stropy(Stringfue, "hrhof:");
spoub[1] = Oxd4l;
sppuk [2]= 00;
SRE(Y, 31
btox (apin (0]
strcat (Scringiue, hex) )
brox lapinfl]];
strcat (Stringuk, hex)l

atreat(Stringfut, "Wrio") )
¥mik (][

ff end pfF uacac

rf
£

£
£
i
i
i
i

regversge bit prder in an intgger
int reverse (un=igned int x)

I

unsigned ink h o= 0

int i = 07

forih = i = 0; i < l&B; i+=+]
I

.

h = [ha<l]=+ (% & 11/
% owE= 1
}
raturn h;
}
end pf reveras
terrerrerrrrrrerererererrrerrrrrrrrrrrrrrrrererr e rrrrrrrrnd
terrrrrerrrrrrerererererererrrrrrrrrrr et ererr e rrrrrrrrnd
terrrrrerrrrrrerererererrrerrrrrrrrrrrrrrrrererr e rrrrrerrnd

ainling

S
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wodd maioiwodd)

I
.

i

Temelate Mainlios

pg. 29 16FE76 manual

4, 5% are chip =electa ¥, %, 0=3 Flags inopuka, ¢

FB all putputs

(=M.D., put , 1, ? apare (LED pr 77)
£, 7 UART bita (pg ©25)

C5'a hi

FEgagt the Timer Fpr Start
Ammiqn Frescaler tp THMRO
Ammigqn Prescaler kg THMRO
Frgacaler ia /98

Enable Timer Interrupks
Enzable Timer

Dimable Timer Interrupts
Dimable Timer

Dizmable ADC =

clk

o, prescale = 4

oprmal SPI ratg - 330 KH=/1.5us

16 clpcka = 3.12% us = 150 KH=

B4 clpockas = 50 ws highflpw = 10 EHz Syoth.
128 clpoks = 20 EHz

theasg arg all II{ bica

turn pert pEf vil ser-up

Oy

0010 = ckp=0,z3apen=l,master, 1/64 clk
0010 = ckps(,aspen=l,master, 1716 clk
0011 = * " " , Emr? ol

Enable Inoterruptsa

/4 hardware interface initiali-atipn
Ff 0 ADCONL = Oxie; i
TRISA = OBOOOO1111; i
TRISEB = 0 £
TRISC = 0=xD0; I
if
PORTA = Ox3F; £
PORTE = OxFF;
TMED = 0F I8
Ff QFTION = 0xD1; £
QPTION = Ox02; I
£r
TOIE = 1; £
TOCS = 0f i
Ff TOIE = 0Of £
FfOTOCE = 1g i
fres
init UART ()
CCPLIOON = 0O
fr
ADCOND = 0Of i
ADCONL = Ox06;
Ff Serup Timer? For ume as 5FI
T2CON = 0x05; L
PRZ = O0Ox0l; I
Ff PRZ = 0Ox10; I
ff PRZ = Oxad; I
f4 PRZE = OxBO; i
fFf Sertup the S5F Epr SPI
SEPCONE = 0Of I
SEPEN = 0O £
SEPSTAT = 0xail; i
F4 SSRCOM = OBOO10G010; £
FF 0 BERCON = ObOO100001 £
SERCOM = OBOOLOO0LL; i
k
£
GIE = 1; £
Ff GIE = 0Of £

Dimable Interrupts

Jr'-lr'*******************************************************

rf

13

pnly



The HIAPER MTP Design Package (JPL Proprietary)

¥:WHIAPER_ Firmwarg“MIPH_Cpotrpl.o

Jr'-lr'*******************************************************

stropy (feringfue, wersipnl; £ send version as lopgon
xmik (]

Skringln[0] = :

Charlnlodegx = 0O

while (1 == 11 /f Loop forever
I

f4 Command ioterpreter
Sf(cmdRdy )
1
atrcpy (CmdSering, Stringlol;
Stringlo[d] = H ff gEfectively Erase Stringln

mwiteh (CmdString(0] ) FF Should bg Eirat chr pfE cmd

I
n

cang : £ develppment diagonpatic
atreopy (Stringfuk, "hriofo"t) g f4 atart the return atriog
n = paracmd( ] /¢ parses inputi intg @3 many #'3 as i
pb =(shar) iarg[0]; ff Firat oumber after "A"
brgx(pb) ; £ cpow bp hexd

acrcat (Seringfue, hex) ;
atrcat (Seringfue, " "1
PORTR = pb; £ Stick all ¥ bita intg FB

n =(shar) iargll] /¢ agcpnd number afrter "A"
bBroxinl ; ff coov b hexd

strcak (Skringfue, hex) |

acrcat (Seringfue, " "1

n = o & O0x03; /¢4 mask pFE unused bita
pa = PORTA; f4 ger current PORTA walus
pa = pa & OxBC; £ maak pEf pur bita
pa = pa | o; £ proit ino
PORTA = pa;
atrcat (Stringimt, "“ro"l;
xmik ]
braak;
ame

atropy (Stringlue, "hrhoF");
n = paracmd( ] ff perses inputd intp @3 maoy &3 @z ic Ei
ff Freq. number in iarg[0] oow

inttemz = iarg[0] << 2; fY pad twn lab 03 bp make 14
inttempe = reverse (inttempl ; ff Synth. needs lab First
apput[l] = (iottemp == 2]

apput[?] = (inottemp & OxFF) ;

n = 4;

14
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FRZ = Oxd4; ff BB clpoka = 18 EH-/55uS Epr aynth.

nbytea = oy
SPE(A, nl; ff apadd = &

PR2 = 0x01; fF back tp oprmal SPI rate -~ BAD RHo/
1.5%us

icgxiiarg[0] 1
strcatk (Skringfuk, hex) ;
atrecat (Stringfuk, "\rhwo"l;

xmik (] ;
braak;

Gane : £ "I 10" =mgnds integratipn omd bo 16FE® integ.
atrepy (Stringfut, "hrhol");
n = paracmd( ] ; Ff/ parses input$ intg as many &3 =3 it Fi
n o= 4;
apput[l] = H ff put apli top 1AERE

apput [?] =(shar) iarg[0];

itmave = (char) iarg(0]; ff =ave tp put in ‘R° reappose
nbytea = o

SPE(O, nl; f4 apadd = 0O

broxiiargld] 1,
strcak (Skringfue, hex) |
atrcat (Stringfuk, "\rho"l;

xmik (] ;
firepore(nbytea) ;
braak;
cang : ff read gng. mux iargld)
atropy (Stringlue, "hrhoM');
n = paracmd( ] ff perses inputd intp @3 maoy &3 @z ic Ei

brtox(iarg[d] ],
atrcat (Stringfuk, hex)
atrcat (Seringfue, ":o')

forimi = 0; mi<¥@; mi++)
I

ffaelect channel

apout[l] = 0LIOOOLL11;

apput[l] = apput[l] | (mi << 41; f¢f maxzl®s cobtrl word includes
fY apx gpes Erom spouk [l] E@...

apout[2] = 0

apput[3] = 0,

nbytes = 4; ff currently needs nbyega+l
SPEiiarg(d], nbyrea);

ff now right justify ko 12 bika

15
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adcinth = apin(l]
adcintl = apinl?]
adcint = [(adcinkh
apinl[?] = (&har)

LT
i

| adeinkl) /8;

adcink & OxEE;

adcint= adcint/256;

apin(l] = i¢har)

lotpxiapinll]];
atrcak (Stringiuk,
bErtox(apinl?] ],
strcak [ Stringiuk,
strcak [ Skringiuk,
}
atrcak ([ Stringiuk,
xmik (] ;

braak;

atropy (Skringlfuk,
n = pargcmd( |/
if(igarg[0]==1]

PORTC=FPRETC |
alas

PORTC=PORTC &
broxiiargld] 1,
strcak [ Skringiuk,
strcak [ Skringiuk,
xmik (] ;

braak;

atreopy (Stringduk,
forimi = 0; mi<®;

I
n

ffaelect chanonel

appub[1] = (1 << mil;

adcint & Ox0F;

ff juat the lpw nibble iz =igonificant
hex) ;

hexl ;

oy

"yrhn

ands : AW (101" NLD. OnfOEE

I!'\‘.r\“. nN Il] ;
ff perses inputd intp @3 maoy &3 @z ic Ei

1;
254,

hex) ;
u\\.r\\.nu] ;

ff read Pomax iarg[0]

"wrhoPr:c")l; ff Beturn full pt omuox
Mis=+ ]

fF maxdi® umes pne-pf=gight addresainc
fF Bpx gpea Erom apput[1l] kp. ..

nbyrea = 2; f/ currently nesds obytess+l
SP¥i4, nbyteal; S/ CF 4 = pt omux

ff read adc
Celayla(10) ;
apgub[1] = 144;
apout[2] = 0
apput[3] = 0,

SPE(3, 4)1; fF cooverzion goes intg apin(l, 2]

ff now right justify ko 12 bika
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adcinth = apin(l]
adcintl = apinl?]
(adcinkh
(#har)

adcint =
apinl[?] =

LT
i

| adeinkl) /8;

adcink & OxEE;

adcint= adcint/256;

apin(l] = i¢har)
lotpxiapinll]];
atrcak (Stringiuk,
bBrox{apin[2]1;
strcak [ Stringiuk,
strcak [ Skringiuk,
}
strcak [ Skringiuk,
xmik (]

braak;

and
atropy (Skringlfuk,
n = pargcmd( |/
n = h;
brpxiicaave] ;
atrcak (Seringiuk,
strcak (Seringiuk,

appuk[1l] = h
for [(emdi=2; comdi
I

L

adcint & Ox0F;

1
hex) ;

juat the

hexl ;

oy

"yrhn

ff return Integration cpunt,
ff BReturn Cpunt
fF get SPI addr iotp iargl0)
4 this im thg noumber tp return iocl.
fF ger the integratipn time last uzed

"""._r\'\._ anl] ;

hex) ;

oy

cmdi+=] ff Epr

<oy

low nibble ia significant

"Riic"™ + 3 bytes mab Fire

g

lpopp builds up sppui[] =

sppuk [cmdi] = 0; ff thess are dummy byres tp push data pur

}
nbytea = no;
SPE(0, nl;

forjcmdi = 2; cmdi <

I

[nbytga=11;

btoxiapin(emdi] ]

atrcat (String{uk,

}
atrcatk (Seringiuk,
®mik (]

braak;

ramd
atrcopy (Skringlfuk,

hex)

et o'

/4 rerurn status;
"hweWnSTi™1; S/ made

cmdi++]

rcl = datardy rcZ = bias

"ST" kp dif. Erpm Echp =

brox (PORTA & 0BOOO0OL11); #/F was porkc bil 06710716 rfd

strcak [ Skringiuk,
strcak [ Skringiuk,
xmik (] ;
braak;

104
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cang : ff Srring tp Scepper UART
atreopy (Stringfue, "hriolc™)
atrcat (Seringime, CmdSering) ;
atrcat (Stringfuk, "\rho"l;

xmit{]l; ff =mend echp stc.

atreopy (Stringluk, "Step:i"l;

E@UART (1 /F mend cmdatring to Stepper UART

ErUART (] ; /7 Get Stepper responae strcac'd btp Stringd

atrecat (Stringfuk, "\rhwo"l;
xmik (] ;
braak;

cans : ff werasipn date
atrepy (Stringfut, "hrloVerasiopn:");
strcat (Skringfuk, wersipn);

xmik (]
braak;

amg ; fF 0 "H 0] dd ddd d" sgnds dec. noumbers byte by byte kg
n = pargcmd(l; ff parses inputd intp 33 many §'a

for (emdi=1l; cmdi < n; emdi++) // Fpr loop builds up spout[] =
I

apput [cmdi] = (shar) iarglemdi];
btoxiapput [cmdi] ] ; fFf copnv kp hexb
}
nbytea = no;
SPE(iargl[0], nl; ff Firac number afrer "¥" = apadd

repnre (nbytea) ;
braak;

default:

atrepy (Stringfut, "“rholokopwo cmdhrha")l;
xmik (]
break;

cmdBdy = 0Of

ffwhilgiaerlen(Stringfue] = 4)1; f/ wait here Fpr buffer tp be asot
gtrcat (Stringfut, CmdStringl; fF this prinots put the last command
}

b fF endwhile

ff**w********w***x**r***x***xr*w******r*w******r*w*x***xr
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} ff End pf Mainline
AETLrrrrrrrrrrrrrrrrr e e e e e e e e e e
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