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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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Acronyms and Abbreviations 
 
AC  alternating current 
COTS  commercial off the shelf 
DC  direct current 
DFS  Design and Fabrication Services 
DIP  dual inline package 
DMT  Droplet Measurement Technologies 
DSB  double side band 
DSM  Data Sampling Module 
EOL  Earth Observing Laboratory 
FAA  Federal Aviation Administration 
FPC  Flat Panel Computer 
GHz  gigahertz 
HDPE  high-density polyethylene 
HIAPER High-performance Instrumented Airborne Platform for Environmental 

Research 
ID  inside diameter 
IF  intermediate frequency 
IO  input and output 
IWGADTS Interagency Working Group for Airborne Data and Telecommunications 

Systems 
JPL  Jet Propulsion Laboratory 
LED  light emitting diode 
LO  local oscillator 
MHz  megahertz 
MTP  Microwave Temperature Profiler 
NASA  National Aeronautics and Space Administration 
NCAR  National Center for Atmospheric Research 
NTP  Network Time Protocol 
OMT  orthomode transducer 
PCB  printed circuit board 
PIC  programmable integrated circuit 
RF  radio frequency 
RTD  resistive temperature detector 
SPDB  Secondary Power Distribution Box 
SPDDB Secondary Power Distribution Drop Box 
SPI  Serial Peripheral Interface 
UCAR  University Corporation for Atmospheric Research 
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Figure 1-1. The NASA DC-8 MTP mounted 
in an unused window. 
 

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 
can be found in Appendix A. 

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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Figure 1-3. The HIAPER MTP is mounted on the 
front of a 6-inch diameter (ID) DMT canister. 

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.  
 
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) 
window to protect it from the 
elements.  
 
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 

 
Figure 1-2. The MTP Sensor Unit (left) and Data 

Unit (right) used on all platforms except the DC-8. 
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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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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. 
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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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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 

 
 
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. 
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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 
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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 
 

 

 

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. 

 
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. 
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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. 

 
Figure 3-3. The HIAPER MTP window with orthogonal anti-reflection groove detail inset. 
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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 ¼ 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. 

 
Figure 3-4. ER-2 Sensor Unit #2 is shown enclosed in ¼” 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. 
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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. 

 
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. 



The HIAPER MTP Design Package (JPL Proprietary) 
 

12 
 

 

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.  

 
Figure 3-6. Lin Engineering CE-5718M stepper motor. 
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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. 
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Figure 3-7. Schematic layout of the hardware on the HIAPER MTP radiometer plate. 
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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 IO 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. 
 

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



The HIAPER MTP Design Package (JPL Proprietary) 
 

15 
 

 

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”. 

 
Figure 3-9. Giga-tronics/Microsource, Inc., Frequency synthesizer.  
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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  –15 V @ 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. 
 

 
Figure 3-10. A typical Acopian  power supply. All the DC power supplies have the 

same footprint (lowest drawing), but they have different heights (H). 
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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 
(1U). 
 

 

3.2.1 Rack-mounted Computer  

Source: COTS from General Technics. 
Model:  1U ATX-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.  

 
Figure 3-10. MTP General Technics Cabin Computer 1U enclosure. 
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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 lb (9.5 kg). The enclosure is heavy-duty steel with ball bearing rack 
slides. The drawer is lockable. 

 
Figure 3-10. HIAPER MTP 1U keyboard and display drawer. 
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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. 
 

 
Figure 3-11. Layout of the Power and Status Interface 
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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 
Mounting Hardware 

N EOL/DFS build 

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 

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). 
 

 
Figure 4-1. Mil Spec 3320 circuit breaker. 
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Acopian 
Model 

PS 
No. 

DC Voltage 
(volts) 

DC Current 
(amps) 

DC Power 
(watts) 

115 VAC 60 Hz  
(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

o
C to + 200

o
C 

 
Mil-W-22759/16 
Insulation:   Ethylene-Tetrafluoroethylene (ETFE) 
Conductor:  Tin Plated Copper 
Voltage Rating:  600 Volts 
Temperature:   150

o
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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Fairing Removed 
 

 
Top 

 
Back (Front Rotated 180) 

 
Front 

 
Bottom (Top Rotated 180) 
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Transparent 
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Bottom (Top Rotated 180) 
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Solid 
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Nose 
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Tail 
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6 Software Description 
The MTP software can be categorized into three broad categories:  

 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),  

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

 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 IO 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 IO 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 (O2) 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 O2 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 kinetic/physical 
temperature of the molecules, which they are.) The height above the aircraft 
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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. 
 
 

 
Figure 9-1. MTP measurement illustration. 
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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. 

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 

 
Figure 10-1. The molecular-oxygen absorption spectrum at altitudes from 0 to 20 km. 
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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. 

 
Figure 10-2. NASA ER-2 IF filter measurement and model points, with upper and 

lower sidebands superimposed. 
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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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Mixer DSB Noise Figure 4.0 dB 4.0 dB

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

 

 

 

 

 

 

 

 

 

 

 

 
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 
notch). 
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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, r - 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:  
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is the square root of the product of the relative permittivity ( r) and the relative 

permeability ( r), 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, o is the permittivity of free space, and re and im 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-

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 im 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( ), instead of im to represent 

the absorption. In terms of the loss tangent, im can be written: im = re tan( ).  

 

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 re = n
2
 - k

2
 and im = 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 im of 4.5 

10
-6

  5.0 10
-6

 at 50 GHz (and only 50% worse at 183 GHz).  As is clear in Figure C-1, 
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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 

 

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 (polyethylene)   HRSI (high-temperature surface insulation) 
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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://www.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). 



The HIAPER MTP Design Package (JPL Proprietary) 
 

46 
 

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. 
 

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. 

 
Figure 12-1. The MTP-H Temperature Controller board (show much oversized). 
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Figure 12-2. Schematic drawing of the temperature controller. 
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13 The MTP-H Controller Board Drawings 
  

13.1 Sheet 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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13.2 Sheet 2 - PIC Control & IO 
 
A pair of 75176 differential transceivers, U1 & 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 I/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 (UART1, 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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13.3 Sheet 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 VFC1, an Analog Devices AD654. IA2 
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. 
 

13.4 Sheet 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 0 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. 
 

13.5 Sheet 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 0 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. 
 

13.7 Sheet 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. 
 

13.8 Sheet 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 VDC 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 TB1 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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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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17 Control and IO 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 IO with the MTP Cabin Computer. 
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