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1 Project Summary


The Arthur/Berry/Orr team (hereafter, “team”) has addressed the lack of a configurable and modular telemetry system aboard the UAH BalloonSat high-altitude balloon payload.


The team has constructed a device that meets the BalloonSat team's general requirements for a reusable telemetry device that can be used in sampling analog data from BalloonSat payloads and relaying it back to a ground-based stationary or mobile telemetry receiver.


The device is robust, reliable, and has been field-tested. The device relays telemetry using standard amateur packet radio technology. The relayed data can be decoded using any standard packet radio receiving rig. Parsing and display of data can be performed with a custom software package or alternatively in coordination with ground station software developed by the team.


The device exceeded the design goals with respect to size, weight, and power consumption; however, due to scheduling constraints and unforseen performance problems, not all performance aspects of the original design were realized. The device is not highly configurable and does not relay data at a speed as high as originally anticipated; however, these goals might be acheived in the future given enough time to complete additional work on the project.


Real-world flight testing of the system may be considered a success. Two test flights were completed. The first flight test was a total success; the team's module continued to operate when all other systems on the payload had either stopped functioning or otherwise were unusable. The second flight test yielded limited data; however, the team's module still performed better than expected considering the state of the remainder of the payload, which was tragically lost after its location and recovery systems failed in-flight.

1.1 Accomplishments

Despite operating on a compressed schedule due to the advancement of the flight dates, the team was able to produce a module whose performance was more than adequate for the task at hand. 


- The device samples up to eight channels of data concurrently using interrupt-driven operation. The data sampling period is constant among sample groups.


- When configured for four-channel operation, the device transmits all four samples in a compact ASCII format about once every 550 ms, depending on the set-up time required by the radio transmitter. The ASCII format greatly simplifies data decoding and analysis, and requires minimal additional transmit overhead compared to the radio set-up time.


- The device is enclosed in a robust aluminum enclosure with access cuts milled by hand. The enclosure is lightweight and compact but was able to withstand the shock of an off-nominal return to earth during actual flight testing. Its contents continued to operate despite the mechanical stress.


- The entire package's current requirements do not exceed 200 mA @ 5 VDC during transmit, limiting peak power requirements to 1 watt. The microcontroller package itself does not draw more than 15 mA @ 5 VDC under normal operation.

1.2 Performance


The team encountered several obstacles to producing a design which met the performance specifications of the original proposal. These involved the following:


- The test flight date was moved back one week. The team was able to produce a working set of prototypes for the test flight, albeit with relaxed performance capabilities.


- The HC08 microcontroller selected was severely limited in memory. The next best microcontroller in the Freescale product line was only available in non-DIP packaging. Non-DIP packaging could not be accommodated by the available PCB fabrication facilities within reasonable time constraints.


- The HC08 microcontroller selected had only a single timer with two channels, which made interrupt-driven timed events very difficult to implement.


- The ported FSK routine(s) derived from the OpenTracker project were not interrupt-driven. Although not an issue for the low data rates seen with the OpenTracker application, this prevented the team from sampling data during transmission. This decreased the total data rate. Re-writing the FSK routine for interrupt-driven operation would be a major undertaking and time did not allow.

2 Hardware

2.1 Flight Hardware (Data Sampling and Encoding Unit)


Flight hardware consists of a microcontroller, input clamp circuits, and necessary support electronics. Design components relevant to this module include the circuit design, PCB layout, mechanical design, and interfacing with the COTS radio module. Design drawings may be found in Appendix A. The hardware design is complete and no additional development is necessary. Only one minor post-prototype design change was necessary after it was discovered that the radio interface circuit had been incorrectly designed. This change was incorporated into the latest design documents so that they may be employed in the production of additional telemetry modules as the need arises.


Although the hardware design supports it, time did not allow for the development of an in-circuit programming system that incorporated serial access to the microcontroller while integrated into the prototype. Hence, a design for a separate programming circuit that was originally constructed for programming of the prototypes is included for reference.

2.2 COTS Radio Adaptation


The Alinco DJ-C7 units are fully integrated with the telemetry modules. Considerable iterative testing was performed to determine the exact parameters necessary for controlling the radios, especially concerning push-to-talk (PTT) setup time, which was determined to be about 350 ms (minimum). 


This delay is necessary to allow the radio to stabilize in transmit mode and to allow the receiving radio to lock on to and begin demodulating the incoming radio transmission. This delay was found to be the major performance limiting factor in our final design, considering that 50% to 70% of the total available cycle time is spent enabling and disabling the radio transmitter. Production of a software build that caused the radio to lock into a constant transmit state was discussed, but such a configuration would have considerable implications for power consumption when compared to the relatively light duty cycle of the existing implementation. Furthermore, locking the radio in transmit has implications for regulatory compliance.

2.3 Software

        The project design originally included three software applications:  the microcontroller firmware, the configuration application, and the data decoding software. Since serial in-circuit programming was not implemented, the configuration application was not completed. The majority of available development time was spent adding features to and debugging the firmware. 


Late in the firmware development, after news was received of the imminent flight date, the decision was made to do binary-to-ASCII (hex) conversion on the flight module itself. This greatly simplified the decoding task on the ground. Despite the limited formatting and flexibility offered by this method, it functioned extremely well and the table lookup method implemented in the firmware was fast and introduced no measurable performance penalty. Since a majority of the cycle time during transmit is spent keying the radio, the additional byte of data transmitted per channel added no significant overhead.


The resultant firmware can be configured to transmit up to eight channels if so desired. The last channel to be transmitted is defined in a compiler directive; if eight-channel operation is necessary, the source may be recompiled and re-flashed to the microcontroller. Eight channel operation does noticeably reduce the transmit rate, however, perhaps reducing the sampling period to about 800 ms.

2.3.1 Microcontroller Firmware

        Final design specifications for the existing firmware were derived from the codebase:

        1.  One general-purpose pin is used as a status LED.  This LED may be turned off, turned on, or blinked. The firmware generally enables the LED during a packet transmission and disables the LED upon the end of the transmission.

        2.  Up to eight pins are available for data input.  All are analog inputs, and must be configured in a contiguous group. 

        3. The sampling routine retrieves each converted value from the onboard ADC as a one-byte value representing 20 mV incremental steps. This byte value is converted into a two-byte ASCII hexadecimal character string that is then encoded by the FSK routine and modulated onto a timer output pin using a pulse-width-modulation method in conjunction with a static sine lookup table.

        4.  The sampling rate is constant for all configured channels, and is the maximum rate available given the configured PTT delay and the time necessary to transmit the packet over the air.

        5.  Analog-to-digital conversion always takes place at the ADC's native resolution of 8 bits.

        6.  The ADC is very fast compared to the time taken to initiate PTT and to transmit a frame; therefore, data sampling takes place in one short batch between transmitted frames. Limited buffering is performed but due to the nature of the FSK routine no buffering may be performed during transmit.

        7.  The microcontroller maintains a flight-duration timer while it is operating.  After this timer reaches a pre-configured time, the microcontroller will de-assert PTT and halt. Halt functionality was tested and results in the microcontroller entering a low-power state after disabling all interrupts that may cause an eventual system reset. The device halts after transmitting approximately 28K packets. The shutdown counter's final value may be reconfigured in the source by modifying a compiler directive.

3.1. Testing


The detailed test plan included testing of various requirements as set forth in the project proposal, to include:

1. Functionality testing of the microcontroller and support hardware.


Immediately following hardware prototype construction, test code was written and flashed onto the microcontroller in order to provide basic test facilities. Design goals for this small monolithic test code included:

· Sense and acknowledge a voltage at each of the input ports

· Provide sine wave synthesis of a static test tone

· Demonstrate basic interrupt-driven timer functionality


Extensive in-lab troubleshooting took place after the implementation of this code in an attempt to determine why the oscilloscope's readout of the sine tones generated via the PWM method were very much unlike what a reasonable engineer considers a sine wave might look like. It was later discovered through simply listening to the output with an audio amplifier that the PWM method was, in fact, generating the correct tones. The output contained so much high-frequency noise that the oscilloscope was unable to sync and lock to the output and display it properly. The introduction of an audio amplifier acted as a low-pass filter and resulted in a clean sine tone emerging from a seemingly incoherent mess of pulse-width-modulated output from the microcontroller's timer output pin.


The final tests performed by this code were a success.

2. Integration testing with the Terminal Node Controller (TNC).


Extensive testing was performed that involved connecting the audio output of the data sampling and encoding unit to the TNC's audio input and attempting packet decoding. Determining frequency drift was unnecessary as the receiving TNC immediately locked to and decoded the transmission after the correct HDLC link header information was transmitted. This procedure also occupied considerable troubleshooting time on the part of the team. 

3. Integration testing using the BalloonSat teams' power supply and data sources.


The static configuration for the transmission of four analog channels (a minimum requirement as expressed by the BalloonSat team) was extensively tested from basic TNC decoding up through a complete integration test with the EE team's power supply and sensor outputs. The performance of the device was adequate. The sensor values were properly decoded and verified to be in accordance with the expectations of the payload designers.

4. Reliable encoding of the sampled data fields and the effectiveness of error detection.


Error detection was handled inherently via the HDLC FCS (Frame Check Sequence). Errors in the packet resulted in the TNC's failure to decode the packet. Since no error correction method was explored, no error injection/correction situations were tested.

5. AX.25 and AFSK encoding of the binary data stream.


Correct encoding of the sampled data was carefully verified with a long and tedious ADC calibration sequence performed during end-to-end testing.

6. Transmission of the AX.25 data stream over-air.


As discussed above, a series of end-to-end tests involving actual radio transmission and reception of real data were conducted. These tests also involved ADC calibration. Alignment of the ADC calibration results with expected results confirmed the proper operation of both the ADC hardware and the encoding, transmission, and decoding systems.

7. Decoding of the sampled data fields by the ground station software.


The ground station software successfully decoded a sample input file created by hand to replicate an actual log of packet data.  The test results were reinforced with actual data taken during the ground test; the files captured during this test were also successfully decoded.

8. Recording of the decoded data to disk and display of received data.


For the test phases of the project and the test flight(s), the ASCII data was logged to a text file using a standard terminal application. Parsing of the data was performed by the ground station software after the sampling run and the data was graphed and analyzed.

9. Verification that module power requirements do not exceed specifications.


Prototype hardware operating under normal conditions was carefully monitored throughout development, and was found not to exceed 1 watt of peak power consumption during normal operation.

10. Verification of response to external temperature extremes.


Time did not permit testing of the module's reaction to temperature extremes in a controlled environment on the ground; however, the test flight(s) did verify that the module continued to function normally when subjected to extreme temperatures. Although calibration data was not available from EE team that provided the temperature sensor input to the telemetry module during the first test flight, it is believed that the module experienced temperatures as low as 250K for a duration of up to one hour with no ill effects detected.

3.2 Test Flights


The team was informed with approximately two weeks' notice that the flight date of the first test flight, Orion I, had been pushed forward approximately one week from the 15th of April to the 8th of April. This flight therefore became more of a test and development flight for the team rather than a production prototype flight. The BalloonSat team was aware of our status and decided to go ahead with a test flight rather than wait until a second flight to fly the team's module.

3.2.1 Orion-I


Orion-I flew on 9 April 2006. Launch occurred from the NSSTC in Huntsville, Alabama at approximately 10:50 CST, with burst and descent occurring at around 12:12 CST.


The payload was recovered in the Macedonia community of Jackson County, Alabama on CR 49, just across the line from DeKalb County, at approximately 16:30 CST.


The landing site was within 15 km of the predicted landing site. APRS data from the EE GPS location package failed as the payload proceeded over the Tennessee river to the south, so recovery was accomplished by direction finding the telemetry signal from the CPE team's telemetry module. Once close, a low-power audio beacon on the payload was used for location. Although the telemetry signal was not designed for use as a radiolocation beacon, it served well in this role.


The landing site was 63 km from the launch site. The actual path taken by the balloon covered about 80 km.


During the flight, the CPE module experienced an estimated altitude exceeding 20 km, reaching temperatures below 250K. The CPE module continued to operate normally throughout the flight, despite brief data loss due to tumbling after the balloon burst.
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In the above plot, Analog channels 0 and 1 are accelerometer channels; Analog 2 is a temperature sensor, and Analog 3 is the gyroscope.


The launch occurred shortly before 10:50 CST. The decrease temperature is immediately noticable; it stabilizes about one hour into the flight. The temperature reading can be seen to rise again around 12:05 CST; this may be attributed to passing through a layer of warmer air during ascent.


Between 12:11:17 CST and 12:12:12 CST, no data was received. When the signal returned, the data was highly anomalous. It is believed that the balloon burst at some time during this period (the ground-commanded cut-down device failed to release the payload before burst). The data loss is believed to be caused by tumbling, as evidenced by the limited gyroscope data. The temperature again increases as the payload approaches the earth's surface.


The data signal was lost at 12:22:52 CST after the payload became too low to the ground to copy. However, the telemetry module continued to transmit until the payload was recovered at 16:30 CST and power was removed. Since other locating electronics on the payload had failed, recovery would not have been possible without the proper functioning of the CPE team's telemetry module. A low-power locating beacon was later determined to be functioning, but at a transmit power of 40 mW, it was too weak to be received until within several hundred meters of the payload.

3.2.2 Orion-II


Orion-II flew on 15 April 2006. Launch occurred from the NSSTC in Huntsville, Alabama at approximately 10:20 CST, with burst and descent occurring at around 11:30 CST.


The payload was not recovered after descent despite an extensive search by personnel from the EE and CPE teams. No signals were heard from the package after it returned to earth. Extensive discussion has revealed that


1) Both primary and backup GPS beacons on the payload failed, rendering its exact position unknown during most of the flight.


2) The cut-down device failed to activate, lofting the payload to an altitude exceeding 25 km.


3) The telemetry module continued to function and transmit throughout the flight, but only a limited amount of telemetry was decoded and logged. This may be attributed to noise from the backup GPS beacon (which was not present on Orion-I), power problems on the payload, or a problem with the ground station hardware. No problems were encountered during pre-flight integration testing just prior to launch.


4) The recovery parafoil failed to deploy. The payload is believed to have fallen back to earth at a terminal velocity exceeding 90 m/s. At this velocity, the payload may have broken up at altitude due to aerodynamic stresses, or it may have been destroyed upon impact with the ground. 

Limited telemetry data can be seen below:
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Analog channel 1 appears to be monotonically decreasing during the flight and therefore is believed to have been the temperature sensor. The remainder of the accelerometer and gyroscope data is inconclusive throughout the duration of the flight. It should be noted, however, that the most contiguous set of data arrived during the final descent of the payload, a 30 second period during which direction-finding personnel on the ground were fervently attempting to locate the direction of the incoming telemetry beacon (again, the telemetry beacon was the only payload still transmitting data that could be received at appreciable range).


The team hypothesizes that the backup GPS module (a possible source of interference) separated from the main payload due to mechanical stress during this period. This anomaly may have enabled the noise-free transmission of data from the telemetry module during the descent. The last packet successfully decoded prior to the loss of contact (at approximately 11:40:40 CST) was also the final packet transmitted by the telemetry device. It is believed that the payload broke up in-flight, dropped below the horizon, and/or impacted the earth at that time.


The subsequent extensive search for the payload was unsuccessful. It is assumed that the impact either destroyed or rendered inoperable all transmitting electronics or their power supplies. 

4 Implementing the Design


The BalloonSat Telemetry Module can be easily constructed based upon the designs provided in this document, as well as the electronic versions of the PCB layout and schematic. A parts list is included in Appendix B and additionally can be generated from the schematic by using the appropriate feature in the Express PCB design program.


Appendix A contains the updated layout and schematic. Programming of the MC68HC908JK3 devices as received from a vendor requires the MON08 in-circuit simulator or equivalent. This device can be purchased from one of many ICS vendors referenced by Freescale/Motorola. Alternatively, the device can be built cheaply from readily available components, as the team did for the ICS portion of their development. A schematic for the in-circuit simulator can be found in Appendix C.  Development tools used included PROG08SZ from P&E Microcomputer Systems (www.pemicro.com) and Codewarrior Special Edition for HC08.


The distribution file included with this document is a complete snapshot of the state of all documentation, source code, binary builds, and associated support files required to reproduce the work performed by the team.


Several prototype PCBs are unused and are left in the custody of the University of Alabama in Huntsville for use in future projects. These boards are not the latest design and require a minor modification for the FSK audio output to function properly. If these boards are to be employed, a team member can direct a technician in the proper modification of the boards.

5 Summary Tables


5.1 Final Cost Data

The following detail major cost elements for the final amortized cost of producing two prototype units, not including the extra PCBs available after fabrication.

	Item
	Actual Cost

	PCB fabrication (ExpressPCB) 3x miniboard*
	$20.00

	Alinco DJ-C7T transceiver
	$180.00

	Enclosure and related chassis components
	$24.00

	Microcontroller and related electronics, misc components
	$25.00

	
	

	Total (per unit)
	$249.00


*Miniboard fabrication costs are divided over a three-board minimum order, resulting in a total of six half-boards, each of which contains the complete layout for a telemetry module. Four boards remain for future fabrication.

5.2 Final Labor Hours Invested

After carefully reviewing the logs of labor hours kept by the team members, the team estimates that the entire project required 202 hours of labor.

6 Conclusions and Recommendations


In the opinion of the team, the BalloonSat Telemetry Module was a complete success. The project met the requirements of the BalloonSat team, and performed as expected in the field. The module was highly successful during the first flight and had limited success during the second. Although schedule constraints precluded the team from implementing all of the planned functionality and flexibility into the module, the hardware design is finalized and can be used as a basis for future development projects that require ADC functionality.


If UAH desires the use of the telemetry module for future projects, it is suggested that development of the firmware be continued to further optimize modularity and configurabliity. Although it did not leave the conceptual phase, the team did devise an advanced interleaving method for increasing the four-channel sampling and transmission rate as high as 5-6 Hz without supplementing the existing hardware.


A challenging and time-consuming, yet worthwhile, investment would be to port the assembly FSK routine derived from OpenTracker into an interrupt-driven pulse-width-modulation scheme as described in the Freescale datasheeets. This would free considerable processor time otherwise wasted on busy loops so that data could be sampled and buffered between output symbol changes.


In summary, the team believes they have made a valuable contribution to the pool of reusable undergraduate research developments at UAH, as well as a valuable contribution to their own education. 

Appendix A. Data Sampling and Encoding Unit Schematic and PCB Layout
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Fig. 1. PCB Layout (component, left; with traces, right)
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Fig. 2. Prototype Hardware Schematic

Appendix B. Parts List

Parts List for BalloonSat Telemetry Module

Ref

Part

---

----

C1-C2
Capacitor
18 pF, monolithic

C3-C4
Capacitor
0.1 uF, monolithic

D1

Diode

1N4148

D2-D17
Zener Diode
1N4735

D18

LED

Standard red LED

J1-J2
Connector
10 pin 0.1" DIP male header

J3-J4
Connector
2 pin 0.1" Molex male header

Q1-Q2
Transistor, PNP 2N3904

R1, R8-16 Resistor
1k, 1/4 watt

R2-R4
Resistor
10k, 1/4 watt

R5

Resistor
220k, 1/4 watt

R6

Resistor
2.2k, 1/4 watt

R7

Potentiometer
10k, PC-mount

R17

Resistor
3.3k, 1/4 watt

U1

Microcontroller
Freescale 68HC908JK3E

Y1

Crystal

29.4912 MHz
Appendix C. MON08 Programming/Monitor Circuit

[image: image2.png]R CIRCUT

FOR MOSBHRCUBILIEKIELKTE |
W1 WUST BE AT POSITION |

exrose | 7
FORMCSEHCIBJIENGEAE |
SH1 ATPOSTIONA OR |

FOR MORSHRCOOB.LSENKSENKIE |

Ses Figuie 16-1 for componsnt
Vallies Vs freduency.

I
swwisTae Tposta |

XTAL GiRcur |

;
FORMCHOMEIEANIE | W‘
SHATFESTONAGRS | 216 '

oo

o |

Cl+ Voo
rn ,L\m;
[ P w
A Vot A
L 4 car Ve m {\k/\ o " seenorer)
- -
[ 1 1
Stk = \
) TAHCAZS W
P e s
< e,
., S G
P /*—‘ Viog
p . 1
e | o s
= of e jl
wores (seenores)
1. Monitor mode entry method: o
S, Prson A i otage sty V)
Gl st st b EXT OSC 1 XTAL CIRCUIT i s
e cock depends on SW2. 3

FrFr

SW1: Postion B — Recet vactor must b bk (SFFFE
Bus clock - OSC1 + 4
2. Affectshigh voltags entry o moritor mod only (SW1 at poston A):
‘SW2: Peation C — Bus clock - OSC1 + 4
SW2: Position D — Bus clock = 0SC1 < 2

$FF)

T

H(R)Co0
H(RCo0:
H(R)Co0:

Yoo

Vs

ase1

osc2

Pren

Pt
PrE
PrE




orrj rev0 04/24/2006


