ST-5 (Space Technology 5)

Breadboard Oscillator Time Tests
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Introduction

Space Technology 5 (ST-5) will use a satellite constellation formation to test new technologies for future use in space missions.  ST-5 is NASA’s first mission to utilize the miniaturized satellite constellations.  Each satellite weighs less than 25 kg and is 50 centimeters in diameter.  Some of the new technologies to be tested include a Cold Gas Micro Thruster (CGMT), X-band Transponder, Variable-Emissivity Coating (VEC), Ultra Low Power Logic, and Autonomous Constellation Management Ground Software.  Three ST-5 spacecraft will be launched into an elliptical geo-synchronous orbit and will operate together for at least 90 days.  During that time, the satellites will share the same orbit plane and the distances between them will vary from 100 km to 1,000 km.  

With 3 satellites in orbit, it is important to be able to correlate science events among them and accurately transmit orbit position relative to earth.  Accurate spacecraft and ground time is necessary to coordinate these events.  The spacecraft oscillator keeps time on the spacecraft.   Its frequency varies based on temperature, age, and radiation.  A frequency variation factor can be determined, by accurately calculating drift, hardware delays and transmission time.

Some of the timing requirements for this mission relevant to this project include:

· Time correlation knowledge between two spacecraft shall be less than 10 milliseconds (ms).

· Time correlation knowledge between spacecraft Universal Time and Universal Time Correlated (UTC) shall be less than 5ms.  UTC is the basis for the worldwide system of time.  It is kept by atomic clocks in laboratories around the world and is accurate to a nanosecond.

· Spacecraft universal time vs. UTC shall be less than or equal to 1 sec over one complete orbital period over normal operational temperature ranges.

· Temperature measurements of the onboard clock shall be telemetered to the ground to facilitate clock stability calculations.

The C&DH has a 24MHz oscillator as a baseline.  The design for the spacecraft time circuitry is located in an Actel 54SX32 Field Programmable Gate Array.

Timing Description

Time is correlated between spacecraft and ground by the Return Data Delay method.  It is a method whereby time may be correlated to an accuracy of around 1 ms. Time is correlated by having the spacecraft time tag a specific event in the downlink stream.  The event is tagged a second time by the ground station when it is received.  Comparing these two time tags and taking into account the hardware delay, the drift, and the transmission time will determine the time of the spacecraft compared with UTC.

The C&DH has a mission elapsed timer (MET).  It provides a count of actual time elapsed on the spacecraft.  The MET is a 32-bit up-counter clocked by a 1 Hz clock input.  The MET counter is cleared only during a board power-up reset.  The MET can be programmed with a 32-bit value by the flight software.  The MET can be set to a specified value for a variety of reasons, such as power on, troubleshooting, or a test.  A second timer called the sub-seconds timer (SST) keeps track of elapsed time with a  sub-seconds count.  The SST is clocked at a 1us rate.  This allows the C&DH to keep track of time with a 1 microsecond ((s) resolution.  The SST counts up to a maximum of 4.194 seconds before rolling over.

Spacecraft housekeeping is transmitted to the ground in real-time on virtual channel 0.  Upon the transmission of the every 16th frame (about 162 seconds), the spacecraft MET will be latched.  The flight software will gather the hardware time of transmission and then calculate the universal time of the transmission of the 16th VC0 frame. 

Timing Circuitry

The Timing circuitry is made up of the MET timer,  the sub-seconds timer, and various latches/registers that all reside in an FPGA on the C&DH board.  The SST is sampled and stored or latched in  response to different input sources..  One of these sources is an external test trigger input from the C&DH test connector.  This point is essential because this is the property which allows the Oscillator test to be conducted.  The onboard oscillator which increments time on board the C&DH board is a Q-Tech MCM4107-1M.  This part is rated to have a drift of 25ppm.  Parts per million (ppm), is equivalent to microseconds per second.  It is important that the oscillator chosen has a rating of 26.5ppm 
or less when trying to meet the requirement of having space craft universal time drift less than 1 second from UTC.

Below is a diagram of the timing circuitry:
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The above diagram shows the timing circuitry.  The 24MHz oscillator is divided down to 1 Hz and 1MHz to clock the MET and SST, respectively.  The 1HZ signal performs three functions:

1. Increments the MET Counter every second,

2. Latches the SST time value into the 1 Sec Latch to store sub-seconds time at each second, and

3. Is sent back to the Mongoose V Processor as an interrupt.  .

Drift Test Overview

The oscillator varies with many conditions and especially over temperature.  It is important to characterize the drift over different temperatures in order to characterize the oscillator’s behavior.  The C&DH breadboard, which contains the oscillator, is put into a thermal chamber.  The chamber temperature is then varied.  The temperature will be varied from –25 degrees Celsius ((C) to 60 (C.  A Thermistor will be placed on the oscillator to indicate its temperature.  Multiple tests have and will be performed in order to characterize this drift.

This test uses diagnostic software and a stable 1Hz frequency generator..  The 1 Hz signal is input into the M5 FPGA where it latches the onboard oscillator-controlled SST value into the External Trigger Latch.  .  A 1 Hz Interrupt also based on the onboard oscillator is generated and sent to the Mongoose V processor where it is processed by the Diagnostic Software.  The Diagnostic Software reads the values in the External Trigger Latch and the 1Sec Latch .   This occurs at every 1Hz interrupt.  .  The Diagnostic software computes the drift based on the difference of the time values stored in the Latches.  This test works well as long as the drift is kept under 1 second.  

Below is the software pseudo code:

1. N = 0, Test_Reps = 0, Sample[0] = 0, Cum_Microseconds[0] = 0, X is the number of seconds to run the test for (this is a user option), Y is the number of test reps (also a user option).

2. Store external trigger latch value as Sample[1](microseconds).

3. On 1 Hz interrupt, read external trigger latch.

4. Increment N.

5. Store external trigger latch value as Sample[N](microseconds).

6. Store Cum_Microseconds[N] = (Sample[N] – Sample[N-1])  + Cum_Microseconds[N-1].

7. If N = X, 

a. Drift = (1M(microseconds) * X) – (Cum_Microseconds[N]).

b. Report Drift.

8. Else, repeat steps 3 through 6.

9. Increment Test_Reps.

10. If Test_Reps = Y,

a. End Test.

11. Else, Repeat steps 1-10.

The program needs to give the user

1. Drift calculation (for each rep).

2. A sign that the test has finished.

The software sets up a counter whereby it keeps a running difference of the oscillator times stored in the external latch.  If the oscillator keeps accurate time the difference between the two latched values would be exactly 1 million microseconds.  When there is not a difference of 1 million microseconds, drift has occurred.  The software will calculate an average drift over time, or on a second by second basis.  This software will be modified to allow the oscillator temperature and drift values to be written to a log file.

Drift Test Circuitry

The first test inputs a very stable 1-pulse per second (pps) RS422 signal into the C&DH breadboard through the C&DH test connector on the front of the GSE Buffer Box.  A rubidium vapor frequency standard was obtained.  However, it outputs only 3 values.  The allowable values were 5 MHz, 10 MHz, and 100 kHz.  In addition, all of these signals were AC sine waves.  The C&DH board requires a  differential 0 to 3.3 volt square pulse signal.  An interface circuit was developed to convert the sine wave to the desired digital signal ..
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This circuitry adds a 3.3 volt level to the signal.  The 74HCT14E is a Schmitt trigger IC which squares up the sine wave to a pulse.  An FPGA was used to divide the frequency of this signal from the high frequency outputted from the rubidium unit down to a differential 1 Hz pulse.  The VHDL design consisted of a counter which counted to 1 million, 5 million, or 100 thousand based on the configuration of some select pins.  After reaching the appropriate count, the counter would output a single high pulse, thus transforming the high frequency signal into 1 Hz.  This approach allowed the 1Hz signal to be derived from any of the three Rubidium Standard clock signals.  The inverse of the signal was also made available as an output.  Here is the code for the FPGA design.

library IEEE;

use IEEE.STD_LOGIC_1164.all;

use IEEE.STD_LOGIC_UNSIGNED.all;

entity hund_thousand_counter is


 port(



 rub_clk : in STD_LOGIC;



 onehz_clk : out BIT;



 inv_onehz_clk: out BIT;



 oneorfivem_hz: in BIT;



 onek_hz: in BIT;

 



 reset: in STD_LOGIC;



 led_onehz: out BIT


     );

end hund_thousand_counter;

architecture hund_thousand_counter of hund_thousand_counter is


signal count : std_logic_vector(23 downto 0);

   
signal led_sig : bit;

begin


counter : process(rub_clk, reset)


begin



if (reset = '1') then 




count<=(others => '0');




onehz_clk <= '0';




inv_onehz_clk <= '1';



elsif (rub_clk'event and rub_clk = '1') then




count<= count + 1;




onehz_clk<='0';




inv_onehz_clk<='1';




if (oneorfivem_hz = '0' and onek_hz = '0') then





if count = 1000000 then






onehz_clk <= '1';






inv_onehz_clk <= '0';






led_sig<=not led_sig;






count<=(others => '0');






end if;










elsif (oneorfivem_hz = '1' and onek_hz = '0') then





if count = 5000000 then






onehz_clk <= '1';






inv_onehz_clk <= '0';






led_sig<=not led_sig;






count<=(others => '0');






end if;









elsif (oneorfivem_hz = '0' and onek_hz = '1') then





if count = 100000 then






onehz_clk <= '1';






inv_onehz_clk <= '0';






led_sig<=not led_sig;






count<=(others => '0');






end if;










end if;



end if;



end process; 

    led_onehz <= led_sig;

end hund_thousand_counter;

The differential 422 signal will be received by the C&DH and upon its arrival the SST value will be latched and stored in the external trigger latch.  

The concept of the test is to raise and lower the temperature of the thermal chamber in increments of 5 °C.  The breadboard remains typically 5 °C lower than the temperature of the chamber.  Thermistor probes located at different points on the breadboard, indicate the temperature inside the chamber and at the oscillator.  This thermistor data is sent to a windows workstation outside the chamber and logged to a file.  When the inside of the chamber reaches the appropriate temperature take down the drift calculation being displayed on the ASIST monitor by the diagnostic software.  Here is a diagram of the test setup.
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Here is a summary of the results.
Test Data:  10 January 2003

	Temperature (°C)
	Drift calc. By Diagnostic SW ((s/s)
	Time/ Current (if applicable)

	40
	17,18
	

	45
	20
	

	50
	22,21
	

	55
	24,23
	

	60
	25
	2:52 pm 1/10/03(transition)

	55 
	22,23
	

	50
	22,23
	

	45
	20,21
	

	40
	18,19
	

	35
	15
	

	30
	12,13
	

	25
	11,10
	3:55pm 1/10/03 (finished) 1.15 Amp

	20
	7,6
	8:50am 1/15/03 1.17Amp

	15
	3,4
	

	10
	0,1
	

	5
	-2,-1
	

	0
	-4,-5
	

	-5
	-7,-6
	

	-10
	-9,-8
	

	-15
	-10,-11
	

	-20
	-11,-12
	

	-25
	-12
	9:53am 1/15/03, 1.17 Amp


Here is a graph of the results.
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Improvements and Conclusions 

Overall, the 25 ppm oscillator appears to be working properly.  Improvements may be made to take better data from the diagnostic software to get a more accurate idea of the drift over temperature variation.  The above is raw data, as you can see there was some variation and overlap from day to day.  Overall the oscillator drift does not exceed 25(s at 60 °C, and does not exceed -12(s at –25 °C.  

It is easy to see that the drift of the oscillator is dependent on temperature.

Overall, the 25ppm oscillator appears to be working properly.  The drift data obtained shows that this oscillator meets the requirement that there must be less than 1 second drift per orbital cycle from UTC.   The above is raw data. There was some variation and overlap between the temperatures.  The oscillator drift does not exceed 25(s at 60(C, and does not exceed –12(s at -25(C.

Improvements may be made to allow the diagnostic software to take better data.  One of these improvements may include using a spare signal interrupt from the M5 FPGA to trigger the latch read in the software data, instead of using the 1 Hz interrupt. 

The next step involved in checking the timing correlation of the C&DH board will require a thermistor to be installed on the board in TH2, which is the name of the thermistor which will be placed on the oscillator.  The analog data will be taken, analyzed, and the temperature will be recorded in a log file along with the drift.  This will automate the test. .  More data points will be able to be taken. 

The drift testing of the C&DH on board oscillator has been completed.  The next test to be run is a breadboard time correlation test.  This test will check the flight software to make sure it is working properly to meet the timing requirements.  The setup for this test will look like this:
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In this setup, received GPS signals linked to a Datum Time Card would allow the FEDS to have accurate time.  Spacecraft time (ie. Breadboard time) would be generated by Flight software which inserts  VC016 into the telemetry tvco stream which is  sent to the FEDS as a time packet.  The FEDS will calculate the difference between the GPS time and the spacecraft time.  ST5 Work has already begun to bring this to completion.  A GPS antenna has been installed on the roof.  A harness connected to the antenna runs down to the GSE Test Rack.  Currently,  there is a hold up with a downlink pulse length.  Once that issue is resolved, testing will continue on the time keeping circuitry.  I will continue to work to verify the time keeping system in future tests.
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� 1second/10.5hr(orbital period) x 1000000((sec) / 60(minutes) / 60(sec) = 26.5ppm((sec/sec). 
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