Magnetospheric Multi-Scale (MMS) Ultra Stable Oscillator (USO) Background
This document gives the basic MMS mission requirements, some detail of how the MMS-USO is used on the MMS spacecraft and, finally, qualitative descriptions of the operational environment relevant to the USO that may assist in providing a response.
General MMS Mission Requirements

· On-orbit mission lifetime of 29 months.

· Pre-launch shelf life without maintenance of 4 years.

· Initial orbit parameters / Phase 1 of mission:

· Perigee = 1.2 Re

· Apogee = 12 Re

· Inclination = 28.5 deg

· Final orbit parameters / Phase 2 of mission:
· Perigee = 1.2 Re

· Apogee = 25 Re

· Inclination = approximately 28.5 deg; inclination is not actively maintained during mission

· Each spacecraft will be controlled by spin-stabilization techniques.

· Nominal spacecraft spin rate range between 2.3 rpm and 3.2 rpm.

· Spacecraft spin axis nominally points along ecliptic poles to within 5 deg.

· Spacecraft transverse plane (which is defined to be a plane in the spacecraft frame that is perpendicular to the spin axis) nominally pointed 5 degrees from the sun line.

· See Figures 1 and 2 for spacecraft images.
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Figure 1: MMS Spacecraft
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Figure 2: MMS Spacecraft shown with 5 deg tilt towards sun
Description of the USO usage on the MMS spacecraft
The USO provides the time reference to the MMS Global Positioning System (GPS) receiver, which uses an onboard extended Kalman filter to estimate the spacecraft’s position and velocity as well as the USO’s time bias, frequency bias, and frequency drift rate. The GPS receiver must correct for errors in the USO and provide a pulse-per-second to the MMS spacecraft that is synchronized to GPS time (and TAI time) to better than 100us. When the MMS spacecraft is near perigee GPS measurements are available and the clock’s errors are easily tracked and compensated for, but during most of the orbit (up to 50 hours) no GPS measurements are available and the clock estimate consists of a propagated constant time bias, frequency bias and frequency drift. In order to meet the required 100us accuracy on the pulse-per-second and to have acceptable spacecraft position and velocity estimation during this propagation period, analysis shows that the 50 hour Hadamard deviation of the USO needs to be less than or equal to 2.12e-11. (Almost equivalent to this requirement, and possibly more standard, is that the Allan deviation with a daily linear drift removed be less than 3.0e-11 at a 50 hour sampling time.) 
Because the USO frequency and frequency drift will be “measured” every 2.4 days, stable long term drift or “aging” characteristics of the USO are not of major concern. More important is that the random daily frequency variation as well as causal variations due to variations in temperature, voltage supply, load, magnetic field, acceleration, and radiation must be limited. The 50hr Hadamard deviation due to all causes must not exceed 2.12e-11. 
Qualitative description of USO operational environment

In this section we give a qualitative description of the operating environment to complement the hard bounds on environmental conditions, e.g., range of operational temperatures, etc., that are given in the main requirements spreadsheet.
Thermal Environment
Expected worst case behavior of the USO baseplate temperature is as follows. The USO baseplate at start of mission is expected to be around -20°C, at end of life 2.4 years later it will be around +40°C. During mission life it the USO baseplate temperature follows a steadily increasing nominal trend of 60°C/(2.4years×365days/year) ≤ 0.1°C/day. In addition to this trend, significant temperature transients are caused by passage of the spacecraft through the shadow or umbra of the earth, which can last between 30 min and 4 hours. In the four hour umbra case, the temperature transient can cover up to 10°C, with a maximum rate of change of 5°C/hr. However, the transient in the USO baseplate temperature will start and end within approximately 1°C, i.e. the transient typically consists of a rapid decrease in temperature followed by an equal increase. The plots below give typical temperature profiles (starting from 0°C) for a nominal orbit without umbra, an orbit with a 2 hour umbra, and one affected by a 4 hour umbra. 
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Figure 3- Example MMS USO Temperature Profile
Voltage Supply
The MMS-USO is expected to be provided with a dedicated 12V DC/DC converter based power supply. This means that the USO is the only load on this supply line which will give a guaranteed load (looking out of the USO) stability of 1:1.5 voltage standing wave ratio (VSWR). Further, the nominal voltage level is guaranteed to be at 12V ± 200mV and with less than 50mV peak to peak ripple.
We may have an option to power the USO from an unregulated +28VDC bus (+21V to +36V).
Acceleration

The MMS-USO is in orbit around the earth in a 1.2Re by 25Re orbit (in phase 2).  Additionally it is spinning at a nominal 3rpm rate positioned nominally at 5° off the ecliptic pole.  During launch, the USO will be powered off, but must survive up to 14.1gs 
rms of random vibration and 3000g of pyrotechnic shock.
The spacecraft and USO will experience accelerations due to thruster firing. Worst case thrusting is for apogee-raising, which takes about 30 minutes, and involves firing up to 4 of the 5 lb thrusters, which are about 20 N each.  So 80 N/1000 kg gives 0.08 m/sec^2, Also, the 30 minutes of thrusting will happen when have GPS, so isn’t such a problem for keeping time.  The maintenance maneuvers at apogee are much smaller.
In addition the spacecraft will be spin stabilized at 3 rpm = 6*pi rad/60 sec = 0.05 rad/sec*r^2 = acceleration due to spinning.  Worst case r is 1.5 m, giving 0.12 m/sec^2, or 0.01 g. This acceleration will be “constant” in the USO body frame, always pointing radially out, but non-constant inertially.  
Magnetics

MMS is an earth orbiting mission that has periapsis within 1000 km altitude. The maximum field experienced from the Earth will be on the order of 40,000 nanotesla (nT) near perigee passes. From perigee to 7 earth radii (RE) geocentric, the field falls off approximately as the cube of the geocentric distance. At high altitudes, above 7 RE geocentric the field will vary between 10s of nT to about 100 nT and is not ordered primarily by distance from the Earth.

The spacecraft fields will vary inside the spacecraft by 10s to perhaps 100 nT. Depending on proximity to the thruster valves, the USOs may experience a field up to several hundred nT, but almost certainly less than 1000 nT. It will not be easy to measure the final SC-generated field that the USO will experience.

In summary, the USO may experience magnetic flux densities from 10 nT to 40,000 nT. In the vacuum of space, this corresponds to magnitudes of magnetic field intensities from 0.1-400 milli-oersteds. As an upper bound, the USO will experience a magnetic field intensity no more than 1.0 oersted.

Radiation

The MMS-USO must survive and operate under radiation levels as described in the Table below, in particular it must be single-event-latchup (SEL) and single-event-upset (SEU) immune to the given levels.
Table 1 - USO Radiation Requirements
	Radiation
Total Dose
Destructive LET
SEL Immune
SEU Immune
	100 Krad(Si)
100Mev cm2/gm
75Mev cm2/gm
75Mev cm2/gm


Pressure
The MMS-USO must operate on the ground during ground testing (~1atm) and in the vacuum of space (~1e-7 torr). We ask for frequency stability vs. pressure of 5.0e-8 from 1e-7 torr to 1 atm.  This is a soft requirement related to initial frequency accuracy requirement to ensure the frequency on the ground is close to that on orbit. 
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