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Artist’s view of two satellites in FF. 

Calibration system in 3U CubeSat (Up-Left). 

CMB polarization measurements spacecraft 

(Down-Right). From Federico Nati.

- Calibration system for the 

calibration of CMB space 

telescopes in L2.

- Formation flying between 

calibrator and the CMB 

telescope.

- Launched as a piggy-back.

- Exploring the feasibility of an 

ancillary calibration satellite.

- Operating from the far field of 

the telescope (hundreds to 

thousands of metres). 

- Need a calibration method 

providing control over 

intensity, polarization and 

radiation pattern.

- This limits the accuracy on 

the CMB science.

- Space telescopes have 

reached unprecedented 

sensitivity levels, resulting in 

systematic effects being the 

major source of uncertainty.

The CubeSat flies calibration sources 

within view of the main satellite 

experiment, emitting mw radiation from 

the telescope’s far field. 

CMB telescopes
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CalSat trace in sensor frame for different values of γ



Payload of CalSat
Calibration Source

- Adjustable output power & 

low power consumption.

- High polar purity (about -60 

dB x-pol.) and low polar 

angle error (< 1 arcmin.)

- Wideband covering the 

proposed space-missions 

(Typically 40-400 GHz)

9

Calibration Source*

representation with a 1.5 

U volume. 

We assume 2U volume 

for our case.

Calibration Source scheme covering 

33-750 GHz bandwidth. Low-

frequency noise and variable CW 

signals are up-converted using 

frequency multipliers and filters

* from [1] Bradley R. Johnson et Al.
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The CalSat shall maintain the orbit during 3 years 3 years

The CalSat shall be at a distance d from the main telescope vehicle 240 < d < 300m

The CalSat shall maintain a distance during the calibration  270 ± 2.7m

The sensors shall locate the direction of the main vehicle error < 10’

The CalSat shall point to the telescope error < 3’

The sensors shall know the CalSat orientation error < 1’

EPS shall provide enough energy allowing 2 calibrations per month > 28W

The distance sensor shall be able to calculate the distance between error < 13.5 cm

Propulsion system shall be able to provide orbit and attitude control
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Proposed Hardware

Relative position determination 

• Relative Range Measurements: < 0.1 m (1-σ)

• Relative Attitude Measurements: < 1.0˚ (1-σ)

• >1 year LEO mission design life

• 86x45mm (0.375U) w/chassis

• 400 grams (with 4 antennas)

• Flexible mounting options

• 6-36V unregulated DC

• Duty cycle dependent power consumption 

Approx. 10W @ 100% 13

Swift RelNav
RF ranging in S- band

Commercial  example: Swif t  RelNav

• Allows distances and precision that we need

• Communications with the same instrument

[3] Tethers Unlimited



Critical Technologies

Propulsion

The needed thrust for precision FF of 

CubeSats is very small.

•The total Δv for the mission is relatively 

high because it needs FF and orbit 

corrections

•But the minimum impulse needed is very 

small

•Precise thrusters with small thrust like 

ionic thrusters are big, expensive and 

consume a lot of power
14NASA



Proposed Hardware

Propulsion

• Thrust: 1mN

• Thrust resolution: 10 µN

• Specific impulse: 60-110 sec

• Total impulse 40 Ns

• Power consumption < 2W (average)

• Mass 300/350 g (dry/wet) (butane)

• Operating pressure: 2-5 bar

• Temperature range 0º to 50º C

• 100x100x50 mm (including electronics board) 15

GOMSPACE 

NanoProp

Cold Gas Propulsion

Commercial  example: NanoProp CGP3

• Allows small and precise impulses (mN)

• Enough total impulse

• Low power consumption

[4] GomSpace



Pros

• Si mi lar  needs of  posi t i on det ermi nat i on 

• S-Band ranging

• But ane micro- t hrust ers

Cons

• Not  t est ed or  approved

• Const el lat i on

CubeSats FF Mission Examples

Chinese Academy of Science proposal

12 3U CubeSats FF in L2

Ultra-Low Freq. Antenna 3-100 MHz

16

SULFRO
Space Ultra-Low Frequency Radio Observatory

[5] S. Wu



Pros

• Successful ly t est ed

• Si mi lar  needs of  posi t i on det ermi nat i on 

• SF6 mi cro- t hrust ers

• S-Band communi cat i on

Cons

• GPS posi t i on det ermi nat i on

CubeSats FF Mission Examples

Toronto University Mission

2 8U CubeSats FF in LEO

FF demonstrador

17

CanX 4-5

[6] N. Roth



Pros

• Hi gher  needs of  posi t i on det ermi nat i on (sub 

mm)

• Progressi ve met rology GPS→CLS→ FLLS (Laser )

• Cold gas t hrust ers (10 mN) among ot hers

Cons

• Not  t est ed yet , but  advanced st age

• Not  a CubeSat  mission

CubeSats FF Mission Examples

ESA Mission

2 Spacecrafts FF in highly-elliptical orbit 

FF demonstrador & solar coronagraphy

18

PROBA 3

[7] J. Llorente
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Concurrent  Design 

Faci li t y at  I DR/ UPM

Montegancedo Campus

CalSat  predesign
Design in CDF Facility

• 12 Workst at ions

• ESA cl ient  /  server soft ware OCDT

• ConCORDEAdd-I n Domain Tools.

• Own design modules for  

subsyst ems.

Main characteristics

• 6U CubeSat

• ~ 6.8 kg

• 2 deployable solar panels

• Continuous power generation of

~ 16.5 W BOL / ~ 16.3 W EOL 

• RF ranging (S-Band)

• Available Δv for the mission ~ 21 m/s 
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• Critical technologies for the mission have been tested 

and available as commercial products.

• The concept of the CalSat is feasible
• 6U CubeSat with all the instruments and subsystems.

• Power production is enough.

• Attitude and position determination can be performed with the 

desired precision.

• Position control can be performed with the desired precision.
• Needs of total Δv for the entire mission can be achieved with 

the proposed thrusters. 

• For the ranging method proposed, the CMB telescope 

needs to collaborate in position determination.
• A small and autonomous S-band transceiver is enough.

Conclusions

24



Future challenges

Minimize even more the impact of the 

calibration satellite on the telescope

• Optical camera for ranging?

• Operation without telemetry?

Fly with next CMB mission (e.g. LiteBIRD) 

as Science Enhancement Experiment

Apply the concept to future missions
• PICO, CMB-Bharat

• Other missions to Lagrange points

25
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