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Abstract 

A tendency towards miniaturisation of electronics, along with a reduction in launch costs, have enabled the 

growth of miniaturised spacecraft missions. Satellites such as CubeSats have widened access to space, with several 

missions already operating in orbit and many more being planned. Still, even smaller sub-CubeSat-sized spacecraft 

such as PocketQubes and ChipSats could enable unprecedented missions that are not possible with traditional-sized 

satellites. One of these applications is distributed beamforming where, instead of deploying a spacecraft with a single 

large antenna, a swarm of satellites is used as a distributed antenna array to obtain an electronically steerable beam. 

This paper introduces for the first time the mission design and analysis of a distributed beamforming mission 

adopting PocketQube satellites. First, it details the low Earth orbit dynamics of a PocketQube swarm formed by a 

chief node and a cloud of deputy nodes, including the analysis of the orbital perturbations. The swarm dynamics is 

coupled to the beamforming principles and characteristics to assess the performance of the PocketQube swarm to 

achieve beamforming. 
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1. Introduction 

Since the early 2000s, a tendency towards 

miniaturisation of electronics enabled the growth of 

miniaturised space missions [1]. The CubeSat standard, 

published in 1999 [2], defines the CubeSat as a modular 

satellite composed of 10x10x10 cm cubes, with each 

cube or unit (1U) weighing less than 1.3 kg. Since then, 

more than 2300 CubeSats have been launched to space 

[3].  

After CubeSats, further reduction in mass and size 

led to spacecraft which are smaller than a 1U CubeSat, 

such as PocketQubes, cube shaped satellites with a 5 cm 

edge and maximum weight of 250 g [4], and ChipSats, 

planar satellites made up of a printed circuit board of 

down to 3.5x3.5 cm and a weight as low as 5 g [5]. 

Since the first PocketQubes were deployed into space in 

2013, over 80 PocketQubes have been launched [3].   

While satellites such as CubeSats have widened 

access to space, with several missions already operating 

in orbit and many more being planned (e.g. Milani [6], 

LUMIO [7], Firefly [8]), even smaller sub-CubeSat-

sized spacecraft such as PocketQubes and ChipSats 

could enable unprecedented missions that are not 

possible with traditional-sized satellites [9]. 

One important advantage of miniaturised platforms 

is the capability of flying in swarm configuration, 

allowing distributed scientific and technological 

operations [10].  

One of these applications is distributed beamforming 

where, instead of deploying a spacecraft with a single 

large antenna, a swarm of satellites is used as a 

distributed antenna array to obtain an electronically 

steerable beam [11]. Adopting sub-CubeSat platforms 

for distributed beamforming presents the opportunity for 

applications in which the relative displacement between 

antenna elements needs to be larger than the one 

allowed by a monolithic satellite.  

This work introduces the mission design and 

analysis of a distributed beamforming mission adopting 

PocketQube satellites. First, it details the low Earth orbit 

(LEO) dynamics of a PocketQube swarm formed by a 

chief node and a cloud of deputy nodes, including the 

analysis of the orbital perturbations. The swarm 

dynamics is coupled to the beamforming principles to 

assess the performance of the PocketQube swarm to 

achieve beamforming. 

 

2. PocketQube orbit dynamics 

The Keplerian motion of a satellite orbiting Earth, 

assuming Earth is perfectly spherical, is given by the 

two-body equation 

 
𝑑𝑣 

𝑑𝑡
= −

𝜇

 𝑟  3
𝑟  

  (1) 

where µ is the standard gravitational parameter of 

Earth, and is the product of its gravitational constant and 

its mass, GM. 

When dealing with the environment in LEO, the 

existence of various perturbing forces means that 

equation (1) can be used only as an approximation. 

Among these perturbations, the most influential ones in 
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LEO are solar radiation pressure (SRP), atmospheric 

drag, third body influence from the Moon, and Earth 

oblateness (J2).  

The general form of the equation of motion, 

including perturbations, is then expressed as 

 
𝑑𝑣 

𝑑𝑡
= −

𝜇

 𝑟  3
𝑟 + 𝑎 𝑃  

 
where 𝑎 𝑃  is the sum of all the perturbing 

accelerations 

 
𝑎 𝑃 = 𝑎 𝑚 + 𝑎 𝑑𝑟𝑎𝑔 + 𝑎 𝐽2 + 𝑎 𝑆𝑅𝑃 

  
2.1 Solar radiation pressure 

The acceleration due to solar radiation pressure is 

given by the expression 

 

𝑎 𝑆𝑅𝑃 = 𝑐𝑆𝑅𝑃
𝑟 𝑏−𝑠

 𝑟 𝑏−𝑠 
3
 

 

where 𝑟 𝑏−𝑠  is the satellite position vector with 

respect to the sun, 𝑐𝑆𝑅𝑃  is the solar radiation pressure 

coefficient and is given by 

 

𝑐𝑆𝑅𝑃 =
𝐴𝑐𝑟𝑃0

𝑚𝑐
𝐷𝐴𝑈

2 

 
where A is the surface area of the satellite normal to 

the incident radiation, cr is the reflectivity coefficient of 

the satellite, P0 is the solar flux at 1 astronomical unit, m 

is the mass of the satellite, c is the speed of light and 

DAU is one astronomical unit. 
 

2.2 Atmospheric drag 

The acceleration due to atmospheric drag is 

calculated with the expression 

 

𝑎 𝑑𝑟𝑎𝑔 = −
1

2

𝐴𝑐𝑑𝜌

𝑚
 𝑣 𝑟 

2𝑣 𝑟  

 
where A is the surface area of the satellite normal to 

the velocity vector of the satellite, cd is the drag 

coefficient of the satellite and ρ is the atmospheric 

density. 

As a first approximation, an exponential density 

model where density varies exponentially with altitude 

is considered, 

 

𝜌 = 𝜌0 𝑒𝑥𝑝 −
ℎ − ℎ0

𝐻
  

 
where h is the altitude of the satellite, ρ0 is the 

reference density at the reference altitude h0 and H is the 

scale height.  

Later, the NRLMSISE-00 model is used. This model 

is based on earlier models that use mass spectrometer 

and incoherent radar scatter data obtained from ground 

and satellite measurements and improves on them by 

incorporating updated drag data. 

 

2.3 Third-body influence from the Moon 

The third body influence due to the moon is 

calculated as 

 

𝑎 𝑚 = 𝜇𝑚  
𝑟 𝑒−𝑚

 𝑟 𝑒−𝑚 
3
−

𝑟 𝑏−𝑚
 𝑟 𝑏−𝑚 

3
  

 
where µm is the standard gravitational parameter of 

the Moon, 𝑟 𝑒−𝑚   is the Earth position vector with respect 

to the Moon, and 𝑟 𝑏−𝑚   is the satellite position vector 

with respect to the Moon. 
 

2.4 Earth oblateness 

The perturbation due to Earth’s oblateness 

considering the first non-spherical term J2 is 

 

𝑎 𝐽2 = −
𝜇

 𝑟  3
𝑇𝐼

𝑃

 
 
 
 
 
 
 
 𝑥

3

2
𝐽2  

𝑅

 𝑟 𝑛 
 

2

 1 − 5
𝑧2

 𝑟 𝑛 
2 

𝑦
3

2
𝐽2  

𝑅

 𝑟 𝑛 
 

2

 1 − 5
𝑧2

 𝑟 𝑛 
2 

𝑧
3

2
𝐽2  

𝑅

 𝑟 𝑛 
 

2

 3 − 5
𝑧2

 𝑟 𝑛 
2  
 
 
 
 
 
 
 

 

 

where 𝑟 𝑛 = (𝑥,𝑦, 𝑧)  is in the ECEF rotating frame, 

TI
P is the rotation matrix to go from the rotating frame 

back to the inertial frame, J2 is the second-degree zonal 

harmonic coefficient of Earth, and R is the radius of 

Earth. 

 

3. Phased array beamforming 

The electric field in the far field of one antenna 

element is given by the expression 

 

𝐸 (𝑟 ) =
𝐸0

𝑟
𝑒−𝑗𝑘𝑟𝑒  

 
where E0 is the electric radiation pattern of the 

element, 𝑒   is its direction, r is the distance from the 

antenna element to the far field point, and k is the wave 

vector. 

For an array of N antenna elements, the electric field 

in the far field is given by 

 

𝐸 𝑡 =
𝐸0

𝑟
 𝑒−𝑗𝑘𝑟 ∙ 𝐴𝐹 

 
where AF is the array factor, which represents the 

response of an array of isotropic elements, and is 

defined as 

 

𝐴𝐹 =  𝑒𝑗 (𝑘𝑑𝑛 𝑐𝑜𝑠𝜗+𝛽𝑛 )

𝑁

𝑛=1

 

 
where dn is the relative distance between antenna 

elements, ϑ is the angle of the desired beam pointing, 

and βn is the phase difference between the array 

elements. 
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4. Results 

The coupling between the orbital dynamics of the 

swarm and the beamforming was performed with 

MATLAB. Some results will be presented. 

 

References 

 

[1] T. Nizar, C. Hamrouni, and A. Alimi, ‘Study of 

Current Femto-Satellite Approches’, International 

Journal of Advanced Computer Science and 

Applications, vol. 4, Jun. 2013, doi: 

10.14569/IJACSA.2013.040520. 

[2] H. Heidt, J. Puig-Suari, A. Moore, S. Nakasuka, 

and R. Twiggs, ‘CubeSat: A New Generation of 

Picosatellite for Education and Industry Low-Cost 

Space Experimentation’, Small Satellite 

Conference, Aug. 2000, [Online]. Available: 

https://digitalcommons.usu.edu/smallsat/2000/All2

000/32 

[3] E. Kulu, ‘Nanosats Database’, Nanosats Database. 

Accessed: Sep. 17, 2024. [Online]. Available: 

https://www.nanosats.eu/index.html 

[4] S. Radu, S. Uludag, S. Speretta, and J. 

Bouwmeester, The PocketQube Standard, Jun. 

2018. 

[5] Z. Manchester, M. Peck, and A. Filo, ‘KickSat: A 

Crowd-Funded Mission to Demonstrate the 

World’s Smallest Spacecraft’, Small Satellite 

Conference, Aug. 2013, [Online]. Available: 

https://digitalcommons.usu.edu/smallsat/2013/all20

13/111 

[6] F. Ferrari, V. Franzese, M. Pugliatti, C. Giordano, 

and F. Topputo, ‘Trajectory Options for Hera’s 

Milani CubeSat Around (65803) Didymos’, J 

Astronaut Sci, vol. 68, no. 4, pp. 973–994, Dec. 

2021, doi: 10.1007/s40295-021-00282-z. 

[7] S. Speretta et al., ‘LUMIO: An Autonomous 

CubeSat for Lunar Exploration’, in Space 

Operations: Inspiring Humankind’s Future, H. 

Pasquier, C. A. Cruzen, M. Schmidhuber, and Y. 

H. Lee, Eds., Cham: Springer International 

Publishing, 2019, pp. 103–134. doi: 10.1007/978-

3-030-11536-4_6. 

[8] D. E. Rowland et al., ‘The NSF Firefly CubeSat 

mission: Rideshare mission to study energetic 

electrons produced by lightning’, in 2011 

Aerospace Conference, Mar. 2011, pp. 1–12. doi: 

10.1109/AERO.2011.5747231. 

[9] T. R. Perez and K. Subbarao, ‘A Survey of Current 

Femtosatellite Designs, Technologies, and Mission 

Concepts’, Journal of Small Satellites, vol. 5, pp. 

467–482, Oct. 2016. 

[10] F. Y. Hadaegh, S.-J. Chung, and H. M. Manohara, 

‘On Development of 100-Gram-Class Spacecraft 

for Swarm Applications’, IEEE Systems Journal, 

vol. 10, no. 2, pp. 673–684, Jun. 2016, doi: 

10.1109/JSYST.2014.2327972. 

[11] J. C. M. Duncan et al., ‘Harnessing the Power of 

Swarm Satellite Networks with Wideband 

Distributed Beamforming’, in 2023 IEEE 34th 

Annual International Symposium on Personal, 

Indoor and Mobile Radio Communications 

(PIMRC), Sep. 2023, pp. 1–6. doi: 

10.1109/PIMRC56721.2023.10294061. 

 


