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Abstract— In the context of a competitive 5G environment, 

satellite systems must be able to provide cost-effective solutions 

to complement terrestrial networks. In a preliminary paper, 

the achievable capacities of diverse LEO satellite payloads 

were computed as a function of a parameter characterising the 

non-uniformity of the users distribution in the satellite field of 

view. As the non-uniformity parameter increases, the 

capacities of the various payloads benchmarked decrease 

because of inter-beam interference and shortage of frequency 

resource. A way to mitigate this capacity loss is to use flexible 

payloads with adaptive capabilities such as beam steering or 

flexible resource allocation. This paper proposes to extend the 

study to MEO payload and antenna architectures and 

benchmark them with respect to the capacity they can achieve 

and the power they require. A Circular Direct Radiating Array 

with Digital Beam Forming, a Sparse Direct Radiating Array 

with Digital Beam Forming as well as an architecture 

implementing Hybrid Beam Forming are analysed in terms of 

effective capacity achieved on different scenarios of users 

distributions with varying non-uniformities. The application of 

these results on a realistic scenario of user distribution 

concludes on the most promising payload architecture. 

Keywords— digital beam forming, direct radiating array, 

hybrid beam forming, MEO, payload, sparse array 

I. INTRODUCTION 

 Most projects of broadband satellite systems are based 

on LEO megaconstellations or GEO VHTS (Very High 

Throughput Satellite). The former necessitates hundred if 

not thousands of satellites [1] to offer an operational 

coverage. The cost to deploy such a constellation and the 

insufficient market demand for this type of system led to the 

bankruptcy of early projects in the 90’s and the outcome of 

current megaconstellation plans remains unclear. The latter 

demands high CAPEX per satellite to cover a limited region 

of Earth. GEO satellites are also penalised by a higher 

latency than LEO satellites because of longer round-trip 

time between users and terrestrial gateways (between 500-

600 ms) [2]. MEO constellations appear to be an interesting 

trade-off between LEO megaconstellations and GEO 

systems, with typically between 10 and 20 satellites to 

launch to provide an operational coverage. Furthermore, 

MEO benefits from low latency (about 130 ms) comparable 

to what is obtained with long haul fiber communication. The 

first MEO constellation project from ICO Global 

communication appeared in the 90’s with a focus on data 

and voice services. However its deployment stopped after 

launching only two satellites of the 10-spacecraft 

constellation. Another MEO initiative emerged with the 

ESA MAGSS-14 system concept with 14 satellites 

providing voice communication services [3]. Today with the 

surge of demand for Internet connectivity, MEO is being 

reconsidered with for example the Ka band O3b system 

which is now operational with 20 satellites on orbit. Each 

satellite has steerable antennas generating 12 spot beams 

thanks to reconfigurable reflector antennas. However as the 

user demand ramps up, the number of required beams grows 

accordingly. This problem is addressed by the next 

generation of O3b satellites which will be able to generate 

4,000 beams per satellite [4] by means of antenna arrays. 

The choice of the beam formers and antennas to generate 

this number of beams must consider complexity issues to 

facilitate the accommodation of the payload on a MEO 

satellite platform. However when new technologies are 

explored, the trade-off between payload complexity and 

performance is not clear; for this purpose a methodology 

was proposed [5] in a LEO use-case. Following this 

methodology, this paper benchmarks three potential 

candidate payload and antenna architectures for Ka band 

multibeam MEO applications at 8063 km altitude. Designs 

are introduced in Section I. Then, the core of the benchmark 

methodology from [5] is recalled in Section II. In Section 

III, results are presented and traded-off with a complexity 

analysis to conclude on the optimal payload and antenna 

architecture. 

II. CANDIDATE ANTENNA AND PAYLOAD ARCHITECTURES 

Three different antenna and payload architectures are 

considered: a Circular Direct Radiating Array (CDRA) with 

Digital Beam Forming (DBF), a Sparse Direct Radiating 

Array (SDRA) with DBF, and a Hybrid-Beam Forming 

(HBF) architecture including fast steering Analog Beam 

Formers (ABFs) capable of beam hopping (BH) and Quasi-

Optical Beam Formers (QOBFs) [6]. The three payload 

architectures include a Digital Transparent Processor (DTP) 

to leverage the flexibility to allocate frequency bands in the 

beams formed for users as well as gateways. For the first 

two architectures the DTP also implements DBF. DBF is a 

preferable beam forming solution compared to a fully 
This work was supported by the European Commission under H2020 

project REVOLVE (MSCA-ITN-2016-722840). 



 

analog beam former. To give an idea of the complexity of an 

ABF, to form one thousand beams with one hundred 

radiating elements, an ABF would need one thousand 100-

way RF power dividers and 100,000 (100 x 1000) analog 

phase-shifters. This solution seems very challenging for 

packaging and design issues. Consequently, solutions based 

only on analog beam forming were not assessed. 

Furthermore, the antennas must be able to generate 

narrow beams in order to reuse the frequency resource. A 

target beam width of 2.4° was proposed in the ESA study 

Next Generation High Data Rate Trunking Systems [7], an 

ARTES Future Program. This beam size was optimised 

thanks to a tool that took into account traffic demand 

forecasts [8]. If the beam width is too large, the antenna 

directivities are too low to provide users with the required 

data rates. However producing too many narrow beams on 

the coverage increases the inter-beam interference by raising 

the aggregated interference level coming from the side lobes 

of generated beams. Moreover, the beam width is related to 

the size of the antenna: smaller beam width, hence more 

directive beams, requires larger antennas which may not be 

accommodated on a MEO platform. Subsequently, the 2.4° 

beam width was given as a requirement for the baseline 

CDRA design. To be comparable, the benchmarked antenna 

solutions were designed to provide similar directivities at 

broadside. 

While orbiting at 8063 km, the antenna shall have a 

Field of View (FoV) of 24.5°. It corresponds to a user 

elevation angle of 20°. 

A. Circular Direct Radiating Array with Digital Beam 

Forming 

The CDRA lattice has 351 radiating elements of size 

1.2λx1.2λ  arranged in a triangular layout presented in Fig. 

1. This antenna is active, which implies one high power 

amplifier (HPA) per radiating element. This technology 

enables power sharing between beams and ensures a 

graceful degradation in case of the breakdown of an 

amplifier. Another advantage of active antennas is that 

HPAs compensate the losses in the repeater. A drawback of 

this architecture is the constraint of having one RF chain per 

radiating element. A RF chain is defined as a cascade of 

electronic components such as HPAs, frequency converters, 

ADCs, DACs and DTP ports. The more RF chains there are, 

the more stringent are the power, mass and mechanical 

requirements. 

 

 
(a) 

 
(b) 

Fig. 1. (a) Radiating elements layout for the CDRA; (b) Radiating pattern at 

boresight and when the main beam is steered to 24.5°. 

The following sections proposes simpler architectures 

with less RF chains either by reducing the number of 

radiating elements in a sparse array layout, or with a hybrid 

beam former. Each following antennas presented were 

designed to provide the same maximum directivity at 

boresight as the baseline CDRA (36.8 dB). 

B. Sparse Direct Radiating Array with Digital Beam 

Forming 

To reduce the number of RF chains while keeping the 
same radiating aperture, an approach is to resort to SDRA. A 
procedure to generate sunflower arrays is detailed in [9] 
where the positions of the radiating elements reproduce the 
pattern of the sunflower. The radiating elements do not 
follow a regular layout; consequently, even with an element 
spacing above 1.2λ, grating lobes do not occur. The irregular 
spacing between radiating elements spreads out the radiated 
energy. Otherwise, in the case of a regular array this energy 
would accumulate in certain directions, generating grating 
lobes. The density of radiating elements follows a space 
taper that varies with the distance to the center of the array. 
The space taper law adheres to a Taylor amplitude law 
corresponding to an objective first Side Lobe Level (SLL). A 
benefit of this architecture is the ability to reach lower first 
SLLs with a uniform amplitude taper illumination of the 
radiating elements. It results in lower inter-beam interference 
in directions close to the main beam. The lowest density at 
the edge of the array enables to use larger radiating elements. 
It permits to increase the aperture efficiency of the antenna 
by filling the gaps between the radiating elements. 

This architecture achieves the same gain at boresight as 
the previous architecture with 274 radiating elements (which 
lattice is presented in Fig. 2a), that is 20% less than the 
CDRA. With a main beam at boresight direction, the first 
SLL reaches -20.7 dB with respect to the maximum 
directivity compared to -17.9 dB for the CDRA. This 
antenna has a larger diameter (58 cm) which enables a better 
users isolation from the interference caused by other close 
beams. As a drawback, extra losses are observed when 
scanning the beams. These losses can reach -2.2 dB at the 
edge of the coverage as shown in Fig. 2b compared to 
CDRA. Power is lost in the SLLs which are more important 
in the SDRA case when the main beam is steered to the edge 
of coverage. 

 



 

  

(a) 

 

(b) 
Fig. 2. (a) Sunflower array antenna layout with 274 radiating elements; (b) 

Radiating pattern at boresight and when the main beam is steered to 24.5°. 

C. Quasi-optical beam formers with Hybrid-Beam Forming 

The Hybrid-Beam Forming architecture combines ABFs 
and beam forming with lenses. Lenses were already 
suggested to form multibeam MEO coverage [10]. However 
the BFN presented in [10] implies two-dimensional stacks of 
lenses which may be cumbersome for an accommodation on 
a MEO satellite platform. Moreover, the beams of this 
architecture are fixed and may not be steered toward user 
positions, which degrades the communication link budget of 
the users at the edge of the beams. The Hybrid-Beam 
Forming (HBF) architecture considered here is based on two 
beam forming stages. First: ABFs implemented in MMIC 
technology; they apply a phase shift along each input ports of 
the QOBFs. Second, a one-dimensional stack of QOBFs [6]; 
each QOBF converts cylindrical waves coming from input 
ports into plane waves. QOBFs offer the advantage of 
broadband operation (due to true time-delayed beams) and 
can be implemented in low-loss technologies [6]. This 
architecture is a competitive candidate for LEO mission with 
compactness and high scanning angle properties [11]. It is 
here proposed to extend this concept to MEO missions with 
QOBFs embedded in an array that forms a rectangular 
aperture  that produces spot beams. 

The radiation pattern of the elementary QOBF in the H-
plane are computed from the ones of Rotman Lenses (RLs) 
designed following a procedure derived from [12] (see Fig. 
3a) as both antennas provide very similar radiation patterns. 
The scan loss for the beams at the edge of the coverage is 
around 0.4 dB. Fig. 3b, shows the Rotman lens which is used 
in conjunction with a linear array and therefore necessitates 
about 48 radiating elements if a spacing of λ/2 needs to be 

maintained. The QOBF offers a simpler alternative as it is 
able to provide similar radiation patterns with a continuous 
aperture.  Each QOBF radiates 12 beams with a single 
radiating aperture. To ensure high crossovers between beam 
columns, two arrays of QOBFs produce a total of 24 
columns of beams. 

  

(a) 
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(b) 

Fig. 3. (a) Normalised radiation pattern of the RLs, the beams in straight 

lines and in dashed lines come from two different RLs; (b) RL with 12 

beam feeds. 

Other alternative HBF solutions exist: a multi-feed per 

beam lens can improve the crossover while keeping only 

one radiating aperture. This solution was not investigated 

here but can be implemented in the case of accommodation 

issues. In the literature other designs show a high number of 

beams generated with a single lens, however they are based 

on dielectric and exhibit high losses when scanning the 

beams [13]. The study of the optimal lens configuration is 

still to be done, but the architecture presented here proposes 

a feasible simple design. 

In each column direction, beams can be steered thanks to 

fast steering ABFs that implement BH. Three beams can be 

formed in each column direction as presented in Fig. 4 

during each time slot. These three beams correspond to three 

output ports of the DTP connected to an ABF. 

This solution can be regarded as semi-active as 

amplifiers are between the two stages of the beam forming 

network: after the ABFs and before the QOBFs. It means 



 

that even if the number of amplifiers remain similar as in 

DBFN solutions, the number of DTP ports is considerably 

reduced. In total 72 DTP ports are needed, 80% less than the 

CDRA with DBFN and 70% less than the SDRA. There are 

three DTP output ports connected to an ABF which can 

form up to three beams. Increasing the maximum number of 

beams per columns requires increasing the number of output 

ports of the DTP, and consequently the processing power 

consumed. Simulations showed that three beams per column 

were needed to reach the optimum trade-off complexity 

versus capacity. 

 

 
Fig. 4. Coverage achieved by HBF with steering abilities in directions 

given by the radiating pattern of the QOBFs. 

 
Fig. 5. Antenna aperture facing Earth for the hybrid beamforming 

configuration. It is constituted of two arrays of QOBFs, tilted by 1° in 

opposite directions. 

One drawback of this architecture is that in contrast to 

the previous ones it benefits less from graceful degradation 

as the power is distributed along columns of beams. An 

active version of this antenna or Multi Port Power 

Amplifiers (MPAs) between the input ports of the QOBFs 

can circumvent this issue. Table I summarizes the main 

characteristics of each presented payload. 

 
TABLE I 

PAYLOADS CHARACTERISTICS 

 

 CDRA SDRA HBF 

Radiating 

elements 

351 

horns of 
size 1.2λ 

Three different tiles 

made of horns of size 
1.2λ (274 radiating 

elements) 

Two arrays of 

quasi-optical 
beamformers 

Directivity at 
broadside (dB) 

36.8 36.8 36.5 

Beamforming 

method 

Digital Digital Analog + 

quasi-optic 

III. BENCHMARK METHOD 

A. Definition of a non-uniformity indicator, μ 

As the orbital positions of MEO satellites constantly 

change (contrary to GEO satellites), MEO satellites 

experience a wide variety of user distributions on Earth. The 

payload architectures must be flexible enough to meet the 

demand of as many profiles of user distributions as possible. 

A payload with a uniform allocation of its resource would 

be optimum on a uniform user distribution. However in the 

case of non-uniform user distributions, resources may be 

allocated over regions with no user, resulting in a waste of 

resources. Besides, regions with high traffic demands would 

be under provisioned. A parameter denoted as μ was defined 

in [5] to characterise the non-uniformity of the user 

distributions in the satellite FoV. The Aggregated Traffic 

Demand, ATD is computed in each cell of a lattice, formed 

across the coverage. An example of cell lattice for μ 

calculations is illustrated in Fig. 5. 

 

 
Fig. 6. Cell lattice used to compute the μ parameter. 

The cell size is commensurate with the beam size to 

capture in each cell a representative demand experienced per 

beam. The number of cells may not be equal to the number 

of beams, their number is chosen to cover the FoV of the 

satellite and capture the user distribution. Computing the 

standard deviation of the ATD, in all cells and normalizing it 

by its average, results in the μ parameter defined in equation 

(1).  

 

𝜇 =  
standard deviation of ATD in all the cells

mean of ATD in all the cells
               (1) 

 

It is observed that the non-uniformity of a user 

distribution is closely linked to this parameter. An evolution 

of the μ parameter with increasingly non-uniform user 

distribution is presented in Fig. 6. 

 
Fig. 7. Examples of user distributions with equal number of users and data 

rate demand per user, and associated μ parameter. 



 

B. Beam forming 

For all architectures, beam forming weights are 

computed to compensate the phase-shift between radiating 

elements induced by propagation toward users. The 

electromagnetic waves coming from each radiating elements 

are subsequently summed coherently to provide the highest 

gain toward users’ directions. This beam forming solution 

was privileged because of its simplicity: by applying a phase 

law the array factor can easily be deduced. By multiplying it 

by the radiating element pattern, one is able to obtain the 

radiating pattern of the array at the required scan angle. As 

the MEO satellite constantly orbits, an optimisation of the 

beam forming coefficients would be difficult. Too heavy 

computations may cut the latency of the system, which is 

one of its main interest. 

For each scenario of user distribution, beams are formed 

over all the coverage creating a lattice of one degree 

granularity. To accelerate the resource allocation, only the 

beams scanned over user positions are considered.  

C. Resource allocation algorithm 

A resource allocation algorithm is used to compute the 

effective capacity of each payload architecture on user 

distributions with various μ values. The algorithm is able to 

optimally utilise the flexibility of the payloads to steer the 

beams toward user terminals’ directions and to allocate 

frequency bands in the case of CDRA and SDRA or time 

slots in the case of HBF. This algorithm is based on 

Simulated Annealing (SA) which combines a global search 

and a local search in the set of feasible solutions following 

the flow graph in Fig. 7. The candidate allocation 

configurations that improve the achieved capacity are 

chosen, either by removing interfering beams or allocating 

frequency chunks/time slots to beams that do not  interfere 

with active neighbour beams. SA was selected as it proved 

to find an optimum with high repeatability [5] and was used 

in the literature to solve similar resource allocation problems 

in the context of satellite communication involving flexible 

resource allocation [14]. The frequency chunk/time slot to 

beam allocation is stored in a matrix 𝐹 ∈ ℝ𝑁𝑏×𝑁𝑓 where 𝑁𝑏 

is the number of beams formed, 𝑁𝑓 the number of available 

frequency chunks/time slots. Each element of the matrix 𝐹, 

𝑓𝑖,𝑗  indicates if the beam i is allocated to the frequency 

chunk/time slot j if 𝑓𝑖,𝑗 = 1 , 0 otherwise. The power 

allocated per carrier is determined to reach a power spectral 

density that ensures a constant spectral efficiency for all the 

users. 

 The algorithm was designed to comply with each 

payload specific constraints on power and beam forming. 

For the power consumption constraint, in the case of active 

antennas (CDRA and SDRA), the amplification is entirely 

distributed, so all the beams are supplied by the same power 

bank. For the HBF case, the power is shared within each 

column of scan angle. For each payload architecture, the 

total power allocated to beams must not exceed the available 

power. For beam forming, HBF architecture constraints on 

the number of DTP ports and size of the ABF limit the 

number of beams that can be illuminated per column and per 

time slot. Here the maximum number of beams per column 

of scan angle is fixed to three. For brevity, please refer to [5] 

for further explanations on the payload constraints. 

 

 
Fig. 8. Simulated annealing algorithm to allocate frequency bands/time 

slots to beams. 

Compared to [5], the maximum number of iterations was 

raised to 140,000 and a convergence criteria is proposed. If 

after 1,000 iterations the capacity achieved does not increase 

by more than 1 Mbps, the convergence is supposed to be 

reached. The number of iterations is higher because of a 

higher number of users and number of beams. Each SA run 

lasts around 10 min so no dynamic resource allocation 

during an orbit is feasible with this algorithm. To accelerate 

the computations, machine learning seems to be a promising 

solution. This is done in [8] in a LEO context, where a 

neural network is trained by a genetic algorithm on a power 

allocation problem. 

Within a beam, frequency resource is given in priority to 

users who benefit from the best link budget. A fairer 

allocation policy based on equal frequency band allocation 

per user also gave similar benchmark results at the cost of 

lower overall capacities. To compute the achievable data 

rate, carrier-to-noise and carrier-to-interference power ratio 

are computed. The carrier-to-noise interference for user j in 

beam i is obtained by equation (2). 

 

(𝐶
𝑁⁄ )

𝑖

𝑗
=  𝑃𝑖𝑔𝑖

𝑗
(

4𝜋𝑑𝑗

𝜆
)

−2

(
𝐺

𝑇
)

𝑗

1

𝑘𝐵𝑖
                 (2) 

 

Where 𝑃𝑖  is the power allocated to beam i, 𝑔𝑖
𝑗
the gain of 

beam i toward user j, 𝑑𝑗 the distance between the satellite 

and user j, k the Boltzmann constant, 𝐵𝑖 the frequency 

bandwidth allocated to beam i and (𝐺 𝑇⁄ )𝑗  the figure of 

merit of the user terminal j. 

The carrier-to-interference power ratio is computed 

using the equation (3). 

(𝐶
𝐼⁄ )

𝑖

𝑗
=  

𝑃𝑖𝑔𝑖
𝑗

∑ 𝑃𝑖′𝑔
𝑖′
𝑗

𝑏𝑖′,𝑖𝑖′,𝑖′≠𝑖

                             (3) 

 

Where 𝑏𝑖′,𝑖 is the overlapping frequency chunk/time slot 

ratio between beams 𝑖′  and i. If these two beams are 

illuminated on the same frequency chunks/time slots, this 

coefficient equals 1. If they are never illuminated on the 

same frequency chunk/time slot, this coefficient equals 0. 



 

The signal over noise plus interference can then be 

computed. Intermodulation products that result from HPAs 

non-linearity in multicarrier mode must also be taken into 

account. Their impact depends on the operating mode of the 

HPAs and the modulation chosen. Reference [15] provides 

values of intermodulation interference in function of SSPAs 

operating points. It is assumed in the following that all the 

candidate payload architectures are affected by the same 

intermodulation interference This approximation is made as 

in our multibeam scenario, the major contributor to 

interference is inter-beam interference. 
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        (4) 

 

Adaptive coding and modulation (ACM) from the DVB-S2x 

standard is assumed. Gateways can in this case adapt the 

coding rate and the modulation of the signal to the SINR 

values calculated for each user to maintain the 

communication link with an objective bit error rate. 

IV. RESULTS 

A. Capacities achieved over scenarios generated 

A total of 20 Gbps of downlink capacity provided to 

users is targeted. 40 Mbps data rate demand per terminal are 

targeted with a total of 500 users spread across the FoV of 

the satellite with varying non-uniformities. For the user 

terminals, a figure of merit of 15 dB/K which corresponds to 

a 60 cm diameter antenna is assumed. Reference [5] 

explains in detail how to generate user distributions 

spanning a wide diversity of μ values. 

The satellite utilises 500 MHz of frequency bandwidth 

between 17.7 GHz and 18.3 GHz. A single polarization is 

considered to simplify the analysis. It is expected that this 

parameter would play a minor role in the result of the 

payloads benchmark. For CDRA and SDRA, frequency 

chunks of size 𝐵𝑐ℎ = 30 MHz  are allocated to beams, to 

have the same granularity to share the resource in time and 

in frequency between all the payload architectures. For the 

HBF architecture, there are 16 time slots during which the 

entire frequency band can be used. The parameters used to 

perform the analysis are presented in Table II. 

 
TABLE II 

System parameters 

 

Aggregated EIRP 65 dBW 

Demand per terminal 40 Mbps 

Figure of merit of UTs (60 cm antenna) 15 dB/K 

Total bandwidth available for the forward link 500 MHz 

Channel bandwidth (for CDRA and SDRA) 30 MHz 

Number of time slots (for HBF) 16 

Output back-off 3 dB 

C/I intermodulation 17 dB 

Atmospheric attenuation Clear sky 

 

To have comparable payload architectures, a reference 

aggregated EIRP of 65 dBW is assumed. Throughput 

performances are assessed through the matching ratio (MR) 

indicator, which is the ratio between the achieved capacity 

and the aggregated demand of users in the satellite FoV. The 

MR figure of merit ranges from 0 (no demand is met) to 1  

(the entire demand is met). Fig. 8 shows the variation of MR 

with respect to the μ parameter defined in Section III. The 

achieved capacities are computed by applying the resource 

algorithm presented in Section III. C. 

 
Fig. 9. Variation of matching ratio with non-uniformity. 

For the lowest μ which describes the uniform users 

distribution, CDRA and HBF achieve MRs close to 1, 

meaning that the 20 Gbps total demand is met. The user 

distributions at low μ are not non-uniform enough to 

observe clearly the benefits of DBF, the most flexible beam 

forming option, compared to HBF. At low μ, SDRA 

performs worse than CDRA and HBF. This is due to the 

lowest users’ C/N, consequence of higher scanning losses as 

illustrated in Fig. 2b. This effect is compensated when μ 

rises: for SDRA with narrower beams, a higher frequency 

reuse factor can be used. Moreover the inherently lower 

SLLs of the sunflower array layout mitigate the interference 

between close beams. When non-uniformity increases, 

CDRA and SDRA that benefit from a more flexible beam 

former become the preferential solutions. Steering beams in 

only one dimension is not sufficient in these scenarios. For 

example in the most non-uniform scenario with a μ of 7.7, 

SDRA offers 2 times more capacity than HBF. This 

theoretical analysis on a wide variety of scenarios can be 

exploited on a realistic scenario of worldwide users 

distribution. The following study proposes to determine the 

most likely range of μ on an aeronautical user terminal 

distribution to conclude on the most relevant payload 

architecture. 

B. Extension of the analysis on a realistic scenario 

 A realistic scenario of traffic distribution derived from 

the ones used in the ESA trunking study [7] is taken into 

account. The number of user terminals was stored in cells of 

iso-surface entirely mapping Earth. They were divided by a 

scalar to obtain a maximum capacity experienced by the 

satellites of 20 Gbps to be able to exploit the previous 

results. The resulting map of the worldwide traffic 

distribution is given in Fig. 9a. It corresponds to a total 

traffic with 1500 aeronautic terminals. The evolution of the 

demand seen by the satellite is plotted in Fig. 9b. Fig. 10 



 

shows the cumulated distributive function of the non-

uniformity with values taken on seven orbits. 

 
(a) 

 

 
(b) 

Fig. 10. (a) User demand distribution on Earth; (b) Demand seen by the 

satellite over seven orbits. 

 The scenarios selected for analysis have a total demand 

between 19 and slightly more than 20 Gbps to be able to 

exploit the results presented in Section IV.A that were 

produced from user distributions with an aggregated 

demand of 20 Gbps. With a one minute sampling of the 

orbit positions, the total number of scenarios in the range of 

total demand amounts to 200 (10% of time). The 

distribution of μ in Fig. 10a highlights that for the scenarios 

with around 20 Gbps μ remains below 1.04. For this value 

of μ, CDRA is the best architecture with a MR of 0.87, HBF 

achieves a MR of 0.85 and 0.79 for SDRA. 

 
 (a) 

 
(b) 

Fig. 11. (a) Cumulative distribution function of the non-uniformity along 

seven orbits; (b) Zoom on MR performance around the most likely μ values 

observed for an aeronautical traffic. 

 Instead of considering the worst case scenarios another 

approach is to include all the scenarios with aggregated 

demands around 20 Gbps to deduce an average throughput. 

MRs are functions of μ and can be interpolated for each 

architecture with 2nd order polynomials. The error between 

the points obtained in Fig. 10b and the points obtained with 

the interpolations are plotted in Fig. 11. 

 

 

 
Fig. 12. Polynomial interpolation of MR. 

The results of mean and minimum capacities for each  

architecture are summarised in Table III. 

 
TABLE III 

PERFORMANCE OF EACH ARCHITECTURE ON AN AERONAUTIC USERS 

DISTRIBUTION. 
 

 Mean capacity achieved 

from polynomial 

interpolation (Gbps) 

Minimum capacity 

achieved (Gbps) 

CDRA 19.0 17.4 

SDRA 16.9 15.8 

HBF 18.2 17.0 

 

CDRA is still the best architecture with 4% more 

average capacity than HBF. SDRA is the worst one with 

12% less capacity than CDRA.  

These MR values encountered may be acceptable as the 

throughput degradations are due to users at the edge of the 

FoV. They suffer from higher losses because of longer paths 



 

between the satellite and the user terminal and antenna 

scanning losses. To mitigate this effect, another satellite 

with an overlapping coverage may support the main satellite 

to meet all the demand. To conclude the benchmark, an 

assessment of the power required by each payload is now 

undertaken. 

C. Power evaluation of each architecture 

To a first approximation, complexity is estimated by 

assessing the DC power consumed by the payloads. High 

power requirements constraint sub-systems performance 

such as the electric power supply (solar panels and batteries) 

and the thermal control to dissipate heat. The more power is 

needed the more complex would be the overall spacecraft. 

The problem of heat dissipation is even more crucial in the 

architectures proposed as they use active or semi-active 

antennas with a high density of HPAs. These HPAs are 

expected to play a prominent role in the power budget.  

The 65 dBW aggregated EIRP corresponds to a total RF 

power of 610 W. SSPA with a power efficiency of 35%, a 3-

dB output back-off would represent an aggregated 3.5 kW 

DC power for all architectures. The calculated power 

consumptions of the DTP are based on the current 

technologies available. The DTP is assumed to operate in C 

band, so frequency converters are also needed. Reference 

[16] gives the consumption of some state-of-the-art ADCs 

and DACs. Finally, the feeder segment is assumed to 

consume about 10% of the total power available. The power 

budget for each payload architecture is summarised in Table 

IV. 
TABLE IV 

DC Power consumed by each payload. 

 CDRA with 

DBF 

SDRA 

with DBF 

HBF 

HPA (kW) 3.5 3.5 3.5 

DTP assembly (kW) 1.8 1.4 0.37 

Feeder segment (kW) 0.61 0.56 0.45 

Total power consumed 

(kW) 

5.9 5.5 4.3 

 

 HBF is the architecture that consumes the least power, 
with 37% less than CDRA and 28% less than SDRA. 
Savings come from less ADCs, DACs, and DTP ports to 
process. 

 HBF achieves similar capacity as SDRA with the less 
power. Moreover, the 4.3 kW power consumption of the 
HBF architecture would allow the payload to be fitted on a 
MEO platform. The other architectures can be 
accommodated on Mini-GEO platforms that may rise the 
costs to deploy the MEO constellation. In conclusion, CDRA 
offers more flexibility but at the price of more power, HBF 
may then offer a competitive alternative. In terms of power 
efficiency CDRA delivers 3.2 Gbps/kW whereas HBF 
delivers 4.2 Gbps/kW. HBF is the most power efficient 
solution. 

CONCLUSION 

Benchmarking payload and antenna architectures in 

terms of supplied capacity and complexity is essential to 

implement the most cost-effective systems. Three 

multibeam architectures were investigated: a Circular Direct 

Radiating Array with Digital Beam Forming, a Sparse 

Direct Radiating Array with Digital Beam Forming, and a 

Hybrid Beam Forming architecture. The Circular Direct 

Radiating Array with Digital Beam Forming achieves the 

highest throughputs on a range of scenarios determined by a 

forecast of aeronautic traffic. HBF is the most power 

efficient solution as it consumes 37% less power with 

sacrificing only 4% of the supplied capacity. To confirm the 

potential of this payload design other studies should be 

undertaken to estimate the mass of such type of architecture.  
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