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Abstract— Active Electronic Scanned Array (AESA) systems 

will form the backbone of future 5G NR systems operating in the 

FR2 n512 bands, making careful design of the various system 

blocks a priority. In this work, the link budget for the uplink and 

downlink of an ESA system has been evaluated both analytically 

and using the VSS software available within the AWR Cadence 

tool. The same tool has been also used to evaluate the radiation 

patterns of the antenna array used in the AESA. The EIRP and 

G/T values found were higher than those proposed in the 

literature, indicating the importance of accurate link budget 

evaluation to ensure the best system performance.  

Keywords— Antenna, EIRP, EVM, G/T, link budget, phased 

array, 64-QAM. 

I. INTRODUCTION 

Currently, satellite telecommunications (broadcasting TV 

and Internet) use geostationary satellites (GEO) about 36,000 

km away from the Earth or low Earth orbit (LEO) satellites at 

altitudes between 500 and 700 km. The main advantages of 

LEO satellite systems are a more extended coverage of the 

surface of the Earth that permits the availability of satcom links 

in areas not served by GEO systems; a reduced latency (less 

than 2 ms) that proves to be fundamental for real-time 

applications; and a reduced size of the user terminals due to the 

reduced path loss of low-orbit satellites.  

However, the benefits given by LEO satellites come with 

technical challenges. LEO satellites travel at high speed and can 

ensure the coverage of the targeted areas of the Earth’s surface 

only for a limited time, placing stringent requirements on the 

antenna for both the space and ground segment. In particular, 

the antennas should be agile and able to steer their main beam 

over a large field of view. For LEO non-terrestrial networks, 

the European Telecommunications Standards Institute (ETSI) 

has established the 27.5-30 GHz band for the uplink and the 

17.3-20.2 GHz band for the downlink (FR2 n512 

denomination) [1]. 

Some LEO constellations are already in use and represent 

the complement of the nascent 5G infrastructure of land that 

will become the exclusive means for the control and 

communication of maritime and ocean areas. Moreover, 

satellite telecommunications have a potentially huge market of 

commercial applications, industrial as well as surveillance and 

monitoring of civil infrastructure. There are also specific fields 

of application, such as advanced driver assistant (ADAS) 5G 

systems or road-side assistance, which find in the LEO space 

domain their primary form of evolution [2]. 

The aim of this study is the design of an active electronically 

scanned array (AESA) system operating in the FR2 n512 

frequency bands. To this purpose, first the system link budget 

will be analytically investigated and then implemented within 

the VSS software available inside the tool AWR by Cadence. 

Then a possible configuration for the antenna array will be 

investigated.  

II. LINK BUDGET CALCULATIONS 

The typical block diagram for a ground to satellite uplink is 

reported in Fig. 1, where upper blocks are located on the ground 

terminal while lower blocks are in the satellite one. In Fig. 1 

only one beamformer is shown while, in practical cases, all the 

antennas of the array are driven by a beamformer followed by 

a power amplifier. Fig. 2 shows the block diagram of the 

satellite to ground downlink where upper blocks are located on 

the satellite terminal while lower blocks are in the ground one. 

In this case, at the output of each antenna there is a low noise 

figure amplifier.  

 

Fig. 1.  Block diagram for the ground to satellite uplink (27.5 – 30 GHz). 

 

Fig. 2.  Block diagram for the satellite to ground downlink (17.3 – 20.2 GHz). 



 

 

The Signal to Noise ratio (SNR) at the input of the receiver 

is a fundamental metric in link budget calculations. The 

minimum acceptable SNR depends on the modulation scheme 

used and on the minimum acceptable Block Error Rate (BLER). 

At low SNR values, QPSK modulation can be used, whereas at 

higher SNR values, modulation schemes up to 1024-QAM can 

be adopted. For example, to use 64-QAM modulation with 

Modulation and Coding Scheme 14 and BLER=10-1 requires a 

received SNR of at least 17 dB [3].  

Concerning the uplink, the reference parameter in the 

transmitting system is the effective isotropically radiated power 

(EIRP). It is defined as: 
 

𝐸𝐼𝑅𝑃𝑑𝐵𝑚 = 𝑃𝑇𝑋𝑑𝐵𝑚 + 𝐺𝑇𝑋𝑑𝐵  (1) 

where 𝑃𝑇𝑋𝑑𝐵𝑚  is the transmitted power and 𝐺𝑇𝑋𝑑𝐵  is the 

gain of the transmitting antenna. 

The received power 𝑃𝑅𝑋𝑑𝐵𝑚 is given by: 
 

𝑃𝑅𝑋𝑑𝐵𝑚 = 𝐸𝐼𝑅𝑃𝑑𝐵𝑚 + 𝐺𝑅𝑋𝑑𝐵 − 𝐿𝐹𝑆𝑑𝐵 − 𝐿𝑅𝐴𝐼𝑁𝑑𝐵 − 𝐿𝐴𝑇𝑀𝑑𝐵(2 )  

where 𝐺𝑅𝑋𝑑𝐵 is the gain of the receiving antenna, 𝐿𝐹𝑆𝑑𝐵  is the 

free space attenuation, 𝐿𝑅𝐴𝐼𝑁𝑑𝐵  is the rainfall attenuation, 

𝐿𝐴𝑇𝑀𝑑𝐵  is the atmosphere attenuation. 

The main power loss in satellite links is due to the path, called 

free-space loss that is given by: 
 

 𝐿𝐹𝑆𝑑𝐵 = 20𝑙𝑜𝑔10(4𝜋 𝑑𝑠𝑝 𝜆⁄ ) (3) 

where 
 

𝑑𝑠𝑝 = 𝑟𝑒 (√(𝑟𝑒 + 𝑑)2 𝑟𝑒
2⁄ − 𝑐𝑜𝑠(𝜃𝑒𝑙)2 − 𝑠𝑖𝑛(𝜃𝑒𝑙)) (4) 

is the satellite effective path, 𝜃𝑒𝑙  is the elevation angle in 

degrees, 𝑟𝑒  is the radius of the Earth and 𝑑𝑠𝑝 is the max orbit 

distance. 

The attenuation introduced by the atmospheric gases and 

atmospheric attenuation were calculated using equations 

reported in the “ITU-R P.676-13” recommendation [4]. This 

returns the value 𝐿𝐴𝑇𝑀𝑑𝐵 = 0,21 𝑑𝐵.  Therefore for the 

atmospheric attenuation a conservative value of 𝐿𝐴𝑇𝑀𝑑𝐵 =
0,5 𝑑𝐵  will be considered. Scintillation effect and Faraday 

rotation are negligible for signals above 10 GHz and will 

therefore not be considered in this analysis. Attenuation due to 

rainfall is also very important, and according to the Glossary of 

Meteorology of the American Meteorological Society [5], a 

value of 5 mm/h of “moderate” rain was selected. Then, 

according to ITU-R P.838-3 [6] tables, an attenuation of 1 

dB/km at 30 GHz was chosen. Finally, multiplying this value 

for the distance the signal travels inside the rain layer, assumed 

to have a thickness of 3 km, which is an approximation of the 

height of most rain-producing clouds, and considering the slant 

path due to the 50 degrees of elevation angle, the effective path 

is about 3.9 km, and a value of 4 dB was fixed to guarantee a 

slight margin of safety. 

The calculation of the System Noise Equivalent 

Temperature (SNET) at the input of the receiver is then carried 

out. In addition to the antenna noise equivalent temperature 

(ANET), the contribution of the noise figure (NF) of the low 

noise amplifier and the attenuation introduced by the cables 

connections (𝐿𝑅𝑋) are also taken into account giving:  
 

 𝑆𝑁𝐸𝑇 = 𝐴𝑁𝐸𝑇 + 𝑅𝑃𝑇 ⋅ (10
𝑁𝐹+𝐿𝑅𝑋

10 − 1)  (5) 

 

where RPT is the Receiver Physical Temperature.  

The signal to noise ratio at the receiver input is given by: 
 

 𝑆𝑁𝑅𝑑𝐵 = 𝑃𝑅𝑋𝑑𝐵𝑚 - 𝑁𝑑𝐵𝑚 (6) 
 

where the noise power in dBm is: 
 

 𝑁𝑑𝐵𝑚 = 10𝑙𝑜𝑔10(𝑘𝐵𝑇) + 30  (7) 
 

where 𝐵  is the noise bandwidth of the receiver, 𝑘  is the 

Boltzmann constant equal to 1,38 ∙ 10−23[𝑊 ∙ 𝐻𝑧−1 ∙ 𝐾−1], T 

is the temperature in Kelvin, and the value of SNET will be 

used for T. 

If Na is the number of antennas in the uplink transmitting 

system with gain 𝐺𝐴𝑑𝐵  and 𝑃𝐴𝑑𝐵𝑚  is the output power of the 

amplifier that powers the antennas, it holds: 
 

 𝑃𝐴𝑑𝐵𝑚 = 𝐸𝐼𝑅𝑃𝑑𝐵𝑚 − 𝐺𝐴𝑑𝐵 − 20𝑙𝑜𝑔10(𝑁𝑎)  (8) 
 

where the term 20𝑙𝑜𝑔10(𝑁𝑎) is due to the sum of the array 

factor (10𝑙𝑜𝑔10(𝑁𝑎)) and of the overall power supplied to the 

Na antennas (10𝑙𝑜𝑔10(𝑁𝑎)). 

With reference to the downlink, a typical figure of merit in 

the receiving system is the gain over temperature ratio defined 

as: 
 

𝐺/𝑇𝑑𝐵/𝐾 = 𝑆𝑁𝑅𝑑𝐵 − 𝐸𝐼𝑅𝑃𝑑𝐵𝑚 + 𝐿𝐹𝑆𝑑𝐵 + 𝐿𝑅𝐴𝐼𝑁𝑑𝐵 +

𝐿𝐴𝑇𝑀𝑑𝐵 + 10𝑙𝑜𝑔10(𝐾𝐵)       (9) 
 

or: 

 𝐺/𝑇𝑑𝐵/𝐾  = 𝐺𝐴𝑑𝐵 + 20𝑙𝑜𝑔10(𝑁𝑎) − 10𝑙𝑜𝑔10(SNET) (10) 
 

Moreover, from (5) the receiver noise figure is: 
 

 𝑁𝐹 = 10log10(1 + (SNET − 𝐴𝑁𝐸𝑇)/𝑅𝑃𝑇) − 𝐿𝑅𝑋 (11) 

 

Concerning the uplink, the Noise Figure (NF) of the LNA 

and the losses in the satellite receiver (LRX) are considered to be 

2.8 dB and 1.6 dB, respectively [7]. For an antenna on the 

satellite looking down at Earth ANET is 290 K while RPT is 

considered equal to 275 K. The resulting SNET (with B = 10 

MHz) is calculated to be around 968,5 K giving rise to a noise 

power 𝑁𝑑𝐵𝑚= -98.7 dBm. As evidenced before, the minimum 

SNR needed for the 64 QAM modulation is 17 dB. 

Consequently, the power that must be received is about 𝑃𝑅𝑋𝑑𝐵𝑚 

= -81.7 dBm. Considering a maximum transmitter-receiver 

distance of 800 km, a centre frequency of 28.75 GHz, a receive 

gain of 𝐺𝑅𝑋𝑑𝐵 =20dB [8]-[9] and the above found values for 

atmospheric, rain, and cable attenuation, we find that an 

𝐸𝐼𝑅𝑃𝑑𝐵𝑚 =  82 dBm is required that correspond to 52 dBW. 

This 𝐸𝐼𝑅𝑃𝑑𝐵𝑚 value can be obtained with various values of the 

number of antennas (Na), the gain of the single antenna (𝐺𝐴𝑑𝐵) 

and the power applied to the antenna ( 𝑃𝐴𝑑𝐵𝑚 ). Some 

combinations are reported in Table I. 

 



 

 

Table I.  Combinations of number of antennas, antenna gain and  

amplifier power that give rise to the requested 𝐸𝐼𝑅𝑃𝑑𝐵𝑚  

 Na 𝐺𝐴𝑑𝐵  PAdBm PA (W) 

1 88 = 64 15 31 1.2 

2 1010 = 100 15 27 0.5 

3 1616 = 256 5 29 0.8 

4 2020 = 400 5 25 0.35 

 

In particular, the configuration reported in row 1 of Table I 

can be obtained using a rectangular array of 64 horn antennas 

with a gain of approximately 15 dBi and a 31 dBm PA. 

Similarly, the one in row 4 considering a rectangular array of 

400 patch antennas with 5 dBi gain driven by a 25 dBm PA.  

With reference to the downlink, 𝑃𝑇𝑋𝑑𝐵𝑚 = 36 dBm and 

𝐺𝑇𝑋𝑑𝐵=20 dB have been assumed [9] and, as before, SNR= 17 

dB. In this way by (9) we get a receiver gain over temperature 

(𝐺/𝑇𝑑𝐵/𝐾) value of 10.3. As for the uplink, after selecting the 

number of antennas (Na) the antenna gain (𝐺𝐴𝑑𝐵), the receiver 

equivalent temperature is achieved by inverting (10). In the case 

considered for the downlink, RPT = 290 K and for ANET a 

value of 35 K was extracted from the graph in [10]. Table II 

shows for various combination of Na and 𝐺𝐴𝑑𝐵 the 

corresponding maximum NF value achieved with (11). 

 

Table II.  Combinations of number of antennas, antenna gain and LNA noise 

figure that give rise to the requested 𝐺/𝑇𝑑𝐵/𝐾. 

 Na 𝐺𝐴𝑑𝐵  NF [dB] 

1 88 = 64 15 < 13.6 

2 66 = 36 15 < 8.8 

3 1616 = 256 5 < 15.6 

4 88 = 64 5 < 4.4 

 

III. POWER BUDGET SIMULATIONS  

The designed AESA system has been implemented inside 

the software VSS available within the tool AWR by Cadence. 

This tool allows to apply a modulated signal at the AESA input 

and to investigate the received signal at the output of the chain 

(see Fig. 3). The system parameter for the uplink together with 

the data reported in the first row of Table I were implemented. 

The achieved power budget along the system test point in Fig. 

3 is reported in Fig. 4 (a) together with the simulated noise 

spectral power density.  

   
  (a)  (b) 

Fig. 4.  Power budget for the AESA uplink (a) and I/Q plot for a 64 QAM 

modulation 

By considering the chosen 10 MHz bandwidth, the SNR at 

the receiver input is 17 dB as per specification. The 

constellation diagram for a 64 QAM modulation is reported in 

Fig. 4(b) and an EVM of about 10% has been simulated by the 

VSS software. 

IV. ANTENNA ARRAY DESIGN  

To realize the system reported in the first row of Table I 

circularly polarized antennas with 15 dB gain are necessary. 

This specification can be fulfilled by using horn antennas. The 

chosen dual polarization antenna geometry and dimensions are 

reported in Fig. 5. Both the feeding structure and the horn have 

a square section. Two transversal sections are outlined in Fig. 5 

with a view of the coaxial to waveguide transition. 

 

Fig. 5 Horn antenna geometry. Wa = 19 mm, Wg = 6.5 mm, Wr = 1.15 mm, 
Lg = 17 mm, Lf = 30 mm 

The antenna has been studied with the CST software and the 

reflection coefficient and realized gain as a function of 

frequency are reported in Fig. 6 (a) and (b), respectively. The 

figures show a reflection coefficient at both ports of the antenna 

lower than -10 dB in the 27.5-30 GHz band with a realized gain 

between 14.3 and 15.2 dBi. The simulated axial ratio was 

between 1.4 and 1.8 dB. This antenna is under production by 

utilizing additive manufacturing by 3D printing, and 

subtractive manufacturing in order to compare the two 

approaches. 

 

Fig. 3. Block diagram of the AESA uplink. 



 

 

   
  (a)  (b) 

Fig. 6.  Antenna reflection coefficient at port 1 and port 2 (a) and antenna 

realized gain (b). 

 

        
  (a)  (b) 

           
  (c)  (d) 

Fig. 7.  Radiation pattern of a rectangular array without steering (a) and with 

15° steering (b). Radiation pattern of a 60° tilted triangular array without 
steering (c) and with 15° steering (d). 

 

Finally, the horn antenna radiation pattern simulated with 

the CST software has been imported inside the VSS tool and 

the radiation pattern of a 8  8 rectangular array (1.8  spaced 

at 28.75 GHz) has been evaluated. Fig. 7(a) and Fig. 7(b) show 

the radiation patterns without and in the presence of a 15° 

steering, respectively. Grating lobes at  30 degrees with 

respect to the main beam are observed. Then a triangular array 

(1.8  spaced) with 60° angle between x-y axes has been studied 

[12]. Fig. 7(c) and Fig. 7(d) show the radiation patterns without 

and in the presence of a 15° steering, respectively. In this case 

a reduction in the grating lobe amplitude and an increase in the 

grating lobe free region is evidenced. Moreover, the triangular 

array gives rise to gains of 31.9 and 29.9 dBi with 0° and 15 ° 

steering, respectively, with an increase of about 1.5 dB with 

respect to the rectangular array. 

V. CONCLUSION 

The analysis conducted in this work has highlighted that to 

guarantee 17 dB of SNR an EIRP of 82 dBm and a G/T of at 

least 10 dB/K are necessary for a LEO uplink and down link, 

respectively. These values can be achieved with various 

combinations of array antenna number, amplifiers gain and 

noise figure. EIRP and G/T values are slightly higher than those 

proposed in the literature [11], indicating the need to conduct 

detailed analyses to guarantee the services of the new 5G NR 

systems. 
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