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Abstract - This paper will present recent findings 

relating to the feasibility of a circular self-tracking 

(retrodirective) antenna array for launch vehicle 

applications. Circular retrodirective arrays (RDAs), are 

comprised of a single ring of elements placed on a 

cylindrical ground plane. A breadboard of a circular 

RDA has already been built and measured at QUB. The 

breadboard operated at 2.4 GHz (similar to the S band 

frequency range used for launch vehicle telemetry) and 

had 16 dipole elements. Work is also ongoing at QUB on 

circular RDAs using patch antennas, which offer reduced 

drag and are suitable for mounting in a conformal 

manner. The circular RDA is able to produce high gain, 

self-tracking operation over a 360 azimuthal range, 

compared to the 80-120 typical azimuthal scanning 

range achievable from a flat, planar RDA.  

 

I. INTRODUCTION 

 

Current Launcher Telemetry (TM) systems, such as the 

TM sub-system of the ESA-developed Launch Vehicles 

(LV) (Ariane, Vega) rely on Frequency Modulation (FM) 

in S band. The associated maximum data rate is 1 Mbps, 

which reduces close to 750 kbit/s when technological 

margins are accounted for [1]. There are considerable 

constraints in the ability to transmit real time data from 

launch vehicles, with the current practice for real-time 

data to be transmitted immediately after acquisition to 

ground, while non real-time data is acquired and stored 

in mass memory, in order to be retransmitted to ground 

in suitable conditions. The antenna is a critical 

component to allow higher bit rates and more reliable 

operation of the LV telementry link. Ideally the antenna 

should provide coverage around the full sphere of the 

launch vehicle. Also, to achieve higher data rates, a 

higher gain antenna is required to increase S/N ratio 

under challenging conditions. Current LV systems use 

reasonably omnidirectional antennas such as S-band 

Quadrifilar Helix antenna and Patch antennas, with 

several antennas required to achieve coverage around the 

full sphere of the launch vehicle. This antenna 

configuration is reasonably simple to implement, but 

suffers from low gain and restricted coverage, thus 

affecting the launcher TM system reliability, particularly 

the ability to produce continuous, real time, high bit rate 

data. To solve this problem, what is required is a full 

coverage, high gain antenna. To achieve this, such an 

antenna would need to be directional, to achieve the high 

gain, but also would need to be able to real time track the 

beam from the LV towards the ground station. 

 

A retrodirective antenna array has the distinct advantage 

of offering automatic tracking of an incoming signal 

without a-priori knowledge if its point of origin. This is 

achieved through its inherent capability to be able to 

automatically return a signal back to its point of origin 

irrespective of the propagation path characteristics 

assuming they are lossless and reciprocal [2]. The 

retrodirective antenna array considered employs local 

phase conjugating mixers at each element in the array. 

Generally these are referred to as “Pon” type structures. 

An advantage of this structure is that the retrodirective 

operation is not affected by distance between elements, 

meaning that several sets of subarrays could be placed in 

different locations. Heterodyne mixing techniques offer 

a relatively simple method to produce the phase 

conjugation necessary for the retrodirective antenna. This 

has been the predominant method of choice for 

retrodirective arrays since they were first developed in 

the 1960’s. Despite this apparent simplicity, the mixer 

based solution alone does not provide sufficient 

performance (mainly due to the inability to operate with 

weak received signals) to provide a self-tracking antenna 

for launch vehicles. These issues have been addressed by 

QUB in a recent ESA project [3]. The improved 

architectures developed made use of phase locked loop 

(PLL) tracking circuits, to provide a high performance 

self-tracking array, with the ability to track weak signals 

in real time, re-transmit a high power signal, and provide 

the self-tracking in full duplex mode. It has been shown 

[4] that the retrodirective antenna has the ability to track 

during high rates of acceleration of the LV. Initial 

calculations show that correct design of the tracking 

circuits provides minimal phase error when tracking an 

LV with longitudinal acceleration up to 40 ms2.  

 

Planar retrodirective arrays (RDAs) for launch vehicles, 

have been studied in the completed ESA project “Robust 

TM System for Future Launchers 

4000113562/15/NL/FE”. Within this project the 

retrodirective antenna was considered as a series of flat, 

planar, subarrays mounted on the avionics ring of a 

VEGA launcher. The optimum configuration, in terms of 



 

reliability of the link budget, was found to be the 

configuration of Figure 1, which used six subarrays 

mounted at 60 angles around the LV. Each sub array had 

24 elements, six in horizontal plane and four in the 

vertical plane. For the planar subarray arrangement, each 

subarray was only activated when it was within the field 

of view of the ground station, with the others deactivated. 

This arrangement gave promising results in terms of the 

increase in bit rate of the launch vehicle telemetry, 

although the large number of subarrays adds additional 

antenna hardware to the launch vehicle since 144 

elements are required overall. Also some variations on 

the peak gain can be experienced for different azimuthal 

directions, depending on the field of view of the 

subarrays. This paper will show that a significant 

reduction in antenna elements is possible by using of a 

circular RDA configuration, since the majority of the 

elements contribute to the main beam, providing 

increased gain. The gain is also shown to be constant over 

all azimuthal directions.  A breadboard of a circular RDA 

has already been built and measured at QUB. The 

breadboard operated at 2.4 GHz (similar to the S band 

frequency range used for launch vehicle telemetry) and 

had 16 dipole elements [5].  

 

Figure 1. Retrodirective sub array configuration on LV 

 

II. CIRCULAR RETRODIRECTIVE ANTENNA CONCEPT ON 

LAUNCH VEHICLE 

A circular retrodirective array has been designed to fit 

within the dimensions of the avionics ring of the 4th stage 

of a VEGA launch vehicle (Approx. 1.8 m diameter). 

Two configurations have been designed (shown in Figure 

2), one using dipole elements, and another with patch 

elements. Dipole elements are more omnidirectional than 

patches, so can offer greater array steering coverage, at 

the expense of slightly reduced overall gain. Dipoles 

typically need to be mounted /4 distance from the LV 

body (ground plane), which could produce additional 

drag. Patch elements can offer slightly higher element 

gain, although are more directional. Patch elements are 

easily mounted in a conformal manner, to reduce drag on 

the LV. The body of the LV, being mainly metallic, 

produces an excellent ground plane for the circular array. 

For the simulations reported here, to lessen simulation 

resources, the LV cylinder height was restricted to 

400mm for the dipole array, Figure. 2(a), and for the 

patch array, Figure. 2(b), it is 168 mm. In general, a 

greater height of cylinder would produce better results, 

with regards to improving the gain and reducing the back 

radiation. 

Both dipole and patch arrays utilise 80 elements, which 

is almost half the number of elements that was used for 

the previous study (Figure 1) which used 6x24 element 

subarrays, 144 elements in total. Both circular RDA’s 

were designed to operate at 2.2 GHz (S band LV 

telemetry) 

 
(a) Circular RDA using dipole elements 

 

 
 

(b) Circular RDA using patch elements 

 

Figure 2. Circular retrodirective arrays designed to fit 

on VEGA launch vehicle 

 

 

III. SIMULATED RESULTS 

The circular retrodirective arrays were simulated using 

CST microwave studio software (MWS). The simulation 

was setup to provide direct conjugation retrodirective 

operation.  

 

A. Circular Dipole array 

 

The designed circular dipole array was modelled in CST 

MWS, the retro-directive action was realized in 

simulation by the following steps: 

(1) The circular array was illuminated with plane wave 

horizontal polarized (matching with the orientation of the 

dipole polarization) for different angles of incidence 

(AOI). 

(2) The induced voltages at the design frequency (i.e. 2.4 



 

GHz) were recorded for different AOIs of plane wave 

(which was set as a parameter sweep in CST MWS). 

(3) The voltages for every AOI were then conjugated 

(post-processed) and fed back to corresponding elements 

to retro-direct as a new simulation and the resulting far-

field patterns studied. 

 

The far-field radiation patterns for the above excitation 

were studied for its beam-pointing accuracy and other 

radiation parameters, which define the retro-directive 

performance of the circular array. 

 

The 3D circular dipole array simulation results, with all 

80 elements utilised, are shown in Figure 3. This shows 

a gain of 18.9 dBi, although it is also evident that there is 

a reasonable amount of back-plane radiation, about 9 dB 

lower than the main beam. These results in regards to 

front to back suppression can be improved by utilising 

less elements in the array, provided that these active 

elements are within the field of view of the desired 

retransmission direction.  

 

 
Figure 3 Radiation patterns of circular retrodirective 

dipole array with 80 elements utilised 

 

To further analyse the effects of reducing the number of 

elements utilised, Figure 4(a-d) shows the E plane 

radiation patterns of the circular dipole array with, 40, 30, 

20 and 10 elements utilised. These results can be 

summarised in Table 1. Within these results we are 

looking for the best compromise which produces 

maximum directivity and the highest level of back plane 

suppression. For the purpose of this study, the back plane 

suppression is defined as the difference between the main 

beam and any maximum lobe that appears in the opposite 

direction of the main beam over the azimuthal range of 

-90 to 90. Applying these metrics to Table 1 we can 

conclude that 30 elements utilised produces the best 

compromise, with a main beam of 21.3 dBi and a back 

plane suppression of -23.3 dB. 

 

Applying retrodirective beam steering of -60, 0, 60 to 

the Circular dipole array with 30 elements utilised, 

produces the result of Figure 5. This shows that beam 

steering with the circular array can produce almost 

identical patterns regardless of the azimuthal range, 

meaning that equal performance can be expected over a 

360 azimuth range, a feature which would not be 

possible using linear sub-arrays. 

 
(a) 40 elements utilised 

 
(b) 30 elements utilised 

 

 
(c) 20 elements utilised 



 

 

 
 

(d) 10 elements utilised 

 

Figure 4 Circular dipole array, E plane radiation patterns, 

40, 30, 20 and 10 elements utilised  

 

Table 1 Comparison of key characteristics of circular 

dipole array with different number of elements utilised  

 
 

 
Figure 5 Circular dipole array with 30 elements utilised, 

retrodirective beam steering to -60, 0, 60 

 

B. Circular patch array 

 

The circular patch array was simulated using using CST 

microwave studio software (MWS), although due to the 

complexity of the structure, compared to the dipole array, 

a slightly different procedure (with some 

approximations) was adopted. 

 

A single patch antenna was designed and simulated at 

2.2 GHz, which was then used to model the full size array 

with 80 elements. An asymptotic integral equation (IE) 

solver was used to simulate the full array. The radiation 

pattern of a single patch of the full size array was 

exported into an IE solver. The solver is an asymptotic 

solver and can give approximate simulations of the full 

array under consideration. The amplitude and the phase 

of all the elements were calculated using general circular 

array beamforming equations in Matlab and then 

assigned to simulate in IE, along with selection of active 

elements. The phase distribution on the circular array 

used a circular array beam forming equation from [6], to 

approximate retrodirective retransmission. 

 

The 3D circular patch array simulation results are shown 

in Figure 6. With all 80 elements utilised (Figure 6(a)) 

shows a gain of 20.49 dBi, although it is also evident that 

there is a reasonable amount of back plane radiation, 

about 10 dB lower than the main lobe. Figure 3(b) shows 

the 80 element circular patch array with 40 elements 

utilised. The backplane radiation has now reduced to less 

than 20 dB below the main beam. Also the gain has 

increased to 22.76 dBi, compared to 20.49 dBi for the 80 

elements utilised case. Figure 7 shows the effect of 

further reducing the elements utilised with 40, 30, 20 and 

10 elements. Again it can be observed from these results 

that the 30 elements utilised case is likely to offer the best 

compromise between forward gain and back plane 

suppression, with the gain of the main beam at 22.7 dBi, 

and back plane suppression of better than -25 dB.  

 

 
(a) All 80 elements utilised 

 

 

 
 

(b) 40 elements utilised 

 

Figure 6 Radiation patterns of 80 element circular 

retrodirective patch array with 80 and 40 elements 

utilised 



 

 

 
Figure 7 Circular patch array, E plane radiation patterns, 

40, 30, 20 and 10 elements utilised  

 

IV. CONCLUSIONS 

This paper has presented a circular retrodirective array as 

a suitable contender to increase the performance of 

launch vehicle telemetry systems. Two arrays were 

presented, using dipole and patch elements. In both cases, 

for an 80 element circular array, it was found that 

utilising only 30 elements in the array (the elements 

closest to the direction of the main beam) provided the 

best compromise between forward gain and back plane 

suppression. The patch array was able to produce a main 

beam at 22.7 dBi, and back plane suppression of around 

-25 dB. Considering the suitability of the circular array 

for a launch vehicle, the patch array is likely to offer a 

more conformal solution with less drag, since the dipole 

array requires to be mounted /4 from the ground plane. 

During this study it was found that full array simulations 

were possible for the circular dipole array, although for 

the patch array, accurate simulations were possible only 

for a single elements, additional simulation resource 

would be required to produce more accurate full array 

simulations. Comparing the results of the circular array, 

with the previous ESA study [4] involving switched 

subarrays, produces a significant reduction on overall 

elements required. The previous ESA study used 6 x 24 

element subarrays (144 elements in total), whereas the 

circular array requires only 80 elements overall. The 

previous sub array approach produced a target gain of 

 > 17 dBi, with azimuthal variations. The circular patch 

array can provide a consistent peak gain of >22 dBi over 

the full azimuth range. 
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