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Abstract 

The development of three SATCOM On-the-move (SOTM) 
terminals designed to operate on the WINDS satellite is 
discussed. All three terminals were able to achieve a tracking 
error of less than 0.2 degrees and uplink data rate of at least 
9Mbps when operated under worst case motion.  Key design 
choices and improvements between the earliest and later 
designs are presented.  

1. Introduction 

EM Solutions, along with Japan’s NICT and JEPICO, 
developed three types of SOTM terminals specifically for 
operation on the Ka-Band WINDS satellite (decommissioned 
in 2019) under different operational conditions. The three 
terminals were: 

 WINDS on the Move (WOTM) – Designed in 2012-
2013 for operation on top of a mobile van, with a 
650mm diameter main reflector. 

 Research Vessel (RV) – Designed in 2014-2015 for 
operation on a larger maritime vessel, with a 850mm 
diameter main reflector. 

 Autonomous Surface Vessel (ASV) – Designed in 
2014-2015 for operation on a small autonomous 
maritime vessel, with a main reflector diameter of 
540mm. The autonomous vessel dimensions are 
4.4m x 1.9m x 1.8m [1]. The ASV terminal and 
vessel are shown in Fig 1 and Fig 2. Target 
transmission speed for the ASV was 5Mbps. 

 
Fig. 1 ASV terminal in operation on moving autonomous 
vessel [1] 

 

 
Fig. 2 ASV terminal fitted on autonomous vessel 

2. Methodology 

2.1. Monopulse Tracking 

All three terminals use a proprietary closed loop tracking 
system based on monopulse tracking with supplementary data 
from three axes of gyroscopes. This gives these terminals far 
better tracking accuracy than other tracking methods such as 
conical scan. 
 
The terminal’s monopulse tracking relies on TE11 and TE21 
waveguide modes in order to accurately track the satellite 
beacon. The TE11 pattern is the normal broad antenna pattern 
of a parabolic antenna while the TE21 mode pattern contains a 
sharp local minimum when the terminal is pointing directly at 
the satellite. 
 
A wave motion study was carried out for the ASV and RV 
terminals and the responses of these vessels were simulated 
under typical wave motion in the Japanese Exclusive 
Economic Zone (EEZ) (shown in Fig 3).  The terminals’ 
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hardware and tracking firmware were then designed to meet 
expected levels of wave displacement, velocity and 
acceleration based on these models. 

 
Fig. 3 Wave period and height heat map showing relative 
probability of waves of certain height and period for ASV in 
Japanese EEZ. 

2.2. Linear Polarisation 

A key challenge of receiving data from the WINDS satellite 
was that the receive and transmit channels were linearly 
polarised (LP) rather than the more standard circularly 
polarised (CP). This was a challenge because, in order to 
transmit or receive a signal, the feed needed to align with the 
LP signal, effectively adding another axis of rotation to the 
terminal.  
 

The parabolic reflector antennas in the WOTM, RV and 
ASV have circular waveguide feeds. By introducing or 
extracting signals at orthogonal ports as shown in Fig 4, linear 
polarisation at any orientation or CP can be set up in the 
waveguide.  

 
Fig. 4 Polarisation in circular waveguide with vertical and 
horizontal components 

For LP, the phase of the two orthogonal signals is equal but 
the amplitudes vary. For CP, the amplitudes are equal but there 
is a +/- 90deg phase offset. 

For mobile terminals receiving or transmitting linearly 
polarised signals, the antenna form factor is made much more 
mechanically complex if the antenna or feed needs to be also 
rotated. The first design, the WOTM terminal, dealt with the 
LP challenge by rotating the whole feed network, including 

BUC and LNB. While an overall effective solution, it did have 
its drawbacks such as:  
 An additional large motor was required to rotate the feed 
 Cables up to the feed network could become jammed 

easily  
 Continuous 360o rotation about the polarisation axis was 

not possible due to the cables between the feed and base 
 

 
Fig. 5   Rotating network of ‘WINDS on the Move’ terminal                    
 

The later terminals, RV and ASV, used an improved design 
that allowed the feed network to remain stationary. The Tx 
signal was rotated using two waveguide rotary joints. The 
polarisation of the Rx signal was corrected for using an 
electronic polariser.   

A circuit to extract LP of any orientation or either Right 
Hand CP (RHCP) or Left Hand CP (LHCP) without a 
degradation in C/N is shown in Figure 6.  

 
Fig. 6   Receive electronic polariser block diagram 

The line lengths from the feed ports to the first quadrature 
coupler have to be amplitude and phase matched over the 
frequency band. These lines could include filters, isolators and 
LNAs. The accuracy of the polarisation orientation will 
depend on the minimum step size of the digital phase shifters. 
The polarisation angle of θ is met with one phase shifter set to 
θ and the other to –θ. Consequently, the minimum step size of 
the polariser is half the minimum phase shift step of the digital 
phase shifters. 

The output at Port 1 (V1 as shown in Fig 6) will be a 
maximum and the output at Port 2 (V2) a minimum when the 
polariser is set correctly. The minimum at Port 2 can be used 
to fine tune the polariser settings. 

If the polariser has to switch between LP and CP then this 
can be done by coupling off RHCP and LHCP ports or by 
adding a +/- 90deg phase shifter after each LNA, represented 
by β in Figure 2. By putting the LNAs at the front with 
sufficient gain (typically >30dB) the losses in the phase 
shifters and passive circuits will not affect the C/N. However, 
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the LNAs cannot compensate for the 3dB division in the 
quadrature coupler so if a CP signal was fed directly into the 
network then the C/N at port 1 would drop by 3dB. The phase 
shifter values are arranged so that the vectors always sum at 
port 1 and cancel at port 2. 

Electronic polarisers were made for the RV and ASV Ka 
band (17-19GHz) receive bands. These did not have to switch 
between LP and CP so the +/-90deg β phase shifters were not 
included.  

2.3. Heat and Power Consumption Reduction: 

Another improvement implemented in the later terminals was 
the change from a Gallium Arsenide (GaAs) Block 
Upconverter (BUC) to a linearized Gallium Nitride (GaN) 
BUC. The main improvements of this change came from the 
higher efficiency of GaN over GaAs; leading to lower power 
consumption and smaller form factor of the BUC, which 
removed the need for the integrated air conditioner used for the 
WOTM terminal.  
 
Instead of an air conditioner, a fan powered air to air heat 
exchanger was developed to control the radome’s internal 
temperature. The heat exchanger intakes cool surrounding air 
and expels air that has been heated by the terminal, as seen in 
Fig 7. 

 
Fig. 7 - Heat exchanger concept of operation 

3. Results 

3.1. Monopulse Tracking 

 

Fig. 8 Monopulse Scan Results with encoder measurement 
(dashed) and monopulse measurement (solid). 

Fig 8 shows the monopulse scan results for the RV terminal. 
The dashed encoder measurement lines show the exact 
measurement off satellite boresight based on the encoder 
readings of the terminal. The solid lines show the pointing 
error as determined by the monopulse feed. It can be seen that 
the encoder and monopulse results match well, which indicates 
that pointing error self-reported by the terminal is accurate.    

3.2. Linear Polarisation 

The functionality of the polarisation receive section was 
tested in the lab by sweeping the values of the phase shifters 
(seen in the block diagram in Fig 6). 

 

Fig. 9 Receive Electronic Polariser Test Setup 

A horn was used to input a horizontal LP signal into the feed 
of the RV and ASV terminals that contained an electronic 
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polariser, as seen in Fig 9. Fig 10 shows the results of this 
setup swept across phase shifter values. 

Fig. 10 Receive Electronic Polariser Results 

The signal magnitude of the V1 port is a maximum when Phase 
1 and Phase 2 are equal and a minimum when the phase shifters 
are 180 degrees different, as expected. This showed the 
electronic polariser hardware was operating as intended; in 
combination with a reliable tracking algorithm it could be used 
to receive the WINDS downlink signal with minimal 
degradation to carrier to noise ratio.  

3.3. Power Consumption and Heat Transfer 

Table 1 Power consumption and EIRP comparison 
 

Terminal Maximum Power 
Consumption (full 
transmit, moving 
terminal) 

EIRP 

 
WOTM 1080W 55.5dBW 
ASV 500W 54.5dBW 
RV 600W 58.1dBW 

 
Table 1 shows the improvement made to power consumption 
in the later terminals by changing to a GaN BUC and replacing 
the air conditioner with a heat exchanger. Comparable or better 
EIRP is achieved with the ASV and RV for around half the DC 
power consumed. 
 
Test results showed the heat exchangers were capable of 
keeping the internal temperature inside the sealed radome less 
than 10°C greater than the ambient temperature with the BUC 
operating at maximum output power, based on temperature 
sensor readings at various locations throughout the terminal. 

 
Fig. 11 Temperature inside terminal RF Can (LNB and BUC 
location), terminal base temperature and output air vent. The 
air output vent temperature was a higher temperature than the 
two internal measured temperatures, which implies the heat 
generating item (the BUC) is hotter than the two points that 
were measured inside the radome. 

3.4. Terminal Operation Results 

 
Fig. 12 Tracking error vs time for the WOTM terminal on a 
rough motion profile, based on data taken from Australian 
Army Bushmaster vehicle. The tracking accuracy is better than 
0.2deg when operating on a simulated rough terrain [2]. 
 
As reported in [3], the WOTM terminals achieved 155 Mbps 
downlink and 54Mbps uplink while attached to a vehicle 
travelling at 110km/hour on the highway and 40km/hour off-
road with a tracking error of less than 0.2 degrees. 
 
During on sea tests and mounted to the intended vehicles, the 
RV and ASV terminals were able to achieve a pointing error 
of less than 0.1 degrees. 
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Fig. 13 Roll of ASV boat during terminal testing [4] 
 

 
Fig. 14 Pitch of ASV boat during terminal testing [4] 
 
Fig 13 and 14 show the roll and pitch of the autonomous vessel 
while the terminal was being tested. Roll and pitch angles of 
greater than 20 degrees were measured, which shows the rough 
motion the terminal was experiencing. 

 
Fig. 15 Beacon carrier to noise ratio during on vessel testing 
[4] 
 
As seen in Fig 15, acquisition did take longer than anticipated, 
due to significant limiting of the motor currents to decrease 
power consumption. The acquisition algorithm was improved 
after this test to significantly decrease acquisition time while 
keeping power consumption at the same low level. 
 

 
Fig. 16 Pointing error during on vessel testing [4] 
 
Fig 16 shows the pointing error of the vessel. For the whole 
test after the initial satellite acquisition phase, the terminal met 
the less than 0.2 degree tracking error requirement by a large 
margin. 
 

 

Fig. 17 Data rate achieved by ASV terminal under motion [4] 
 
Fig 17 shows the data rate achieved by the terminal (UDP). A 
target data rate of 9Mbps was achieved, which met the greater 
than 5Mbps design goal. 

4. Conclusion 

Key design choices made in the Ka-Band OTM terminals have 
been discussed. Significant improvements were made in the 
later designed terminals. All three terminal variants were 
successfully set to work and were able to achieve a pointing 
accuracy of <0.2deg under motion and a transmission data rate 
of at least 9Mbps. 
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