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Through this paper, a discussion about communication or coverage patterns in different kinds of orbits is introduced. In most cases, the type of orbit chosen for the satellite is very important for the mission objectives and the communication architecture for the satellite. In addition, the design of the satellite communication link depends on certain subsystems such as antennas, transponders, receivers, etc. The determination of a good satellite communication architecture depends on various perturbations, scattering, and loss of information in the transmission. In order to analyze and visualize the movement of the satellites around the Earth in real time, the Satellite Tool Kit (STK) software from Analytical Graphics Inc. (AGI) is used. In this analysis, the Iridium constellation and the Molniya orbit are considered to introduce the visualization and the efficiency of the software. In addition, the graphs for the link access time are shown. In summary, the different communication architectures for the satellites and the coverage patterns for the satellites are demonstrated in real time. 

I.   Introduction
The objective in this paper is to introduce the theory of communication architecture for satellites and constellations. The paper will be divided in two main parts. First, the design of the communication architecture in the satellite-Earth link will be explained. The information that the satellite is collecting must be downloaded to the ground station. But, at the same time, some satellite tracking information is required to determine the time when the spacecraft will pass through a specific point. Simultaneously, the uplink and the downlink of the system must be determined. These are the basic steps for designing the satellite communication system, but this must be coordinated with the orbit of the satellite to optimize communication and the real data rate between the ground station and the satellite.

Second, the Satellite Tool Kit software (STK) is utilized to determine many of the coverage patterns for the satellites, and the software is employed to visualize how the satellite orbits around the Earth. The STK helps to perform these simulations in real time; in this way, one can predict or know when the satellite is passing over some strategic place on the Earth such as the ground stations, bases and facilities that process all the information collected from the satellites. 

II.   Communication Architecture

Three basic steps are needed to design the communication architecture for the satellite or constellation of satellites1-2: 1) The identification of the Mission Objectives; this is required to know what kind of experiments, communications (with other satellites) and measurements that the satellite will be required to perform in the orbit. 2) Obtaining the data rates; the data rates depend on the type of information that the satellite is sending to the Earth because the satellite will be collecting or sending the data for different experiments or communications. The data rate is concerned with the period of time that the satellite will communicate to the ground station to transfer the data. 3) The last step is to design the uplink and the downlink between the satellite and the ground station. This is the most crucial step because it is needed for the design of how the satellite is communicating from space. Choosing the type of antenna, transmitter, and equipment that the satellite will have onboard is one of the main tasks of the uplink and downlink design. 


To design the communication system in an efficient way, it is noted that the satellite design depends on specific subsystems3-4.  The subsystems used for the satellite to communicate to the ground station are the following: 

1. Sensor – after the source of the experiment is selected, the sensor must be chosen to get the best information from the source. For this reason, the experiments depend on the mission objectives for the satellite.

2. Transponder – is used for signal modulation and signal amplification. After the sensor takes the pictures and measurements, all this information must be transferred and coded. Therefore, a modulation scheme must be selected to send the information from the satellite to the ground station. The time available is the main problem in a satellite orbit, and the transponder is designed to change the information into a signal code to minimize the transmission time of all the information.

3. Transmitter – after the signal is modulated, a frequency must be chosen and the power of the return signal to the Earth determined because most of the signal transmitted to Earth will have noise. For this reason, the type of antenna and transmitter is important to have a clear communication with the ground station.
4. Ground Station - also called Earth Station, ground terminal, and Earth Terminal. It includes land mobile, airborne and ship-borne terminals.  The data sent by the satellite will be received by these stations, but the ground station can also transmit some information to the satellite for the purpose of telemetry, tracking and commanding (TT&C) the satellite in its orbit.

5. Amplifier and receiver – are responsible for receiving the signal from the satellite, but the signal at this point is weak and most of the information could be lost. For these reasons, a circuit will amplify the signal to restore all the information sent from the satellite. 

6. Demodulation – after the signal is restored and amplified, the system needs to change the signal, because the information is encoded and the receiver must understand the information sent from the satellite. This is done to protect the information.

7. Display –the user takes the information and interprets it to understand the data sent by the satellite.

After knowing the basic subsystems for communication with the satellite, a link must be designed. The link is designed for the communication with the satellite from the source to the sink. The sink is the person who wants to see and interpret all the information received by the satellite, and the source is from where the person wants to make the experiments or communicate.  There are different kinds of links employed to gather all this information. These links are:

1. Uplink –the ground station is communicating or sending information to the satellite. This is done when the ground station commands the satellite to change the mission objectives of the satellite.

2. Downlink –the satellite is sending the information to the ground station

3. Crosslink – is the communication form satellite to satellite

4. Intersatellite Link – the sensor satellite is connected to different satellites, and sends the information and data through different paths to the ground station.

5. Forward Link – is a link where the ground station sends the information by different satellites to the sensor satellite

6. Return Link – is the link where the sensor satellite sends the information back to the ground station using the same path of the forward link.

The forward and return links are used for the communication between the satellite and ground stations.

III.   Types of Communications


Different types of communications exist for the satellite to transfer data to the ground station5-6. These types of communications have advantages and disadvantages on their own; but in this paper, the low-Earth orbit and Molniya Orbit are analyzed and discussed briefly for the different types of communications:

A) Store and Forward

The satellite receives the data from a group of ground stations and stores the data in the onboard computer. Then, the satellite will download the information to a designated ground station. The low-Earth orbit is at low altitude and moves so fast that the ground station has only a small amount of time to download all the information. For this type of communication, only one satellite is needed to communicate with the ground station. The advantages of this type of communication are:

1. Has a low launch cost.

2. Involves a low cost satellite because of the resulting wider antenna bandwidth to communicate and the minimal stabilization requirements of the satellite.

3. Covers all the polar areas.

The disadvantage of this type of communication is the satellite doesn’t have a long message access time because of the velocity of the satellite traveling around the orbit.

B) Molniya Orbit

The satellite has a period of 12 hours and for 8 hours it stays in the Northern Hemisphere. The apogee of this satellite is at an altitude of 40,000 km, and located approximately over the North Pole of the Earth; the perigee is at an altitude of 500 km, which it is located in the Southern Hemisphere, and the inclination angle is 63.14 degrees. The Russians designed this orbit for the following reasons:

1. To cover the northern polar areas for long periods.

2. To have a lower cost of launch per satellite.

But, this satellite has its disadvantages:

1. Requires continuous changing of antenna pointing angles because when a satellite is out of range, another satellite is coming to continue the transmission in the same area.

2. These satellites require station keeping.

C) Low Altitude

The altitude of this orbit is about 1,000 km. The satellite moves faster around this orbit and most of these satellites have to be connected via crosslinks because the ground station does not have sufficient time to communicate with the satellite. Most of the data is sent through packets of bits between satellites. The advantages of this type of communication are:

1. Greater lifetime than for other satellites.

2. Reduces jamming susceptibility because of the limited Earth view area around the Earth.

3. Has a low launch cost.

4. Many have polar coverage depending on the inclination angle.

The disadvantages of this communications are:

1. Has a complex link acquisition from the ground station; this includes antenna pointing, frequency and time.

2. Has a complex dynamic control network because it has to communicate with other satellites to get the information to the ground station.

3. Many satellites required for high link quality.

4. The information from the crosslinks has to move in different paths.

IV.   Criteria for the Communication Architecture


In this section all the criteria associated with the communication architecture is summarized. These criteria for the satellite communication architecture are:

1. Orbit –the satellite coverage depends on the orbit and altitude chosen for the satellite. Also the transmitter and the receiver power must be selected since the size of the receiver antenna and the transmitting antenna depends on the distance and the time of sight between the satellite and the ground station.  The type of satellite orbit dictates whether intersatellite and crosslink communications are needed, because this kind of communication is very expensive; but it can eliminate the need for so many ground stations.

2. RF Spectrum –the radio frequency can be chosen to communicate between the ground station and the satellite. Selecting the frequency can change the size, mass and complexity of the satellite, because the communication depends on the antenna size, transmitter power and the satellite stabilization. But the use of a new frequency for satellite communication requires a permit from a regulatory agency; because the frequency is allocated depending on the mission objectives for the satellite.

3. Data Rate – if the data rate to be transferred from the ground station to the satellite is high, then a larger transmitter must be used. The data rate can be lowered by compressing it onboard the satellite, but this function makes the satellite design more complex. However, the essential information should not be lost in the transmission from the satellite.

4. Duty Factor – is the time needed to operate a satellite link over some coverage area between the satellite and the ground station. But the duty factor is a function of the mission and the time the satellite takes to orbit around the Earth. The duty factor is low when the ground station serves different satellites in space.

5. Link Availability – is defined as the time the link is available for the user divided by the total time the satellite orbit could be accessible in the area. The time of the link depends on the reliability of the equipment. On the Earth, the weather cannot be controlled by man and is another problem for the communication with the satellite. If the link to the satellite is damaged, the link is altered to have communication with another satellite, and this can cause a problem with link availability.

6. Link Access Time – is the maximum time to access the satellite information. But most of the access time of the satellite depends on the orbit that has been selected for the satellite.

7. Threat – Most of the threats that a satellite communication can have depend on the perturbations due to the Sun and the Moon, the atmosphere, the weather and the noise generated by human beings. 

V.   Computer Simulations


The software package used for the simulations is a released version 5.0 of the Satellite Tool Kit software package (STK)7. The company has kindly provided the authors with an educational license to use many of the STK capabilities. Through that license, the orbital motion and communication of the satellite is evaluated. The STK software is very user friendly and allows simulation in real time. The STK package offers different options for different sets of data input: one for the basic properties, one for the graphic visualization in two dimensions and three dimensions, and other modules for the constraints imposed on the problem. For these simulations, the Iridium constellation and Molniya Orbit are employed to demonstrate the communications between the satellite and ground station.


The Iridium constellation consists of sixty-six satellites in circular polar orbits distributed in six different planes. This constellation is used for phone-satellite communications. This means that a person does not need to communicate to a ground antenna to speak with another person; instead, this person can communicate directly with a satellite and communicate with another person around the Earth. This constellation gives complete coverage around the Earth, and it eliminates the problems with conventional cell-phones such as signal fading. Since 1997, this constellation has been orbiting around the Earth. It has the following characteristics8:

1. Has an inclination angle of 75 degrees (i = 75.0˚), a semi-major axis of 780 kilometers (a = 780 km), and an eccentricity of zero (e = 0).

2. This constellation has 11 satellites in 6 orbital planes. To define the orbital planes, the RAAN (Ω) angle is divided by 6; it gives a separation angle per orbital plane of 60 degrees. To define the position of the 11 satellites, the true anomaly (ν) is divided into 11 spaces for the position of the satellites; it gives a separation angle per satellite of approximately of 32.73 degrees.

When these conditions are simulated with the STK, Figure 1 shows the visualization window in the STK for the Iridium constellation.
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In the bottom of Figure 1, the window shows the assumed date that the simulation is representing and illustrates the movement within the Iridium constellation in real time. Thus, the STK provides the opportunity to determine in real time the projected positioning of every satellite on the Earth. From Figure 1, the ground stations can be represented by vehicles such as ships, cars, etc. In this case, a ship is located on the Pacific Ocean, and a person traveling in a car through the continental United States. This constellation gives complete coverage for these vehicles, and it provides continuous communication between all (mobile) receivers. The STK has the capabilities to choose the vantage point for observing other satellites or ground stations. Figure 2 shows one of the Iridium satellites communicating with a ship that it is located in the Pacific Ocean. As shown the satellite looks down on the ship to view the coverage pattern between the satellite and the ship. In this way, a better visualization can be obtained between the positions of the satellite relative to the moving ship. In Figure 2, the lines (marked as communication link) represent the links between the satellite and the ship.
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The STK makes the calculations to determine the link access time between the satellites and the designated ground stations. Graph 1 shows the link access time; in this case, the situation simulated in Figure 2 is utilized to develop this graph. In Graph 1, one orbital plane is utilized to determine the access time for the ship. From Graph 1, it can be determined that at the moment one satellite is not communicating to the ship, another satellite is coming to continue the communication. In this way, the constellation gives complete coverage for the ship or any other ground station with which it communicates. This means that this constellation provides complete and constant coverage over the Earth.




The second simulation is based on the Molniya Orbit. The Molniya Orbit has the apogee situated in the Northern Hemisphere and far from the Earth. The perigee point is situated in the Southern Hemisphere and very near the Earth. This constellation was designed by the Russians during the Cold War. The objective was that the satellite would remain in the Northern Hemisphere for a greater time than in the Southern Hemisphere. As a result, this orbit gives a relatively complete coverage of the Northern Hemisphere and the polar areas. The orbital parameters for the Molniya orbit were described in Section III, Part B and were used in this simulation. Figure 3 shows the simulation of the Molniya Orbit orbiting the Earth.








The transmitter cone and receiver cone, respectively, simulate the transmitter in the satellite communicating back to the Earth and the receiver in the ground station situated in the Northern Hemisphere pointing to space. The gray line (marked as communication link) shows the link between the ground station and the satellite. The satellite gives complete coverage to the polar areas, and it remains longer in the Northern Hemisphere because of the distance at the apogee point. 


In Figure 4, the view of the satellite looking down to the Earth is shown, and the link made between the satellite and the ground station (white circle) can be observed.





Graph 2 shows the link access time for the communication between the satellite and the ground station. The gaps in the horizontal line indicate time intervals for which there is no communication. The satellite communicates over a greater time to the ground stations in the Northern Hemisphere, but the disadvantage is that when the satellite is in the Southern Hemisphere it may not provide communication to the ground station over certain time intervals. This means that more than one satellite may be needed to replace the satellite when it is in the Southern Hemisphere.



VI.    Conclusion


The computer simulations give accurate results to determine the positions and times when the satellite is passing over a specific point on the Earth. When the STK is running in real time, the position of the satellite can be predicted, but the time and days when the satellite is within the tracking coverage of any facility around the Earth can be predicted with very accurate results. These predictions of communication time intervals with the satellite will depend on the accuracy of the knowledge of the initial conditions for the satellites. The STK helps the user to have a better visualization in real time of the different coverage patterns for satellites orbiting the Earth. Through different simulations, the differences between the constellation and a single satellite can be determined, and the resulting variations in the communication patterns. The STK has different commands that can be changed to recreate different environments for the simulation of the satellites. For this task, the STK can use the models for clouds, rain, J2 perturbation, etc. In this way, a realistic simulation of how the satellites orbit around the Earth can be achieved. In conclusion, the STK is a very accurate and efficient tool to simulate the motions of different constellations or single satellites and also communication coverage patterns.
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Figure 2. Iridium Satellite Communicating to the Ship





Figure 1. Iridium Constellation
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Graph 1. Link Access Time for 11 Satellites of the Iridium Constellation
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Figure 3. Molniya Orbit





Figure 4. Molniya Satellite Communicating to the Ground Station
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Graph 2. Link Access Time for the Molniya Satellite
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