Notes for Using

The AMSAT GTO Link Model (Version 2.10)

Jan A. King, W3GEY

I hereby declare this link model to be in the public domain.  It doesn’t contain anything I would not want to tell anyone else.  Its purpose is just to teach those who want to learn about link budgets how it may be done.  Nothing is secret or proprietary about it (except whatever Bill Gates won’t tell us about EXCEL-2000).  The contents of this document and the model may be used or reproduced any way anyone wants except you can’t sell it and make a profit (that wouldn’t be fair now, would it- after I went and gave it away).  You can even take it apart and use the pieces if you want to.  There is nothing here that isn’t in lots of text books, so there is no reason it can’t be sent to people from other countries (they probably are better at link analysis than I am anyway).  It really doesn’t have much to do with satellites either.  The transponder in question could just as well be located on a mountaintop.  It just happens to be that we want to put it in space so we can talk to one another over greater distances.  The link model contains considerable work done by Phil Karn, KA9Q (See ACK at the end).  Thanks to him for motivating this work.

Introduction:

This link model was developed to assist in the design of an AMSAT follow-on space mission employing a Geostationary Transfer Orbit (GTO).  It is intended as an aid to determining the engineering trades between a communications system employing an spinning spacecraft with 1) an antenna that is  NADIR at orbit apogee (Jansson mode) vs. 2) a “high gain omni-directional”  antenna that is oriented to the orbit NORMAL (Johnson mode).  This link model utility also attempts to address the trades that must be made as an all digital voice/data transponder is incorporated into the spacecraft.  

Using the Model:

First of all, there are some easy ways you can kill this set of EXCEL spreadsheets. [ I used EXCEL-2000 to develop it.]  They are all cross-linked and the cells are not yet protected, since it is still under development.  If you are interested in using it, then there are some recommendations I’d make in case you “step” on some cells and erase some of the equations and then you save the entire mess you have created. [ I know this because I’ve done it myself.]  So, first save a copy of the file somewhere else (a floppy is a good way to make “more sure” you don’t screw up).  Next, only change the parameters (cells) that have blue text.  These cells are intended for user data entry.  The black text cells contain equations or cross-links to other spreadsheets.  If you do manage to step on an equation or cross-linked cell (and you notice it just after hitting the Enter key) the easiest way to recover is to use the UNDO function (that’s the ( icon on the toolbar).  Each time you hit the UNDO icon it will back up one step so, you can even correct multiple screw-ups.  

There are five worksheets making up the model.  The ORBIT PERFORMANCE spreadsheet has some places for data entry for the orbital elements and then a special cell (at B25) that you will be changing quite a lot.  The LINK BUDGET worksheet has a data field near the top of the sheet which is the primary method for creating the link model for the mission.  The NOISE SUMMARY worksheet is just for looking at.  You don’t change anything on that one.  It provides you with a very fast way of seeing which noise source dominates the uplink and downlink.  The SYSTEM LINK SUMMARY worksheet is also just for looking.  It provides a summary of the system performance and gives the user a kind of “mini-specification” for each component in the system.  The BEAM ROLL-OFF TOOL is just that – a tool.  It allows you to enter an antenna size and aperture efficiency and frequency up at the top (again, input into blue cells only) and it shows you what one likely representation of the pattern will be.  A Sin (()/( representation of the pattern is employed.  This same tool is actually used by the LINK BUDGET worksheet for all four antennas completing the link.  More on this below.  

ORBIT PERFORMANCE Worksheet:

I wanted to be able to systematically look at the trades between the spin and antenna modes proposed by Jansson and Johnson.  [Not that these guys actually invented anything here but, the names are good shorthand ways of referring to the modes.]  I’ve used the EXCEL version of the INDEX function to allow the communications performance for a given satellite configuration to be evaluated all the way around an elliptical orbit.  By loading an integer into [CELL B25]  the row of data associated with that CASE number is copied from the row into the LINK BUDGET worksheet.  You will see that the cells modified are highlighted with a blue background color [XXXX.X] in column B of that worksheet.  So you move to B25, insert an integer and hit return.  You will find the altitude associated with the selected case displayed to the left at [CELL C25].  The important results of the entire LINK BUDGET worksheet are then displayed in yellow/orange to the right of the data table at the bottom of the worksheet.  These results are dynamically linked to the LINK BUDGET worksheet.  A last case, CASE 14, provides for a users defined position in the orbit.  If you don’t like the 15 degree steps in mean anomaly which I have selected, you can manually enter your own but, you must provide the data called for in blue within that row.  Three NOTES located within the worksheet  prompt you as to how to use this worksheet.

The value of taking this approach is, you can very quickly see the performance of the system as the spacecraft moves around the orbit.  The model assumes, right now, that the satellite is spinning and NADIR pointing (earth centered) at apogee.  The attitude (i.e. spin vector) remains the same around the orbit.  The performance is always predicted at the worst case squint angle position.  That’s the position that has the largest angle between the S/C antenna boresight and the user on the far edge of the earth.  Later, after everyone has played with the model a little, I’ll change the antenna model on the spacecraft to be a “high gain” omni.  Then we can run this around the orbit to see how the Johnson design does.  The game here is to play with the antenna gains at the spacecraft (uplink and downlink) to establish the best trade between users capacity at apogee and a minimum change in user capacity as the satellite moves away from apogee.  The current values for the antennas in the model probably have too much gain.  See if you agree.  

LINK BUDGET Worksheet:

A lot of this particular worksheet was created by Phil Karn, KA9Q.  He is interested in investigating the performance of an all digital system.  He started with a time division multiple access (TDMA) type of system.  In such a system each user takes a slice of time and occupies the entire transponder passband with a single data burst.  The burst is at the full data rate supported by the system.  Even though the user is most interested in only 13 kbps of the downlink stream, he gets it all.  He may choose to discard all but his QSO’s 13 kbps or not.  

The spreadsheet is organized so that the user may enter the key system parameters into the blue cells at the top of  the worksheet.  The bottom half of the worksheet does the calculations that follow a signal and the noise that “attends” it, all the way through the system (from transmitter, to uplink path, to spacecraft, to downlink path and then to the receiver).  A few comment on some of the parameter names and functions used:  

· At the top, don’t change anything in the Orbit Values section.  

· Start changing things, if you like, at [CELL B16].  The way you change an antenna is to enter its diameter (pretend it’s a dish even if it’s a yagi or helix with the equivalent aperture size) and aperture efficiency.  If you don’t know too much about the antenna you might like, pick an aperture efficiency around 50 to 55%.  If you want to see what the pattern of that antenna would look like, go to the last worksheet:  BEAM ROLL-OFF TOOL.  Enter the same data there and look at either the table or the plot to see what a worst case pattern would be like.  [NOTE:  The sidelobe structure assumed is not highly optimized but, is about typical for many kinds of antennas.]

· Don’t mess with [CELL B26] or [CELL B30].

· The transponder bandwidth at [CELL B37] has to be wide enough to accommodate the symbol rate computed at [CELL B103].  Assume about 1 symbol/Hz to go between the two.  If you’re not sure about all this you might want to leave the bandwidth at about 2 MHz.  

· The uplink and downlink “atmospheric + ionospheric loss” values are from a book by L. Ippolito (NASA) and are set for a typical (not worst case) atmosphere and at an elevation angle of 10(.  This is NOT entirely consistent with the squint angle determination which is for a worst case user (who is at 0( elevation angle).  I was afraid to use the losses associated with 0( (too high and unrealistic- Ippolito say it’s greater than 10 dB) and I didn’t want to do the math to determine the squint angle for 10(.  So there is a small error here.  Feel free to fix it if you have the time.

· The polarization loss has to do with the axial ratio (ellipticity) of the two antennas associated with each link.  If people want to play with this parameter, I have a little software module available  which I can add (or just send you).  It takes the axial ratio of the two antennas and the angle between the major axis of the two ellipses created and computes the loss you can expect.  Ask, and I shall forward it.

· If one wants to do these links correctly you need to know the noise temperatures for the receiver pretty well.  The antenna temperature (some call it the sky temperature), the physical temperature of the feed lines and, of course, the LNA temperature are important to know.  I defer to T. Clark and others to critique my values here.  Remember though, we assume that we are designing the user terminal in this system (unique for AMSAT, but not the rest of the world) so the value we pick for LNA temp.and feedline loss should be as for a manufactured item, not what the best radio amateur could make in his shack with all the time in the world to “tweak” the amplifier.  Other than that, assume away!

· An important note:  There are two approaches that can be taken to a link model of this type as signals flow through the system.  One can use powers (dbm or dBW) or densities (dBW/Hz).  Phil chose to use densities.  This may be a less familiar way to go form many radio amateurs.  Remember, the computation of S/N is in power.  The parameter S/No here is a sort of mixed unit.  It’s a power (dBW) divided by a power density (dBW/Hz) which results in the units being in Hz (actually dBHz).  The way to think about this parameter is that S/No is the signal to noise ratio in a 1 Hz bandwidth.  Now, if you subtract 10*log(Bit Rate) from S/No you obtain the S/N of your signal at the Bit Rate you have picked.  This is pretty much the same as the ever popular Eb/No parameter, by the way.  Very useful.  So, we carry signals and noise through the system as densities, not as powers.  [You have to start to think like this. –kinda like driving on the left side of the road.]  The parameter “Io” [or, you will see it expressed in a relationship like S/(No+Io)] is also a density.  It is the power density for a particular interference source (like intermod.) or it is the power density of the sum of all interference terms.

· Because it is probably more familiar to you (and to me), I have also added good ol’ S/N values to the worksheet.  It is computed at two places: once at the spacecraft receiver and again at the ground station receiver (this one is THE S/N for the system).  These are true power ratios, not densities.  The thermal noise power is computed based on the bandwidth selected at [CELL B37].  You will notice that the final S/N value for many cases is negative.  Don’t fret about this.  It’s not that uncommon.  Remember you have all the noise for the full bandwidth of the transponder against which to compare the signal.  Somewhere in the ground receiver you will improve S/N by using a filter approximately matched to the signal bandwidth.  Then S/N will be “all better” again.  As the system performance gets poorer (say you reduce the uplink EIRP)  the link model will start ratcheting down the data rate of the system.  When this occurs, it may well be a good idea to narrow the transponder bandwidth parameter as there is little value in wasting precious spacecraft RF power transmitting noise.  The transponder bandwidth parameter should be a little wider than the “symbol rate” parameter located at [CELL B103].

NOISE SUMMARY Worksheet:

The NOISE SUMMARY worksheet is not modified by the user.  It is a way of quickly viewing the results of the system, particularly with regard to the balance of noise and interference power within the system.  The left hand columns of  the worksheet tabulate the noise densities (first, for the uplink and then for the downlink).  Colors are important for the pie charts.  The background color of the density entries on the left match the pie chart colors. 

The upper pie chart shows the percentage of  power density associated with white noise (called more formally, thermal noise) generated on the uplink (red) and the percentage of power density that is from the intermodulation junk generated by the user uplinking transmitter (green).  Here’s an interesting experiment.  Increase the user uplink antenna gain with the spacecraft at apogee.  Don’t change anything else.  You will notice the thermal noise percentage goes down but, the intermodultion percentage goes up as it must.  This is correct.

The lower pie chart is a bit more significant.  It shows the percentage of the noise density that is all the junk (uplink white noise + user transmitter intermod.) transponded by the spacecraft (that’s in yellow), the percentage of the noise density that is ground receiver white noise (orange) and the noise density that is from intermodulation products generated at the spacecraft.  This pie chart is kind of the noise power density “bottom line.”  

The left bar chart at the bottom shows the S/N [really the S/(N+I)] first on the uplink and then at the user’s receiver.  [Remember, this is the ratio of powers – dimensionless parameter.  It’s taken at the full bandwidth of the transponder.]   The right bar chart is the S/(No+Io) parameter at the spacecraft and at the user’s receiver.  [Remember, this is the value with the mixed units that is going to tell you how much data you can really transmit through the system].  

All the charts are auto-scaling so you don’t have to worry about changing anything on the worksheet.  I think you will find this worksheet quite useful once you learn to use the model. 

SYSTEM LINK SUMMARY Worksheet:

This worksheet is my way of summing up the results of the system for those who may not be that familiar with link analysis.  It’s obviously a little block diagram of the system.  The results boxes are all dynamically linked to the earlier spreadsheets.  So, you can wander through the system and see what you have created and what the results of it are.

The system parameters that have been chosen are summarized in the blue boxes located around the block diagram.  The yellow boxes show intermediate results at various points within the system.  The teal colored boxes at the bottom summarize the spacecraft power utilization and dissipation requirements.  Finally, the boxes to the far right (various colors) summarize the final outcome of the system and summarize the orbit and frequency choices made by the model operator.

BEAM ROLL-OFF TOOL Worksheet:

This tool is a bit crude and I will eventually clean it up a little.  But, if you enter the parameters for the antenna you wish to investigate into [CELLS B4, B5 and B6] then the peak gain and -3dB beamwidth are calculated at [CELLS F4 and F6].  Now look at columns F and I starting at F9 and I9.  Ignore the columns to the left.  Here you will find how the antenna rolls off as a function of angle from boresight.  There is also a plot of the pattern to the right and down a ways in the worksheet. This plot is set up so that it does auto-scale.     The pattern is based on a Sin (()/( relationship between gain and angle.  Actually, when someone tells you they are using this representation, they are really talking about the voltage envelope of the signal in relation to the angle (.  But, we want to know what  power does vs. (.  Since power is proportional to the square of voltage, the relationship we really want is:  P(() = A*Sin2(()/(2.  That’s the function which has been employed here.  Note the value of ( at the –3dB roll-off point is equal to ½ of the “half power beamwidth,” because you are only viewing ½ of the pattern.

You may well say, “Gee, that first sidelobe looks terrible:  only –13 dB!”  Well true, this is not what a high technology offset fed parabola with an optimized taper will give you.  But, it may be a good model since we don’t know whether we are using dishes or yagis or helicies or whatever(?) within our system yet.  So, I maintain that a crummy first sidelobe-producing antenna like this is a good first approximation for what our system radiators may look like.  Also, if you don’t like this you may wish to develop a better closed form relationship we can plug into the model.  Various Bessel functions may also be used to approximate the gain of a parabola with different feed arrangements.  

NOTE:  The BEAM ROLL-OFF Worksheet is not cross-linked to the other spreadsheets.  It’s just a tool you can use to play with an antenna design.

Acknowledgements:  

The primary link budget you see in the LINK BUDGET worksheet was developed by Phil Karn, KA9Q.  It’s a bit different than the way I would have developed it but, it’s a very good way.  He put the user entry data at the top of the worksheet and the calculations at the bottom.  The important thing is that the order in which the entries occur should be the way they occur as you pass from the beginning to the end of the link.  Otherwise things get very confusing if you haven’t done this before.  

He also decided to flow power density values through the link, not power values.  Both methods work fine.  For digital systems and when complex interference terms are involved, the power density approach is the way to go.  He developed the link budget as a means of evaluating TDMA modes of sharing a hard limiting transponder.  I reviewed, edited and modified (mostly added to) this spreadsheet.  The other worksheets are my creation.  The model was briefly reviewed by Franklin Antonio, N6NKF.  Thanks to both of them for assisting and for some of the inspiration necessary to actually finish this up.

In Conclusion:

Have fun playing with this.  Help us all find the bugs and give me lots of feedback.  I hope we can improve and fine-tune this model as we go forward.   We can change the model as Phil and others determine the best digital multiple access scheme for the digital transponder.  This model can also be adapted for a linear FDMA (traditional AMSAT) transponder as needed.  Changes to the antennas used and improved attitude models may also be incorporated.  This should get us going and thinking, I hope.
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