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Presenter
Presentation Notes
I am going to present more detail on the Station Electronics


Outline

— Purpose of the Station Electronics
— Architecture
e Astronomical Signal Flow through the Station Electronics
* Monitor and Control of the Station Electronics
— Programming
* Normal sequence
e Some details on 3 protocols

* Bottlenecks and possible improvements
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Presenter
Presentation Notes
I will start by presenting the functionality the Station Electronics – what it is supposed to do.  Then I’ll get into a bit of detail on how the hardware is designed to accomplish these functions.  I feel that it is helpful to have a basic understanding of the architecture to effectively program a device.  So we’ll look the signal flow, the monitor and control flow and the hardware organization.  Next we’ll look at look at normal configuration sequences.  Finally, I touch on the bottlenecks in the system and ways to improve the system.


Purposes of the Station Electronics

— In the interest of time, avoid excessive detail!
— Do everything that needs to be done on a per antenna basis,
primarily:
e Delay compensation, coarse and bulk (250 ps resolution)
e Filtering (FDM only)
—1,2,4,8, 16 or 32 filters
— Filter BW of 62.5 or 31.25 MHz
— Center frequency of each filter.
* Mode generation

— Shuffle and delay samples to enable 67 correlator modes
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Presentation Notes
So what is it that the Station Electronics is supposed to do?  I’m going to try to present the big picture and not present all  the subtleties and exceptions or we’d be here all day.  We can talk about subtleties and exceptions during Q&A or offline.

The purpose of station electronics is to do all the processing that is required on a per antenna basis.  The most obvious task is delay equalization.  To first order the length of all the signal paths from the antenna to where signals are correlated must be equal.  This responsibility is split up.  Some of it is done at the antenna, some in the correlator and some in post-processing.
The Station Electronics handles what  are commonly called the coarse delay and bulk delay corrections. The coarse delay correction has a resolution of 250 ps, and the bulk delay covers the largest delay steps. Coordinating the setting of delays at the antenna and correlator, taking into account the propagation time to the correlator, is very important.  I’ll talk some more about delay compensation later.  

The next function is Filtering.  The correlator has two basic modes of operation.  The first is called Time Domain Multiplexing or TDM.  Ray did a good job of explaining this in his talk so I will completely ignore it in mine.  Let me just say that TDM is the “unfiltered version”, that is, the entire 2 GHZ bandpass is correlated.  The spectral resolution is low.  As a result, it does not take long to send the results to the CDPs.  The second mode is called Frequency Division Multiplexing or FDM.  Ray provided details on this mode as well.  Let me just reiterate that it produces much higher resolution spectra.  This is implemented by introducing digital filters into the data stream, up to 32 of them in binary steps (1, 2, 4, 8, 16 or 32).  It is important to note that any of the filters can be put anywhere in the 2 GHz bandpass received at the correlator antenna input.  I’ll talk more about this later as well.

Finally, there is mode generation.  This is probably the least familiar function to most of this audience.  I’m sure you know that the correlator has quite a few operational modes, 67 to be exact.  The correlator chips, in the correlator electronics, are capable of generating just 256 lags.  Many modes require quite a few more lags than that.  Some modes require that all the lags be derived from only one or a few narrow band filters instead of the entire 2 GHz band.  This requires quite a bit of shuffling and delaying of data samples to get the right samples to the right correlator chips.  This is all done in the Station Electronics.   

That’s a quick description of the purposes of the Station Electronics. 


Architecture: Station Rack Signal Flow

— Inputs: Data from antennas, control from CCC

— Outputs: Data to correlator matrix, monitor to CCC
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Presentation Notes
Now lets get into the architecture a little bit.  I’ll start with the big picture, one quadrant of the correlator.  A quadrant has four station racks and four correlator racks.  They are grouped the way they are for a good reason.  Each antenna supplies data to a quadrant at a Correlator Data Input , commonly called a “correlator antenna input or  CAI.  Each station rack has 16 CAIs as shown here, four in each of the four bins.  So we can handle 64 antennas altogether.   Each CAI accommodates 2 polarizations and 2 GHz of bandwidth from one antenna.  

Since we have to cross-correlate all the antennas against one another, each CAI sends its data to every single correlator bin.  That’s why the correlator racks are in the middle and the station racks on the outside.


Architecture: Station Rack Signal Flow

— Station rack to correlator rack interconnects: 1024 cables/quad, | Tb/s
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Presentation Notes
In case you ever wondered what all those blue wire were all about, that is what you get when every CAI has to send data to every correlator bin.


Architecture: Monitor and Control

— One CAN bus per quadrant, services entire quadrant, except QCC

Control Flow
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Presentation Notes
Control Flow is much more straightforward.  There is only one path and it snakes through the entire quadrant.  Everybody is on the same bus!  Except for the QCC as Joe explained.


Architecture: Monitor and Control

— One Control Card, 16 “logic” cards, power distribution cards
Timing Event (TE) AN
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Cards for one antenna
DRX, TFB,TFB, SC
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Presentation Notes
Let’s look a one Station Bin in a little more detail.  As we just mentioned, there is one main CAN bus that snakes through an entire quadrant.  In a Station Bin, there is one and only one card that listens to the bus.  This is the Station Control Card.  It includes a microprocessor system which acts as a middle-man between the CAN bus and the rest of the card in the bin.  It communicates with the other cards using a Backplane Bus.  There is a set of four cards responsible for one antenna: the digital receiver card or DRX, two Tunable Filter Cards or TFBs and one Station Card or SC.  Four sets of these four cards allow a bin to handle four CAIs.

One other thing worth mentioning is the Timing Event or TE shown here.  This is the key to the real-time programmability of the Station Racks and the rest of the correlator for that matter.  Every bin in every quadrant gets a TE pulse during the very same 8-ns window.  Many of the CAN commands effectively say: at the next TE do such-and-such… or even at millisecond such-and-such of the next TE do the following…

Finally let me mention that there are four digital receiver cards, commonly know as the DRXs in each station bin.  The bin does provide power, CAN connectivity and timing signals to the DRX, but the SCC has no control over them.


Programming: Overview
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Presentation Notes
This sketch represents the functionality of the four cards associated with one antenna in a Station Rack.  Ray covered some of this; I am providing a different perspective.  The point is to show what sorts of commands come from the CCC to the Station Control Card and from the Station Control Card to the cards associated with one CAI  to make the system work.

The DRX (digital receiver) gets no commands at all from the CCC or Station Control Card.  It is controlled by another system entirely, called the DMC.

The delay elements in the TFBs get coarse delays and the STN card gets bulk delays.  The CCC just sends delays.  More on that later!

The filters in the TFBs get digital Local Oscillator frequencies for each filter.   This effectively determines the center frequencies of the filters.  The phase of the local oscillators is also settable.  For most types of observations we just want the phase to be zero at a known time.  Setting and changing the phase at exact instants of time was one of the keys to making the ALMA Phasing Project work.

Filters have programmable bandwidth.  They can be either 62.5 or 331.25 MHz wide.

The synchronize command is used to align the phases of the local oscillators in all bins.  If this is not done we get the familiar, depressing steps in phase when cross-correlating.

The STN cards gets bulk delay.  More on this later.  It must also be told about the Mode and also needs a synchronize command to align it with other STN cards.

Now, what about the coarse and bulk delays?  Some of you know that the delay setting protocol just sends a delay value along with 2 options “initialize/update” and “TDM/FDM” and a mask (flip to next viewgraph).  Why?  


Programming: Delay CAN Protocol

Message |Reply Message Contents
Payload Message RCA 0x20401
Bytes
Data[0] spare
Data[1] Delay value LS byte
Data[2] Delay value next byte
Data[3] Delay value next byte
Data[4] Delay value MS byte
Data[5] Delay Destination Mask
Data[6] Relative 1 msec: 0-47
Data[7] Error flags on GET (see below); Optionson SET (see
below)
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Presentation Notes
There have been quite a few questions about this over the years so I will attempt to explain what is going on…  As you can see, the protocol specifies a 4-byte delay, a mask to say which of the 8 TFB cards in a Station Bin are targets of the delay, when to apply the delay and a couple of options.


Programming: Delay Protocol, cont’d
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Presentation Notes
The station control Card, or SCC, partitions the delay between the TFB and Station cards.  Why?  The TFB delay elements can handle only a small range of delays from 0 to about 8 usec in steps of 250 ps.  The STN Card delay elements can handle a delay range of almost 2 msec, quite a bit larger than the ALMA requirement of 100 usec. The size of the delay steps in the station card is a minimum of 16 ns.  The size of the delay steps is mode dependent (FDM or TDM).  Also, note that the TFB Delay elements are ahead of the Filters and therefore of the local oscillators in the filters.  The STN Delay elements are after these local oscillators.  This is significant because if you change the delay after the LO, you also need to change the phase of the LO.  Ralph wrote an nice explanation for that, and I won’t go through it now.  Changing the LO phase is a messy complication that we really want to avoid.  So we proceed as follows:

We get a delay command with the initialize bit set
We use that to partition the commanded delay into two delays, one for the TFB and one for the STN.  
The partitioning algorithm tries to set the TFB delay as close as possible to the center of its range and put the rest of it in the STN.  Picture the bottom of this box as zero delay and the top as full scale delay.  We try to set it about half way and put the rest in the STN card.
This allows the delay to be updated for a fairly long time, about 20 minutes, by just modifying the TFB delay
Subsequent commands, with the update option, result in a check to make sure we are not overflowing the TFB delay range before downloading the value to the TFB.  

Also note the circle in the STN box.  The point of this is to indicate that The STN card uses a large circular memory to produce delays.  The memory is about 4 msec long.  With a delay of zero, the read pointer is exactly 2 msec behind the write pointer.  This is the reason for the mysterious extra 2-msec in propagation delay through the correlator.  Rodrigo has had to deal with this for years.  Factoring in this delay was also critical in getting fringes in the ALMA Phasing project.  Finally, let me just say that I’m oversimplifying a bit, but the details are beyond the scope of this presentation.


Programming: Mode CAN Protocol

Data ta Data Msg | Data Data Msg4 | DataMsg5 |Data

Msg 0 Msg 1 2 Msg 3 Msg 1027
Msg ID 8 Msg ID 8 (last msg)

Msg ID 8 MsgID8 [MsgID8 | MsgID 8 Msg ID 9

ConfigSetiD cMJ0] cM[2] caiMask|[0] dds[0][0][0] ... || dds[127][28][0]

(0-15)

numberOfModes | nP[0] nP[2] caiMask[1] dds[0][0]]1] ... || dds[127][28][1]

configSrc 1stP[0] 1stP[2] caiMask[2] dds[0][1]]0] ... || dds[127][29][0]

0 (spare) 1stF[0] 1stF[2] caiMask[3] dds[0][1]]1] ... || dds[127][29][1]

0 (spare) cM[1] cM[3] caiMask[4] dds[0][2]]0] ... || dds[127][30]]0]

0 (spare) nP[1] nP[3] caiMask[5] dds[0][2]]1] ... || dds[127][30][1]

0 (spare) 1stP[1] 1stP[3] caiMask[6] dds[0][3]]0] ... || dds[127][31][0]

0 (spare) 1stF[1] 1stF[3] caiMask[7] dds[0][3]]1] ... || dds[127][31][1]

For
Multi-resolution For all 4096
modes

filters in quadrant!

—
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Presentation Notes
Enough about delays.  Now let’s look at the mode protocol.  This protocol allows up to configure up to four modes for a given set of antennas.  Ray touched on this as well. This is not sub-arrays; this is called multi-resolution modes.  I don’t know what the development status of these modes is.  You could use multi-resolution, for instance, if you wanted to look with high resolution at four spectral lines in random places within the input bandwidth.  A picture may be worth a thousand words here.  (Flip to the next slide, then flip back here…)  For each of the four groups you specify a mode number, the number of correlator planes to devote to the mode, and the number of the first plane and filter.  The CAI mask specifies which CAIs are used in this mode.  Each station bin has a unique address so it can figure out which CAIs belong to it.  Then the center frequencies of the local oscillator for all 4096 filters in a quadrant are specified.


Programming: Mode CAN Protocol
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Presentation Notes
This trace is the 2 GHz bandpass.  This one is the spectral lines of interest within that bandpass.  And this one represents the placement of filters within the bandpass to concentrate the available resources on the spectral lines.  There are 2 filters on this line, 5 on this one 2 on this one and one on this one.  Ray explained this in detail, so I won’t dwell on it now.


Programming: Scaling Factors
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Presentation Notes
Now lets look at scaling factors.  What the heck are scaling factors?  

If you look at just one filter in a TFB, it looks something like this.  Three bits come into the filter.  The digital filter does its computations to make a bandpass.  The output of this stage has 9 bits.  We can only handle 2 bits downstream.  So we have to scale the 9 bit result down to 2 bits.  The two bit numbers also must have a Gaussian distribution to get optimum sensitivity out of the correlations.   So the scaling factor tells the filter how to scale its 9-bit result to make a 2-bit output.

For each TFB you can have up to 32 scaling factors.  If there is a spectral line in the bandpass that looks like this (draw with finger), then the set of scaling factor will look like this (draw with finger).


Programming: Scaling Factors

— The protocol is simple:

Message Broadcast Setup Header
Payload Message Message
Bytes Transmit using Transmit using
Messaqge ID 5 Messaqge ID 8
Data[0] Data msg ID=8 Func code=10 (0xA)
Data[1] 0 (spare) Configuration Number (0 to 15)

Data[2] Targetmask 7-0 Scale Factor Set Number (0 to 15)
Data[3] Target mask 15-8 spare
Data[4] Target mask 23 -16 | spare
Data[5] Target mask 31 -24 | spare
Data[6] Target mask 39 - 32 | spare
Data[7] Target mask 47 - 40 | spare

— The SCC must do a lot of work behind the scenes (floating point
multiplies, divides and square-roots)

— Result is one 8-bit number per filter.

I
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The protocol itself is quite simple.  The CCC provides a configuration number.  That tells the SCC which filters are involved.  The results are placed in one of 16 scale factor “sets” which can later be downloaded to hardware.

Getting these results is a fair amount of work for the SCC.  The computations involve floating point multiplies and divides as well as square roots.  This is not trivial for a 16-bit microprocessor running with a 5 MHz clock!

The result is one 8-bit number per filter.


Programming: Normal sequence
(FDM only)

— Calibration

e Download configuration (in uP memory only)
— Which CAls
— Up to 4 modes (for multi-resolution) ... (implemented?)
— TFB frequencies (for all 128 cards in the quadrant)

» Apply configuration (data changes during apply)
— Which configs, when

e Calculate scaling factor set
— For which config, which set #

e Get scaling factor set (to CCC)

— For which set #, which antennas
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Presentation Notes
Here is a normal programming sequence.  It has two main steps.  The first, calibration, is shown here.  In this step we do the following:
First we download a configuration.  Remember that this includes a list of CAIs to which the configuration applies, details on up to four modes and the TFB frequencies for all 128 cards in the quadrant.  After this step is complete, the information about the configuration is in the memory of the microprocessor  on the Station Control Card.  It is not in hardware yet.  

Second, we apply the configuration, that is download it into the hardware.  We do this in two steps, configure and then apply, so that we can control exactly when the new configuration starts to take effect.  The protocol essentially says: at the next rising edge of the TE pulse, start downloading the configuration into hardware.

Once the configuration is complete, we can calculate scaling factors and upload them to the CCC.  This is in green text to show that it is only necessary to do this for Frequency Division Mode.

This completes the monitor and control activity for calibration at the SCC



Programming: Normal sequence
(FDM only)

— Subscan configuration
e Download configuration (as in calibration step)
e Download scaling factor set (to uP memory)
e Apply configuration (data changes)
* Apply scaling factor set (to hardware)
e Download TFB Phases
e Send “initialize” delays

e Synchronize
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The second part of the normal programming sequence is the subscan configuration.  Again we download a configuration, download a scaling factor set.  Then we apply both of them.  Next we download the phases for the TFB local oscillators.  Set initial delay.  Finally, we do a “synchronize” which basically aligns the local oscillator phases and station card logic for all the cards involved with this sub-scan.  Once the subscan starts, the Station Bins don’t need any control except for updating delays.


Programming: Potential Improvements

21~ 048
TTTTTITT T I T T I I T T I T I T T I T I T T T T T T T I I T T T I I T T T I I T I T IR TTITITTITTIIT I I T
-1.008 a 1.008 2016 3.024 4.032 5.040 6.048 7056 8064 9072 10.080 11.088 -
[ | | | [ | [ | | | | |
I I I I I I I I | | | |
SCC Setu | I I I | | | | | | | |
| | | | | | | | | | | |
Download config 1 191 msec l | | | | | | | | | | |
i i i i i i i i i i i |
Get download status 400 usec* 16 | | | | | | | | | | |
Download config 2 191 msec |I | | | | | | | | 1 l I
| | | | | | | | | ' '
i i I i i i i i i i i I
Get download status 400 usec* 16 | l | | | | | | | | | | |
Download TFB Phases 220 msec l Il l l : : I: : : } : :
Get download status 400 usec * 16 | | | | | | [ | [ | | |
i i i i i i i i i i i |
Apply Config 700 msec | h | | | | | | | | |
Get Apply status 400 usec* 16 | | | | | | | | || l | | I
| | | | ! I ! I ! 1 1 I
I I I I I I I I I i i
Synchronize 0.4 msec | | | | | | [ I I [ | | |
27128*02forset | | | | | | | | | |
i e yro S N I IR R R R T
Calc Scale Factor Set 315 msec | | ||- | | | | b ! | | |
i i i i i i i I i i i |
SF Set Status 16 * 0.6 msec [ | | | | | | | | | | | | |
Apply Scale Factor Set 25 msec | | | | | | | | I | | | |
| | | | | | | | | 1 1 I
I I I I I I I I I 1 1
LTA Setup | | | | | | | | | | | |
Download Configuration 1 128 msec I h I I I I : I : I 1 : :
Download Configuration 2 128 msec | h | | | I I [ [ | | | |
i i i i i i i i i i |
Generate 426 msec | | | | | |h | | | | |
Apply 1 msec | | | | | | | [ | | |
. Pre- First cycle First cycle observe and 2nd cycle Second cycle
Legend: config setup Second cycle pre-config setup observe LR

CAN bus activity

Total processing time -

Example of setting up one quadrant of the correlator for 64 antennas in mode 7 (all filters used),
with 10-second 2-source observing.
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Now I want to cover a few ideas for improving the system.  I don’t know how necessary this is or will become, but this venue seems like a good opportunity to get these ideas on the table.  This is one of several charts I did a few years ago to get a feel for where we were spending all of our time.  The writing is too small to see but the red and green bars are what’s of interest.  I’ll zoom in to a few commands of interest on the next viewgraph.  The red bars are time spent transmitting data on the CAN bus and the green bars is CPU processing  time in the on-board microprocessors  What we’re doing in this example is downloading two configurations, observing with one for 5 seconds and then switching to the second one for another 5 seconds.  Even at this zoomed out level, you can see that I have interleaved SCC and LTA commands to make the best use of the CAN bus bandwidth.  For instance, this command (the Apply Configuration in the SCC) has a lot of compute time associated with it.  Rather than wait for it to complete before issuing another command, I send a Generate command to the LTA.  This way the processors in the SCC and LTA are computing in parallel.


Programming: Potential Improvements

21~ .048
II|IIIIIII1I.Q!)‘E’|||2|mb_l

| | | |
| | | |
SCC Setup : : : :
Download config 1 191 msec l | | |
Get download status 400 usec * 16 ' : : :
Download config 2 191 msec !I ! ! !
Get download status 400 usec * 16 i l i i i
Download TFB Phases 220 msec : l: : :
Get download status 400 usec * 16 | || | |
Apply Config 700 msec : _ : :
Get Apply status 400 usec * 16 ! ! ‘ ! !
Synchronize 0.4 msec i i i i
e [ | b | |
Calc Scale Factor Set 315 msec | | I'- |
SF Set Status 16 * 0.6 msec : : : | :
Apply Scale Factor Set 25 msec ! ! ! | !
LTA Setup I T
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Presentation Notes
Let’s just focus on the Station Bin set up.  
First, note that it takes 191 msec to download a configuration.  Why?  Look back at the protocol.  We have to download 4096 local oscillator frequencies.  The processing time is about equal to the CAN bus transmission time.  The same is true for setting delays: the processing time is about equal to the CAN bus transmission time.  Unfortunately, we’re running the CAN bus as fast as it will physically go.  We could improve here by going to 2 CAN busses  per quadrant.  Unfortunately that would trash most of our diagnostics from the Engineering port which are critical to troubleshooting.  We could switch to a faster bus.  This would hardware re-design and quite a bit of software/firmware re-design.  We may be able to come up with a smarter protocol.  Often the same set of frequencies are repeated in every single bin for instance.

The Apply Configuration command eats up a lot of processing time.  This is time to download all those local oscillator frequencies and to figure what to tell the station card and to download it to the station card.  Calculate scale Factor Set takes a long time as well, primarily due to the computations required.  As I mentioned early, there are divides and square-roots involved.


Programming: Potential Improvements

21~ .048
II|IIIIIII1I.Q!)‘E’|||2|mb_l

| | | |
| | | |
SCC Setup : : : :
Download config 1 191 msec l | | |
Get download status 400 usec * 16 ' : : :
Download config 2 191 msec !I ! ! !
Get download status 400 usec * 16 i l i i i
Download TFB Phases 220 msec : l: : :
Get download status 400 usec * 16 | || | |
Apply Config 700 msec : _ : :
Get Apply status 400 usec * 16 ! ! ‘ ! !
Synchronize 0.4 msec i i i i
e [ | b | |
Calc Scale Factor Set 315 msec | | I'- |
SF Set Status 16 * 0.6 msec : : : | :
Apply Scale Factor Set 25 msec ! ! ! | !
LTA Setup I T
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As I mentioned earlier, the microprocessors in the system are small, slow 16-bit machines, by today’s standards.  Replacing the hardware would not be that huge a project.  We could re-design the SCCs and LTAs  using modern microprocessors and gain quite a bit of processing power.  We could conceivably connect all the bins using ethernet instead of CAN.   Neither of these would be much work from the hardware perspective. The scary part to me is the huge investment in software and firmware.  There is likely several years worth of work there.  This of course would buy us some observing efficiency: we could spend more time observing and less time setting up to observe.  How much is that worth?

Another way we could gain some processing power is to off-load some computing to the CCC.  For example, it takes 315 msec to calculate scale factors.  Remember that I said that this involves floating point, square roots and divides.  If we could do these operations in the CCC it would save a lot of time.  The SCC could gather “raw integer” total power numbers and pass these on to the CCC for the more complex calculations.

The Apply Configuration is clearly the sore thumb in terms of calculation time.  This is after we re-factored the initial code to make it faster.  Maybe with some creative thinking we can do better, but I really can’t promise that.  In an upgraded design, we could potentially keep a number of configurations in the TFB and Station Cards and be able to switch configuration by simply sending a configuration number to these cards from the SCC.


Programming: Potential Improvements

— Calibration (ref. ALMA Memo 583 and ICT-1683)

e Lag O of TDM observation is currently used as a proxy for total
power — lots of overhead

e Both total power and DC value of 3-bit input are available from
the TFB. Could this potentially save lots of overhead?
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Another place we might be able to improve efficiency and performance is in calibration.  The spectra have to be corrected for the three bit sampling at the antenna.  Currently this is done in a round-about way by doing a TDM observation and looking at lag 0 which is a measure of the total power.  The TFB filters can measure total power directly.  They can also measure the state frequencies, that is how many times the 3-bit code is 000, how many times it is 001 and so forth.  It’s something to think about.  We could do this as part of the scale factor command for instance.


Summary

— Purpose of the Station Electronics: delay and mode config
— Architecture: bin controller; 4 antenna’s worth of processing per bin
— Programming
* Normal sequence only; lots of details left out
e Some details on 3 protocols: most “troublesome” ones
* Bottlenecks and possible improvements:
— CAN and processing power
— smarter protocols;

— smart sequencing of commands to allow parallel processing in
the microprocessors,

— off-loading of complex calculations to the CCC,
— Getting total power from TFBs

— redesign with more modern hardware at the expense of
software effort.

I
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Presentation Notes
In summary, I’ve discussed the main purposes of the station electronics: delay equalization and mode configuration.  I’ve presented a somewhat simplified view of the architecture and of the normal sequence of commands.  I’ve discussed a subset of the CAN commands – actually some of the more complex ones.  Finally I presented bottlenecks and possible improvements.  The main bottlenecks, I think, are the bandwidth of the CAN bus and the available compute power in the microprocessors.  The list of possible improvements includes those listed here…smarter protocols, smart sequencing of commands to allow parallel processing in the microprocessors, off-loading complex calculations to the CCC, getting total power from the TFB, and last and most painfully, redesign with more modern hardware at the expense of software effort.
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