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|. Introduction and Summary

The digital processing (DP) subsystem of an LWA station (consisting 8fRheand
DP2 subsystems defined in [1]) is being developed at JPL. This document desribes it
preliminary design. Details are subject to change, and engineering docimngjotaiside this
memo series) should be consulted for the latest revisions.

In some ways, this design departs from the preliminary component designs deiscribe
earlier LWA Memos. It is based on our current understanding of the projegctieeraents and
it represents what we believe is a cost-effective approach.

System Highlights

» DP1 will process the signals from up to 260 dual-polarization antenna stands, and will
include 4 beamformers, a wideband transient buffer and a narrow band transient buffer.

» Digitization of the signals will be performed at 196 Msps.

» Each signal will be adjusted in delay and amplitude and then all those of the same
nominal polarization will be summed to form a beam that can track any position in the
sky. Four such beam-forming systems will operate in parallel, all indeptyd

» DP2 will provide two independently-tuned digital receivers (DRXs) for eaambea

» COTS chassis infrastructures will be used to reduce electromechamictiermal risks
and development cost.

Future Expansion

» Extensive use of FPGAs allows the circuit boards to be reprogrammableittipgrm
future development of new beamforming and transient signal processing techniques.
(However, the total amount of logic available for processing each argemzals is
fixed, and the bandwidth available for combining the signals from different antsnnas
also fixed.)

* Modular nature will allow for arrays of fewer antennas, with proportional restuict
cost, and for adding more antennas at any time.

II. Top-Level Design

The top-level block diagram is given in Figure 1. We have used components that aye readil
available and with which we are familiar from other projects. Our chaicksdie packaging in
14-slot ATCA chassis with high-speed backplanes; accomplishing most proceshkiXginx
Virtex-5 series FPGAs; and implementing board-to-board data connections wikottiet|O"
serial channels available on these FPGAs (each supporting a practicdtasete up to about
2.5 Gb/s).

There are 512 analog input signals, consisting of a polarization pair from eheh?2&i6
antenna stands. To minimize the need for board-to-board connections, all the stant-specifi
processing (DP1 processing) required for each signal pair is kept togetherwé&tave DP1
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Figure 1: DP1-DP2 Subsystem Block Diagram
boards, each associated with a digitizer (DIG) board, containing all fourfdreaens (BFUS)
and both transient buffers (TBN and TBW) for several stands, rather than séparals for
each function. We estimate that such processing for 10 stands can be accothorodag
12.75in high by 11in deep ATCA board, requiring 26 boards to support 256 stands.

Each DIG board is constructed as a "rear transition module.” It plugs into a tooraie¢be
back of the corresponding DP1 board, fitting within the ATCA chassis, and provides casnector
for the input signals from the Analog Receiver (ARX) subsystem at theaeal of the chassis.
Thirteen of the DIG/DP1 board pairs are installed in each of two 13U high ATGAisha
occupying a total of 45.5in vertically in a 19in wide rack.

As shown in Figure 1, the partial sums for combining the processed stand signalsrnrdo bea
are daisy chained through the DP1 boards with each board adding the signals from 10 stands.
The end of the chain connects to a DP2 board (see Section IV) which is in the rgrelanad
each 14-slot ATCA chassis. In order to make efficient use of the symahéiritirectional
RocketlO ports of the FPGAs, the chains for two beams proceed in one direction Bdom D
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board #1 through #26, ending in DP2 board #2) and those for the other two beams proceed in the
opposite direction (DP1 #26 through #1 to DP2 #1). Each DP1 board can receive and send its
partial sums for the daisy chain either through the ATCA backplane or througipdroeit

connectors which accept Infiniband cables. The boards within a chassis amnmgeted via

the backplane. The 13th DP1 board in the first chassis connects to the first boardaorite se
chassis (DP1 number 14) by a cable. The number of stands being combined can easily be
increased or decreased in increments of 10 by adding or subtracting DP1 boardsoréRbam

26 boards or 260 stands, the additional boards must be in one or more additional chassis inserted
in the chain between Chassis 1 and Chassis 2.)

In this architecture the amount of logic available for processing eachsssagithls and the
bandwidth of the interconnections is fixed, and this limits the number of beams. Té& cur
design supports four dual-polarization beams. An architecture in which each hrasessed
in a separate set of boards (as in [1] and [4]) allows adding or deleting béam# whanging
the board designs, but this is achieved at a high cost in interconnections. For exarfque, f
beams the latter architecture requires a total of 3104 board-to-board connec@igndrdt
bandwidth (each implemented as 4 LVDS lanes), whereas the architecturedqweres 208
(each implemented as 2 RocketlO chanrtfels).

The summed signals for each beam are processed by Digital Re¢BR&(s, see Sec. V)
in the DP2 boards. Each DP2 board sends the beamformer outputs directly to the Data
Aggregation and Communication (DAC) subsystem via a 10 Gbps Ethernet link.

Meanwhile, the TBN or TBW outputs from all channels of a board are transmittad to a
Ethernet switch (an off-the-shelf device), where they are made avdoabie DAC subsystem.

For each board, 100 Mbps links are sufficient to support continuous TBN readout at a bandwidth
of 100 kHz and 24 b/sample (complex), or to support TBW readout at a 1:1000 duty cycle and
12b/sample (real), allowing 50% Ethernet overhead. However, the aggregate VBNALS

from all boards requires two or more 1GB Ethernet links for transmission to the iib&gssem.

We assume that TBW readout and TBN streaming are not needed simultaneousigmé&he s
network is used for communication between the subsystem computer and all DP1 and DP2
boards, providing internal control and monitoring within the DP subsystem.

The subsystem computer is a general purpose server embedded in the DP1/DR&hsubsys
It is expected to be a 1U high rack-mounted unit in the same rack as the main pyodesssis.

It provides the interface to the station-level Monitor and Control (MC) subsysteint, lzandles
initialization and setup of the processing boards. It has access to the TBW amh{EBN

(although not at full bandwidth), so it can provide limited local processing of thasédat
diagnostic purposes. The full bandwidth of the TBW and TBN goes to the DAC subsystem, as
do the filtered beamformer outputs from the DP2 boards.

2 We have 26 DP1 boards through which the partiaissmust be routed, and 8 signals (4 beams, 2 patams)
from each board to the next, thus 26*8=208 connasti As shown in Fig. 6 of [4], the alternativetatecture (for
4 beams) requires the same 8 partial sum connsddimong fewer (4) sets of beamforming boards,ttais®
requires 512 connections (256 stands, 2 polarizs)tifor the DP1 daisy chain from each functionalugr of boards
to the next (DIG to 4xBFUs to TBW to TBN), for aabof 4*8 + 512*6 = 3104 connections. Generaligifor B
beams the totals are B2and 5128 + 2) + &, respectively. (Fig 6 of [4] shows 3 beams andt®the TBW and
TBN modules.) These are counts of logical sigoalnections, irrespective of their representatiam(sle rate, bits
per sample, and signaling rate per physical comm@gtwhich also affects the implementation cost.
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Figure2: DP1Board

I11. Signal Processing For Each Antenna Stand (DP1)

The DP1 board's block diagram is given in Figure 2, and the processing for each stand is
illustrated in Figures 3 and 4. In Figure 2, 8 partial sums (four dual-polarizatamsp&om the
predecessor boards are received on 16 RocketlO lines. After deserializingyadthay, and
synchronizing, the partial sums pass through one processing block for each of tmel40 sta
handled by this board, and then are formatted and serialized for transmissiorutrésssr
boards. Of the four beam partial sums entering this board, two come from the board in the
preceding slot in the chassis, and two come from the board in the next slot; gitmlarbutputs
go to the next slot and two to the preceding slot (see Fig. 1). The logic includes mutomat
correction for variations in the latency of these links. The board also includesoanmoassor
to supervise the operation of the FPGAS, to implement the Ethernet link for the TBW dnd TB
outputs, and to provide a monitor/control interface to the subsystem computer.

The digitizer sampling clock runs at 196 MHz, and samples are processedaitthis
throughout DP1. The digitizer resolution is 12 bits, but the partial sums are carrieghttiteu
summing chain as 20 bit words so as to avoid truncation or overflow. This results in an
aggregate rate of 31.36 Gbps for the 4 dual-polarization beams, and this is comfortadaly car
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Figure 3: Stand Processing Block

by 16 RocketlO channels at 1.96 Gbps each.

Figure 3 shows the processing of the signals from each stand. After digitigeib, 196
MHz), the samples are distributed to 6 parallel processes: 4 beamformersieiband
transient buffer (TBW), and the narrow band transient buffer (TBN). The TBWstsndia
memory controller (implemented in the same FPGA as the other procehsingcords all
samples to a 32 MB RAM (implemented in a separate DRAM device) beginning wiggea t
is asserted and ending when the RAM is full. The memory controller and RAMaaszls
among several processing blocks because it is assumed that the same gngdjerlsbe used
for the whole array. The interface can provide some flexibility in recgitthme: 57 Msec is
available if the full 12b-wide samples are recorded, or proportionally longer if fetgeof each
sample are recorded. Meanwhile, the samples also go to the TBN whereetiegitally
downconverted, low-pass filtered, decimated to the reduced Nyquist frequency, and made
available to the microprocessor for output via the Ethernet link. (Figure 3 shoparatseNCO
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as the local oscillator for each downconverter, but a single NCO per RRIGAffice because
all channels of the array will normally be tuned to the same TBN frequency.)

Figure 4 shows one beamformer module. Each signal of the polarization pair iddiystdde
to compensate for the array's geometrical delay in the desired beanodijrastivell as for the
cable delay and latencies within the DP subsystem. Delay is set to th& saarple using a
FIFO, and then an interpolating FIR filter is used to provide fractional-sadetdy. The FIR
filter can also provide a small amount of dispersion correction, if needed. Naxpaaof
samples is multiplied by a 2-by-2 matrix. The diagonal elements of thxywetose values are
normally between 0.5 and 1, provide amplitude weighting as part of the beam formirggsproce
The range of the weight is limited so as to avoid carrying additional bitsladtenultiplication.

It is assumed that further amplitude adjustment, if needed, can be provided k@thimatog
processing to within a factor of 2 (6 dB) of the desired value. However, the weigiisadre
set to zero, for example to remove a malfunctioning antenna from the beam. The of&diagon
elements of the matrix, nominally zero, provide for a simple transformation aftia s
polarizations. This is intended to help align the polarizations of all stands, iapce#
cannot correct a misalignment that varies with frequency, since the sasi@tmation is
applied to every sample pair.
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DIGITIZERS multiply 1
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Figure4: Beam Submodule. Each incoming sampleisw=12 bitswide, and the partial sums are w+8=20
bitswide. Dy, Dy, d, and d, are delay control numbers; P isa 2x2 coefficient matrix; and L, F, bg arefilter
design parameters.

The processed samples are then added to the partial sums from the previous stand, and the
new partial sums are sent to the processor of the next stand. Processing faidhis pre
subsequent stand may be within the same FPGA, in another FPGA on the same board, or on
another board.

A single Xilinx XC5VSX50T FPGA is expected to provide enough processing for 2 stands,
so that 5 of them are needed to handle the 10 stands of each board. Although the amount of
processing available for each stand is fixed by the size of this FPGA ttine agthat
processing is re-programmable, and if requirements change it could be mad#éfesnt from
that shown in Figures 3 and 4.

V. Digital Receivers (DP2)

The final sum of all stands for each beam is sent to a DP2 board. This board contains the
digital receivers (DRXs) specified in [1]. The logic of an elementdX s illustrated in
Figure 5. For each polarization pair of signals of one beam, a DRX select®a pbthe 10 to
88 MHz signal band by digital downconversion using a tunable local oscillator (nahyeric
controlled oscillator, NCO), sine/cosine mixers, and low-pass filters. The kwthdwthe
selected region is adjustable from 0.25 MHz to 8.0 MHz in factors of 2. The signals are
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Figure5: Digital Receiver (DRX) on the DP2 board. Each board includes 4 of these, onefor each of (2

beams) x (2 tunings).
decimated to the new Nyquist rate and then processed by a filter bank of length 40398ngrodu
subchannels with bandwidths from 61 Hz (at 0.25 MHz channel bandwidth) to 2 kHz (at 8
MHz).

Two independently-tunable DRXs are provided for each beam.

In the digital downconverters of the DP2 boards and also those of the TBN processors in the
DP1 boards, the low pass filters are implemented efficiently by breakingitie several
stages. The first few stages are simple cascaded integrator-cams{&]t which do not require
multipliers; the last stage, where the sample rate is slower becausgabidezimation, is an
FIR filter.

The hardware of the DP2 board is intended to be identical to DP1. They differ only in their
FPGA and microprocessor programming, and the fact that DP2 has no assoktabehidl.
Whereas the signal processing required in DP2 by the current specificattmamsiderably less
than that in DP1, it would be possible to reduce the construction cost of DP2 by designing a
different board with fewer or smaller FPGAs. However, keeping them céén¢iduces the
requirement for spare boards (we recommend two spares per station of eachg®arddyces
development cost, and allows for the addition of new capabilities in the future.
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