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ABSTRACT

This memo describes details of the FPGA signal processing and controlusgicin the
third-generation (3G) CARMA correlator. This hardware incorporateew ultra-wideband
A/D converter operating at 20 GHz, sampling the entire 1-9 GHz CARMA Idbfar each
of 46 inputs (23 antennas x 2 polarizations). Altera Stratix IV GT FPGAsuaesl to cap-
ture the digitized input signals, downconvert the IF into 8 individual saibels (with selectable
bandwidth and center frequency), and compute cross-correlatiorinagal time. Included
here are descriptions of the cross-correlation baseline partitioningt dapa pipelines; digi-

tal signal processing components and performance; FPGA memory ndhppatiol register
specification.
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1. Correlator Overview

The CARMA array achieved first-light in early 2006. At that time the arragtained 15 antennas—six
10 m (formerly OVRO) dishes and nine 6 m (formerly BIMA dishes). Thetfiight correlator consisted of
three 15-input bands of recycled COBRA hardware reprogrammedpfmsiuboth wideband and spectral
line operation, and offered a total bandwidth of up to 1.5 GHz. In 2008t &d m (formerly SZA) dishes
were moved to Cedar Flat for eventual integration into CARMA, initially opegadisran independent array
attached to a dedicated wideband correlator comprised of sixteen 500 Midz8input bands of COBRA
hardware. Each COBRA digitizer board contains two 1 GHz 2-bit ADCsfandAltera FLEX 10KE data-
processing FPGAs with 5,000 logic cells each, for a total signal proagsajacity of 10,000 logic cells
per RF input. Each COBRA correlator board contains 10 Altera FLEX 16&i&-processing FPGAs, for a
total of 50,000 logic cells per board (5,000 per cross-correlation baelin

The second generation (2G) CARMA correlator was put into serviceif 20d offers eight 15-input bands
of 500 MHz each (in wideband mode), for up to 4 GHz of total bandwidtli20hl, complementary support
for four 30-input bands of up to 500 MHz each was added to its capahiktiesbling both 15-antenna full-
Stokes and 23-antenna single-polarization observations. The seenathjon CARMA boards are based
on Altera Stratix Il GX FPGAs. Each CARMA digitizer board contains two 1 GHzit ADCs and four
Stratix Il GX 90K FPGAs devoted to signal processing, a total of 180,0§i@ kells per RF input per output
band. The more than order-of-magnitude increase in logic compared tdRB@Bowed several digital
signal processing algorithms to be performed in real time by the FPGAs, inglbdth phase offset and
fractional-sample delay corrections, as well as cross-correlationatatms with up to 4-bit samples (Rauch
2008). Each CARMA correlator board contains four Stratix Il GX 130K3As, for a total of 520,000 logic
cells per board (32,000 per baseline in 15-input single-polarizatiomahgemodes), allowing up to a 6x
increase in channel resolution compared to COBRA.

This document details the FPGA-based capabilities of the third generatigrG@BMA correlator (also
called the ‘fast-sampler’ or ‘MRI’ correlator). This hardware iterationudses on extending the processed
bandwidth up to 8 GHz with 23 inputs, with channel resolution comparable tptbaiously delivered over

4 GHz with 15 inputs by the second generation system.

2. Third-generation Hardware Design

The 3G hardware represents a major advance in RF digitization capabilitiesh&itintroduction of~

20 GHz 10-level samplers, each digitizing the entire usable receiver IF9dEHz for a single antenna
polarization. Unlike previous generations, two polarizations are availabldtaneously from all 23 anten-
nas. This corresponds to a raw data rate of nearly 4 Thps, a fouirimigase over the second generation
CARMA correlator. In contrast to previous designs, each ADC residesn independent card directly con-
nected to two FPGA boards through high-speed (10 Gbps) transtanes. Each FPGA board contains a
single Altera Stratix IV GT device with 530,000 logic elements.

The use of ultra-wideband ADCs alters the layout of FPGA signal psing$o be more input-centric as
opposed to band-centric, as was previously the case. In particuldorther analog downconversion pro-
cess, which created eight analog 500 MHz IF sub-bands connectadaitepbands of correlator hardware,
is now performed digitally by ‘bandformer’ FPGA boards, which recéhaeraw ADC data via high-speed
serial links. These boards combine the signal processing functionalibhe &G CARMA digitizer boards

with flexible IF downconversion capabilities. A pair of bandformer FPGArds both receive the full out-
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put from a single ADC and process it into four independent IF suliibaach, for a total of eight observing
bands. Each observing band is defined by its IF center frequenciamividth (the latter ranging from
1280 MHz to 2 MHz). Restrictions on center frequency and bandwidthegedre detailed in 85.3 and §5.4,
respectively. Each sub-band ra430,000 FPGA logic elements available for signal processing, including
the new digital downconversion function—significantly less thartthi80,000 logic elements per input per
band of the 2G correlator. However, the highly oversampled input dedredative to the sub-band output
frequency) greatly reduces the computational complexity of certain furadtip—in particular delay pro-
cessing (85.1)—and as a result the decimation filter quality (85.4 and 8t&)nme unchanged compared to
the 2G system.

The Stratix IV GT device on each FPGA card contains 32 full-duplex teinecs capable of operating at
speeds up to 11.3Gbps. Transceivers are grouped into blocks rofoioexternal communication. The
front panel contains four QSFP+ cable jacks connected to the 16 leftraidsceivers (each QSFP+ cable
carries the traffic for four send and receive lanes—i.e., one traresdddock); the 16 right-side transceivers
are accessible through connectors on the chassis backplane viatensition module (RTM) or simi-
lar bridge card. Bandformer FPGA cards use two front-panel QSEPles operating at 10.24 Gbps to
receive the 80.96 Gbps (4-bit x 20.48 GHz) ADC input data from a digittzed. The remaining two
front-panel connectors transmit identical copies of processed, @owarted IF segments for four inputs
(2 antennas x 2 polarizations, one per lane) to correlator FPGA cardeo&s-correlation. The rear (right-
side) transceivers are used to exchange processed input datzheeeps of four adjacent bandformer
boards to allow each bandformer to output collated data for a single IF segsee Fig. 1), as required by
the correlation back-end. All inter-FPGA communication links run at eitheGégs (for the 1280 MHz
and 640 MHz bandwidth modes) or 5.12 Gbps (for 512 MHz and belowydintg the 8-to-10 bit mod-
ulation used for link protection. The corresponding net input data rate$.42 Gbps and 4.096 Ghps,
respectively—sulfficient to support 2-bit samples x 1280 MHz bandvad#ration and up to 4-bit sampling
in all lower bandwidth modes (including full-Stokes in all cases).

Although there are only 46 ADC samplers in the final system, requiring 26=- 92 bandformer boards
for IF band processing (four bands per FPGA),48= 96 bandformer boards are needed to complete the
backplane data networks. Each IF band also contains 12 correlat@kx B&&ds devoted to calculation of
the cross-correlation baselines, for a total of<12= 96 correlator FPGA boards. Correlator FPGA boards
are physically identical to bandformer FPGA boards, but differ in theic/&Ronfigurations, backplane
connections, and front-panel cabling arrangements. In tota®9@= 192 FPGA boards are required to
implement the 3G correlator (excluding spares).

Each 3G correlator FPGA contains four times the logic of a 2G correlato-B@ processes six times as
many baselines (24 versus 4; cf. §3). The base expectation theieéotebx decrease in channel resolution
compared to the previous system. As described in §7, however, thdatiomdogic has been redesigned
in the 3G correlator to maximize FPGA resource usage and hence resolugoghytmaintaining similar
channel counts relative to 2G hardware.

3. Baseline Partitioning

In 23-input correlation mode there a(@3 x 24)/2 = 276 correlation baselines per observing band (23
auto-correlations and 253 cross-correlations). To maximize charswlt®n, these must be distributed as
evenly as possible among the 12 correlator FPGAs allocated to each hadtlition, to support indepen-
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Fig. 1.— Bandformer board data fanout diagram. ADC input (gold) isivedevia two front-panel connec-
tions. Dual IF segment outputs (blue) containing four unique sample stri@aamenna x 2 polarizations)
are transmitted to correlator boards. Backplane traffic (red, gredistnibutes input data for collation into
front-panel output streams. Front-panel connections use the lefEBIGA transceivers; connections to the
backplane use those on the right.
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Fig. 2.— Single-polarization baseline-to-FPGA partition map for the 3G cdorelgach correlator FPGA
processes up to 24 cross-correlation baselines; bandformer FRSAsaiculate a small number of base-
lines. This map supports both 23-input and independent 15-input/8-agawation. Total input fanout is
indicated in small type above each cable bundle.
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Fig. 3.— Correlator board cable fanout diagram. Primary inputs (blueyemeived from bandformer

boards; the remainder are passed between correlator boards. pRrmiteonnections use the left side
transceivers, connections to the backplane use those on the right. ofrffmeunication map is designed
to support both 23-input and independent 15-input/8-input operaswell as complete 15-element fanout

to an external unit (e.g., a VLBI beamformer).




-8—

dent 15-input/8-input sub-array operation, no cross-communicatiovelke boards belonging to separate
sub-arrays is allowed (excluding inputs ignored by the sub-array i ttade). To further improve density
(and facilitate testing), bandformer FPGAs also compute a small fraction dfabelines, including the
auto-correlations in particular. In contrast to the 2G system, bandforozgd® supply only two copies of
each input to the correlator boards; the latter is responsible for all rergadata fanout. Hence the viability
of a baseline partitioning scheme depends not only on the number of baggdinEPGA, but also on the
data fanout required to implement it, which must be compatible with the FPGA bi@apabilities. It is
equally important to maximize the regularity of the partitioning scheme in order to minthmezeumber of
distinct FPGA configurations, which are labor-intensive to producengaidtain.

The final baseline partition derived for use with 23-input modes in the 3&syis shown in Figure 2. The
fanout of any single input (shown in small type above the corresporadiby bundle) ranges from four to
six. Each of the eight observing bands partitions baselines in this maroreel&or FPGAs calculate up to
24 baselines arranged in one of two basic patterns. Bandformer FREBAfte two auto-correlations—one
for each input of the observing band it outputs—as well as the associatestcorrelation; this arrangement
evenly distributes correlation logic among the bandformer FPGAs. A ctordi@ard cable fanout map
implementing Figure 2 is shown in Figure 3. For use with sub-arrays, notroa$t each correlator board
calculate baselines for at most one sub-array, but alsarihot provide active data fanofar any other
sub-array—otherwise they would no longer be independent (recwinfggone would break data fanout
and synchronization for the other). The fanout map was chosen togupgh 23-input operation and
independent 15-input/8-input sub-arrays (only). Note that the tweast#tys consist specifically of the first
15 and final 8 inputs; no other mapping of inputs to sub-arrays is possiblgta fanout is fixed by the cable
topology.

In 46-input correlation mode (23 inputs x 2 polarizations), each single iimpligure 2 becomes a pair
of inputs (e.g., 1— {1L,1R}) and each baseline expands into a 2x2 grid of baselines split between two
FPGA boards—halving both the number of observing bands (from eidbutd and the channel resolution
relative to the corresponding 23-input mode. In this case bandforrerpute four auto-correlations and
six cross-correlations per four outputs (2 inputs x 2 polarizations), egitly between two bandformers.
Dual-polarization observations, where only the diagonal of the 2x2 gmeésled, present a special case.
In contrast to the previous correlator, the 3G hardware provides tiendp either halve the resolution but
maintain a full eight observing bands, or (as for the 2G system) maintailutiesobut reduce the number
of bands to four. Supporting both options does not increase the nufBBGA configurations; the former
reuses the 46-input modes and the latter, the 23-input modes. The fopti@r could not be supported
previously due to a lack of digitizer hardware.

4. FPGA Memory Map

The FPGA memory map component unifies all externally-visible FPGA comtgidters and memory blocks
into a single contiguous address space—from the viewpoint of the sysiefribige, it appears as a single
large, fixed-latency RAM block. The memory map allocates 1 MB of addpessesarranged as 256K 32-

bit (big-endian) words, equivalent to the combined capacity of all M1Bli¢ks in an EP4SGX530 device.
(In a typical instantiation, not all of the available address space is poduwiatie actual RAM.) The control
register layout consists of 16 32-bit read-only registers in addresses 0x00000 to 0x0000F, folltmyed
48 read-write registers in addresses 0x00010 to 0x0003F. All comtgidters possess dedicated outputs
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to internal logic. Internally the control registers shadow the initial 64 locatidribe first M144K RAM
block, which is otherwise reserved for future use. This is followed kg 144K tap RAM block which
can be used for (pre-configured) internal signal capture. Oniéi@uil M144K block is allocated for each
correlation calculated by the chip and used for lag dumps (in 46-input modegrvgs-correlations are
dumped per RAM block).

Table 1 summarizes the contents of external FPGA memory. Details of indidido#ol registers follows
(any omitted bitfields are reserved and their contents unspecified):

e MVAP_REG VERSI ON [Version (read-only)]
This register contains board-level configuration settings. The bandwidde member encodes the
spectral bandwidth; 0x0 to 0x9 for 1000 MHz to 2 MHz (100@ ™MHz) and OxA to OxF for
1250 MHz to 39 MHz (125G 21-"MHz). In this register the mode refers to the bandwidth pro-
cessed by the correlation logic (corresponding to one of the four IRrsets).

bits 31-24: Reservedcleared)

bits 23-20: Hardware revision: 0x2 = 3G prototype

bits 19-16: FPGA type: 0xB = bandformer, OxC = correlator
bits 15-12: Requantized sample width

bits 11-8: Correlation bandwidth mode number (local base)

bits 7-0:  Configuration feature version

e MVAP_REG CORL_BASE [Correlation configuration base (read-only)]
Correlation logic settings shared by all correlations on the FPGA.

bits 31-29: Reservedcleared)

bit 28: Auxiliary correlation input indicatorSE_AUX)

bits 27-16: Number of (32-bit) lag block locations written £2DUMP_COUNT)
bits 15-12: Metadata elements per lag stredduil VETA)

bits 11-0: Number of zero+positive lags per streat-NUM_LAGS)

e MVAP_REG CORL_CONF1 [Correlation configuration register 1 (read-only)]
Correlation logic settings unique to the first correlation set.

bits 31-28: Reservedcleared)

bits 27-24:Number of baselines per RAM blockligM_PACK1)
bits 23-12: Number of quantization state counteliJV QCNT1)
bits 11-4: Number of correlation baselinesiyM CORL1)

bits 3-2: Reservedcleared)

bits 1-0: Correlation type; 0 = auto, 1 = cross +lags only , 2 = cross -lags onlyr8sselags
and -lags CORL_TYPEL)

e MVAP_REG CORL_CONF2 [Correlation configuration register 2 (read-only)] Correlation logic set-
tings unique to the second correlation set (if present).
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bits 31-28: Reservedcleared)

bits 27-24:Number of baselines per RAM blocklUM PACK2)
bits 23-12: Number of quantization state countelJ QCNT2)
bits 11-4: Number of correlation baselinesyM CORL2)

bits 3-2: Reservedcleared)

bits 1-0: Correlation type; 0 = auto, 1 = cross +lags only , 2 = cross -lags onlyr8sse-lags
and -lags CORL_TYPE2)

e MMAP_REG STATUS _CLD [Previous correlation status (read-only)]
This register contains the value MMAP_REG_STATUS when the most recent lag dump completed.
It can be used determine the final status of the previous correlation whikextés in progress.

e MMAP_REG STATUS METAL andMVAP_REG STATUS META2 [Correlation metadata status (read-

only)]
Starting with bit 0 of STATUS_METAZ through bit 31 of STATUS METAL, contains one bit per

correlation indicating whether erroneous pipeline metadata has beemégranl) which may invali-
date the corresponding lags. These registers are automatically clesgeduwghthe correlation status
register MMAP_REG_STATUS) is cleared.

e MVAP_REG STATUS TRX [Transceiver lane status (read-only)]

Contains detailed status information for a single transceiver lane (selesitegaufield in
MVAP_REG TRX CTRL). Some byte-oriented status is delivered demux-by-4 as incoming bytes are
demultiplexed to 32-bit parallel data into the FPGA core.

— bits 31-28: Transceiver state machine code

— bit27:  Transmit PLL lock indicator

— bit26:  Receive PLL lock indicator

— bit25:  Receive LTD (lock-to-data) indicator

— bit24:  Receive PMA (analog signal) active indicator

— bits 23-20:Receive word synchronization status (demux-by-4 output)

— bit19:  Transceiver block powerdown indicator

— bit18:  Transmit phase compensation FIFO error

— bit17:  Receive phase compensation FIFO error

— bit16:  Receive run-length violation error

— bits 15-12:Receive 8B/10B decode error (demux-by-4 output)

— bits 11-8: Receive 8B/10B disparity error (demux-by-4 output)

— bits 7-4: Receive control code detection (demux-by-4 output)

— bits 3-0:  Receive alignment byte detection (demux-by-4 output)
e MVAP_REG CTRL_TAP [Control bit readback (read-only)]

— bits 31-24:Reservedcleared)
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— bits 23-20: Center frequency update error (IF segments 3-0)

— bits 19-16:Phase offset update error (IF segments 3-0)

— bit15:  Input delay update error

— bits 14-13:Reservedcleared)

— bit12: Tap RAM write enable

— bit11:  Global PLL reset

— bit10:  Global logic reset

— hit 9: Global 1 PPS signal

— bit 8: Current 180 degree phase switch demodulation state

— bit7: Reservedcleared)

— hit 6: Lag dump FSM interruptN signal (active-low)

— bit 5: Correlation dump signal

— bit 4: Correlation active signal

— bits 3-0:  Correlation control bits

e MVAP_REG CONFI G [Data processing configuration]

This register contains FPGA-specific configuration settings. The IF matbens are defined as for
MVAP_REG VERSI ON and are generally read-only, except for the special narrowbanfitjcoation
which supports a range of values (0x5 to 0x9). In the latter case,lamreonfigurations use the
IF segment 0 mode; the others are meaningful only for bandformeralidnmodes written to these
fields are ignored (readback always presents the active value)nptienumber field determines the

cross-correlation input label for band data produced by the boatdsaralid for bandformers only
(for 2G hardware this information was hard-wired into an initialization file).

bits 31-28: Bandwidth mode number, IF segment 3

bits 27-24:Bandwidth mode number, IF segment 2

bits 23-20: Bandwidth mode number, IF segment 1

bits 19-16: Bandwidth mode number, IF segment 0

bits 15-12: Active IF segment count (read-only, 4 maximum)

bits 11-8: Reservedconfiguration subtype field)

bits 7-0:  Digitizer input number
e MMAP_REG STATUS [Correlation status]

— bits 30-4: Counter indicating the number of clock cycles the correlation (specificallijpiyd
adder) logic was active/enabled since the last correlation dump. Caena@sbt externally
(cleared automatically).

— bits 3-2: Reservedcleared)

— bit 1: Correlation error indicator; if set, the correlate signal went high bdfgedata was
successfully transferred to FPGA RAM. Asserts tioe | _doneNinterrupt when set.
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— bit0:  Correlation done indicator; this bit is set once lag data (including metadaiguzmdi-
zation counts) for the most recent integration has been successfubijeinad to FPGA RAM.
Asserts theeor | _doneN interrupt when set.

e MMAP_REG CORL_MODE [Correlator operating mode]

— bit 2: Decimation filter input samples replaced with a periodic delta function accotding
MVAP_REG | MPULSE settings

— bits 1-0:
x Mode" 10" : digitizer input samples replaced with ramp pattern 0x87780FF0, Ox9&EB1E
... (replicated to input sample width)
x Mode" 01" : prompt/delay correlation inputs replaced with test patterns based on
MVAP_REG TEST_PATTERN
x Mode" 00" : normal operation of the pipeline and correlation logic

e VMMAP_REG DEMOD [Phase-switch demodulation state]
Encodes the 180 degree phase-switch demodulation sequence for 2iga@ascutive integrations
(bits 31-0, with 0 being read first). A set bit indicates that samples shoultegated during the
corresponding integration cycle. Demodulation is applied to the raw 4-bit ARPQ.

e MVAP_REG | MPULSE [Impulse response pattern parameters]
Determines the frequency of sample generation for impulse response 8liagtécf. CORL_MODE,
bit 2). The (up to) 16-bit LSBs encode the impulse sample value (limiteésdd W DTH); the
16-bit MSBs represent the number of (pipeline) clock cycles betweenls@gample output in the
pattern generator, with all zeroes output in between.

e MMAP_REG TEST_PATTERN [Correlation sample test patterns]
The 16-bit LSBs and MSBs define the test patterns fed to the prdPh) (and delay DI N) cross-
correlation inputs, respectively, in self-test mode (IRL_MODE). Reset default patterns apé N=
O0xEB14 andDl N = 0x14EB.

e MVAP_REG Pl PE_SEL [Pipeline multiplexer selects]
Sets the select lines for the pipeline data multiplexers, which determine the dattoittpe correlation
logic and output to the transceivers. The inputs to these multiplexers casdbeat from Figs. 1-3
and are documented explicitly in the correspongingel i ne VHDL components. For bandformers
the contents are as follows:

bits 31-14:Reserved
bit 13: Metadata select (manual)
bit 12: Input A/B select

bits 11- 8: IF segment select

bits 7- 0:  IF delay control

The metadata select bit is a manual trigger that replaces sample data (ghri€rge) with their meta-
data in the pipeline. This is provided for testing; in normal operation this bitirehtdeared as the
substitution is automatically enabled during metadata verification each lag dun@6)cfnput A/B
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select swaps adjacent inputs on the bandformer’s correlator outpapsg the two polarizations
for each antenna). The (0-based) IF segment select specifiessdgjotent is correlated/output by the
FPGA (cf. Fig. 1); if the specified value is equal to or greater than the puwitactive IF segments
(seeMVAP_REG_CONFI G), behavior is undefined. The IF delay control is used to align internal IF
segment data with transceiver input for correlation and band output.

For correlators the contents are:

— bits 31-29:Reserved

— bit 28: Correlation block baseline select (NUM_PACK = 2 only)
— bits 27-26: Correlation block auxiliary input select
— bits 25-24: Correlation block column 2 input select
— bits 23-22: Correlation block column 1 input select
— bits 21-20: Correlation block column 0 input select
— bits 19-18: Correlation block row 1 input select

— bits 17-16: Correlation block row 0 input select

— bits 15-14: Transceiver block 7 output select

— bits 13-12: Transceiver block 6 output select

— bits 11-10: Transceiver block 5 output select

— bits 9-8:  Transceiver block 4 output select

— bits 7-6:  Transceiver block 3 output select

— bits 5-4: Transceiver block 2 output select

— bits 3-2:  Transceiver block 1 output select

— bits 1-0:  Transceiver block 0 output select

The block baseline select determines which half of the 2x2 baseline blotkvih RACK = 2 corre-
lator configuration calculates (0 for the diagonal, 1 for the first row).

MVAP_REG DI G_DELAY [Digitizer sample delay (current)]

Contains the current sample delay applied to the raw ADC input stream. Norusaty for read-

back in conjunction witiV/WAP_REG DI G_DELAY_1PPS and MVAP_REG DI G DELAY_STEP.

If written, the new value overrides the current delay setting during theupslate cycle (after which it
increments as usual). The delay is a 32-bit fixed-point value with 12dwtitmal component; hence
the maximum possible delay is 22° samples (52is @ 20 GHz).

MVAP_REG DI G DELAY_1PPS [Digitizer sample delay (next 1 PPS)]

The input sample delay to set at the next 1 PPS tick. After this time—until thelreRS tick—
the delay will increment byWAP_REG DI G_DELAY_STEP each update cycle (during correlation
lag dumps). This register must be re-written prior to each 1 PPS tick to avedltias of a delay
update error ifVMAP_REG_CTRL_TAP. In the latter case, the delaymet reset on the 1 PPS tick,
but continues to increment using the previous stride; this allows the valueo&st’cvia smooth
extrapolation should updated coefficients fail to arrive.
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e MMAP_REG DI G DELAY_STEP [Digitizer delay step (after 1 PPS)]
The input sample delay increment to apply each update cycle (durindatmndag dumpsgafterthe
next 1 PPS tick. The delay value is reseMdAP_REG DI G_DELAY_1PPS on the 1 PPS tick itself.
This register must be re-written prior to each 1 PPS tick to avoid assertiodelfig update error in
MVAP_REG CTRL_TAP.

e MMAP_REG TRX RESET [Transceiver reset]
Each set bit holds the correspondimgeiverlane in hard reset. If all four lanes in a single block are
placed in reset, the entire block (including transmitters) is powered dowall.dfocks on one side of
the device are in reset, the associated ATX PLL is also powered down.

e MMAP_REG TRX CTRL [Transceiver control]
Each byte selects the active transceiver lane or block for éitklaP_REG STATUS_ TRX or
MVAP_REG TRX_ DELAY. Only the 5-bit LSBs are used for lane selects (maximum of 32 transseiver
per FPGA); lanes are numbered lower-right to upper-right, then ltefete upper-left (receive lane
0 is GXB_RX RO and lane 31 isGXB_RX L15). Only the 3-bit LSBs are used for block selects
(each block is four contiguous lanes); block 0 is laR8sR3 and block 7 is lanes12-L15. The
transceiver verification select bit allows manual control of symbol aligringerification; when en-
abled, all pipeline data is replaced by a fixed word alignment pattern explegtthe receivers. In
normal operation this bit remains cleared as pattern substitution is controttedatically (cf. §6).

bits 31-17:Reserved
bit 16:  Transceiver verification select (manual)

bits 15-8: Block select folMVAP_REG TRX_DELAY
bits 7-0: Lane select foMVAP_REG STATUS TRX

e MMAP_REG TRX ERROR [Transceiver error status]
Each set bit indicates detection of a transceiver link error on the @ameing lane since the register
was last cleared. Bits stay set until cleared. Detailed link status for a gartlane can be found in
MVAP_REG STATUS TRX after settingyMAP_REG TRX_ CTRL appropriately.

e MVAP_REG TRX_DELAY [Transceiver input delay]
Used for lane alignment; each byte sets the absolute delay (in receivecgidels) to apply to one
lane in a particular transceiver block®Ob < 7 (selected byyMAP_REG TRX_CTRL). The delay is
applied to the raw, 32-bit demultiplexed transceiver input and is unrelatibe wigitizer sample rate
or data demux. Typical transceiver transmit-to-receive latency is diioparallel clock cycles.

bits 31-24: Receive delay for lané= 4b+ 3, blockb
bits 23-16: Receive delay for lané= 4b+ 2, blockb
bits 15-8: Receive delay for lané= 4b—+ 1, blockb
bits 7-0:  Receive delay for lané= 4b+ 0, blockb

e MMAP_REG | FO_FREQ [Center frequency 0 (current)]
Reads back the current center frequency of IF segment 0, in unitedampling frequency, as
a 32-bit fixed-point value (with 32-bit fractional part). The curremguency is usually calculated
automatically fromviVAP_REG | FO_FREQ 1PPS andMVAP_REG | FO_FREQ STEP; however,
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writing to this register will override the frequency setting during the nexatgdycle (correlation lag
dump), after which it will increment as usual.

MVAP_REG | FO_PHASE [Phase offset O (current)]

Reads back the current phase offset of IF segment 0, in revolutioits Of 2T radians), as a 32-bit
fixed-point value (with 32-bit fractional part). The current phadsaifis usually calculated auto-
matically from MVAP_REG | FO_PHASE 1PPS and MVAP_REG | FO_PHASE STEP; however,
writing to this register will override the phase offset during the next updgatée (correlation lag
dump), after which it will increment as usual.

MVAP_REG | FO_GAl NandMVAP_REG | FO_OFFSET [Sample gain and offset 0]

These registers define a linear transformation applied to the (18-bit) csspuyple stream for IF
segment 0 immediately prior to requantization into final 2-bit, 3-bit, or 4-bit Hanided samples (see
85.6). The gain is a specially encoded 20-bit limited-range floating-polneyhits 19-16 containing

a half-integer binary exponent (as a fixed-point signed nibble with frdaitional part) and bits 15-0
the mantissa (a 17-bit unsigned, fixed-point mantissa with implied leading 16abid ftactional part).
Half-integer exponents are approximated as a scaling by 1.5x. For exa@l = 0x00000= 1

and GAIN = 0x34500= 3.80859375. In the current implementation, only half-integer exponents
between -2.0 and +3.5 (inclusive) are supported. The offset is at 2ighed fixed-point value with
2-bit fractional part. Both factors occupy the 20-bit LSBs of the registe

MVAP_REG | FO_FREQ 1PPS [Center frequency 0 (next 1 PPS)]

The IF center frequency to set at the next 1 PPS tick, in units of the sanfpdiqngency, as a 32-bit
fixed-point value (with 32-bit fractional part). Afterward the freqagmvill increment by

MVAP_REG | FO_FREQ_STEP each update cycle. The supported physical center frequency range
is 1-9 GHz. SedVAP_REG DI G_DELAY_1PPS, which operates similarly, for additional details.

MVAP_REG | FO_FREQ STEP [Center frequency O step (after 1 PPS)]

The center frequency increment to apply each update cycle (corrdiagoiimp)afterthe next 1 PPS
tick for IF segment 0. The value is resetNvAP_REG | FO_FREQ 1PPS on the 1 PPS tick itself.
This register must be re-written prior to each 1 PPS tick to avoid assertiateotter frequency update
error inMVAP_REG CTRL_TAP.

MVAP_REG | FO_PHASE 1PPS [Phase offset 0 (next 1 PPS)]

The phase offset to set at the next 1 PPS tick for IF segment O, in tendyas a 32-bit fixed-point
value (with 32-bit fractional part). Afterward the offset will incremeath update cycle by
MVAP_REG | FO_PHASE STEP. SeeMVAP_REG DI G_DELAY_1PPS, which operates similarly,
for additional details.

MVAP_REG | FO_PHASE STEP [Phase offset O step (after 1 PPS)]

The phase offset increment to apply each update cycle (correlatiorutag)dfter the next 1 PPS
tick for IF segment 0. The value is resetN®AP_REG | FO_PHASE 1PPS on the 1 PPS tick itself.
This register must be re-written prior to each 1 PPS tick to avoid assertioplodise offset update
error inMVAP_REG CTRL_TAP.

MVAP_REG | F1_FREQto MVAP_REG | F1_PHASE_STEP [IF segment 1 control]
These registers are the equivalentAP_REG | FO_FREQto MMAP_REG | FO_PHASE STEP
for IF segment 1.
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e MMAP_REG | F2_FREQto MVAP_REG | F2_PHASE STEP [IF segment 2 control]
These registers are the equivalentAP_REG | FO_FREQto MMAP_REG | FO_PHASE STEP

for IF segment 2.

e MMAP_REG | F3_FREQto MMAP_REG | F3_PHASE_STEP [IF segment 3 control]
These registers are the equivalendAP_REG | FO_FREQto MMAP_REG | FO_PHASE STEP

for IF segment 3.
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Table 1. CARMA 3G Correlator FPGA Memory Map

Symbolic Namé Hex Addres8 Description
MVAP_REG VERSI ON 0x00006  FPGA configuration version.
MVAP_REG CORL_BASE 0x0000f  Correlation logic base parameters.
MVAP_REG CCORL_CONF1 0x00002  Correlation logic set 1 parameters.
MVAP_REG CORL_CONF2 0x00003  Correlation logic set 2 parameters.
MVAP_REG STATUS OLD 0x00004 Correlation status of last integration.
MVAP_REG STATUS METAL 0x0000%5 Baseline metadata status.
MVAP_REG STATUS NMETA2 0x00006  Baseline metadata status.
MVAP_REG STATUS TRX 0x00007  Single transceiver detailed status.
MVAP_REG CTRL_TAP 0x00008 Control bit readback.
MVAP_REG UNUSED 09 0x00009 Reserved for future use.
MVAP_REG UNUSED OA 0x0000X  Reserved for future use.
MVAP_REG UNUSED 0B 0x0000B  Reserved for future use.
MVAP_REG UNUSED 0C 0x0000C  Reserved for future use.
MVAP_REG UNUSED 0D 0x0000F Reserved for future use.
MVAP_REG UNUSED OE Ox0000E  Reserved for future use.
MVAP_REG UNUSED OF O0x0000F  Reserved for future use.
MVAP_REG CONFI G 0x00010 Data processing configuration.
MVAP_REG STATUS 0x00011 Correlation status.
MVAP_REG CCRL_MODE 0x00012 Correlation/pipeline operating mode.
MVAP_REG DEMOD 0x00013 Phase-switch demodulation state.
MVAP_REG | MPULSE 0x00014 Impulse response cycles & sample.
MVAP_REG TEST_PATTERN 0x00015 Delay/prompt input test patterns.
MVAP_REG Pl PE_SEL 0x00016 Pipeline multiplexer selects.
MVAP_REG DI G_DELAY 0x00017 Digitizer input delay (current).
MVAP_REG DI G_DELAY_1PPS 0x00018 Digitizer input delay (next PPS).
MVAP_REG DI G DELAY_STEP 0x00019 Digitizer input delay rate (next PPS).
MVAP_REG TRX RESET 0Ox0001A Transceiver reset.
MVAP_REG TRX CTRL 0x0001B Transceiver select control.
MVAP_REG TRX ERROR 0x0001C Transceiver error status (persistent).
MVAP_REG TRX_DELAY 0x0001D  Transceiver input delay (selected block).
MVAP_REG UNUSED 1E 0x0001E Reserved for future use.
MVAP_REG UNUSED 1F 0x0001F Reserved for future use.
MVAP_REG | FO_FREQ 0x00020 IF segment O center frequency (current).
MVAP_REG | FO_PHASE 0x00021 IF segment 0 phase offset (current).
MVAP_REG | FO_GAI N 0x00022 IF segment 0 sample gain.
MVAP_REG | FO_OFFSET 0x00023 IF segment 0 sample offset.
MVAP_REG | FO_FREQ 1PPS 0x00024 IF segment 0 center frequency (next PPS).
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Table 1—Continued

Symbolic Namé Hex Addres8 Description
MVAP_REG | FO_FREQ STEP 0x00025 IF segment O center frequency rate (next PPS).
MVAP_REG | FO_PHASE _1PPS 0x00026 IF segment 0 phase offset (next PPS).
MVAP_REG | FO_PHASE STEP 0x00027 IF segment 0 phase offset rate (next PPS).
MVAP_REG | F1_FREQ 0x00028 IF segment 1 center frequency (current).
MVAP_REG | F1_PHASE 0x00029 IF segment 1 phase offset (current).
MVAP_REG | F1_GAI N 0x0002A IF segment 1 sample gain.
MVAP_REG | F1_OFFSET 0x0002B IF segment 1 sample offset.
MVAP_REG | F1_FREQ 1PPS 0x0002C IF segment 1 center frequency (next PPS).
MVAP_REG | F1_FREQ STEP 0x0002D IF segment 1 center frequency rate (next PPS).
MVAP_REG | F1_PHASE_1PPS 0x0002E IF segment 1 phase offset (next PPS).
MVAP_REG | F1_PHASE_STEP 0x0002F IF segment 1 phase offset rate (next PPS).
MVAP_REG | F2_FREQ 0x00030 IF segment 2 center frequency (current).
MVAP_REG | F2_PHASE 0x00031 IF segment 2 phase offset (current).
MVAP_REG | F2_GAI N 0x00032 IF segment 2 sample gain.
MVAP_REG | F2_OFFSET 0x00033 IF segment 2 sample offset.
MVAP_REG | F2_FREQ 1PPS 0x00034 IF segment 2 center frequency (next PPS).
MVAP_REG | F2_FREQ STEP 0x00035 IF segment 2 center frequency rate (next PPS).
MVAP_REG | F2_PHASE 1PPS 0x00036 IF segment 2 phase offset (next PPS).
MVAP_REG | F2_PHASE STEP 0x00037 IF segment 2 phase offset rate (next PPS).
MVAP_REG | F3_FREQ 0x00038 IF segment 3 center frequency (current).
MVAP_REG | F3_PHASE 0x00039 IF segment 3 phase offset (current).
MVAP_REG | F3_GAI N 0x0003A IF segment 3 sample gain.
MVAP_REG | F3_OFFSET 0x0003B IF segment 3 sample offset.
MVAP_REG | F3_FREQ 1PPS 0x0003C IF segment 3 center frequency (next PPS).
MVAP_REG | F3_FREQ STEP 0x0003D IF segment 3 center frequency rate (next PPS).
MVAP_REG | F3_PHASE 1PPS 0x0003E IF segment 3 phase offset (next PPS).
MVAP_REG | F3_PHASE STEP 0x0003F IF segment 3 phase offset rate (next PPS).
MVAP_TAP 0x0100G  Start of signal tap RAM.

MVAP_TAP+MVAP_TAP_SI ZE- 1
MVAP_LAGS

MVAP_LAGS +
2 x NUM_PACK x ( NUM_LAGS+1)

OX01FFF
0x02000
0x02000
0x0200F
0x02002
0x02003

Anetsd
Ametat 0

End of signal tap RAM.

Start of lag data for set 1 correlation 0.
Lag O.

Lag -1.

Lag 1.

Lag -2.

Start of metadata for set 1 correlation O.
Prompt input metadata word 0.
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5. Digital Signal Processing

The following provides in-depth information on the individual signal pesieg tasks present in the ‘band-
former FPGAs. They are applied to the raw digitized input signals to creatbahdwidth-limited outputs
later transmitted to the correlator FPGAs, which compute a complete set ofaostation lags for the
selected observing mode. The algorithms are described in order of djgpiica

5.1. Delay Processing

The sample delay line corrects for time delay offsets between individual inpgiag observations of the
noise source as a reference, it is manipulated by the high-level phiseifig algorithm, which determines
the input delay (and phase) offsets required for all cross-corralbtiseline spectra to achieve zero phase.
In normal operation the delay line also includes the bulk signal delay dueysicaihpath length differences
upstream of the noise source (which is injected directly into the IF). Onlyeladive delay between inputs
is of consequence.

The delay line is split into two major components: a simple whole-sample delay, impietnenFPGA
RAM, and a fractional-sample delay, consisting of a highly-demultiplexechasstric FIR filter with reload-
able coefficients. The delay is adjusted on a fast time scale—the 64 Hiatiomdag dump rate—using
delay coefficients computed by a small state machine inside the FPGA, bassgobarof control register
settings YWWAP_REG DI G_DELAY_1PPS andMVAP_REG DI G DELAY_STEP; cf. Table 1). The delay
control registers, updated by the bandformer CPUs once per sexmenify the requested total delay (in
samples) and its average rate of change (in samples/s) for the followingdseshich the state machine
double-buffers and begins to apply once the next 1 PPS signal isedcéi incorporates logic to verify that
the delay registers were loaded precisely once between each pair 8fticR®, and sets a persistent error
indicator should this fail to be satisfied.

The maximum required delay is determined by the physical line length diffeseincthe most extended
array configuration. For CARMA this is the A array, with baselines up to 2(Kps geometric delay);
including allowance for optical fiber length disparities and a safety margartotial delay line requirement
is 20us. The raw 4-bit @ 20.48 GHz digitized input is delivered to the FPGA coee320-bit (demux-by-
80 x 4-bit) @ 256 MHz data bus; the total delay RAM required is 1.6 Mb or &t &2 Stratix IV M144K
memory blocks. The FPGA configurations allocate 20 M144K blocks to the dlaks, 30% of the blocks
in an EP4S100G5 device, for a maximum possible delay of 32 This delay is applied to the raw input
prior to separation into individual complex baseband IF segments (of vitwezk are four per bandformer
FPGA); more delay RAM would be required in the latter case due to the complexeal data and the
expansion of sample bit-width due to intervening signal processing.

Design of the fractional-sample delay filter in the 3G hardware is greatly sintptifie¢he fact that raw input
consistently undergoes decimation by an order of magnitude or more in geath IF segment. Thus
applying the sub-sample delay prior to all decimation, but after generaticoroplex baseband (which
centers the output IF segment on zero frequency), implies that the dedayéed only perform well over

a small fraction of the quantized bandwidth. For the 3G hardware the minimaimalgon factor is eight
(1280 MHz bandwidth mode, assuming 20.48 GHz sampling); hence the higissible complex baseband
frequency isfy /16, wherefy is the Nyquist frequency. In this case, the nominal CARMA delay resolution
requirement of 0.25 degrees (0.0007 samples) per output can be metsiitpla 2-coefficient fractional-
delay filter, specifically; = (1 — &)x + dxi—1, where 0< d < 1 is the fractional sample delay akg } is
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Table 1—Continued

Symbolic Namé Hex Addres8 Description

Ametat+ 1 Delay input metadata word 0.

Ametat+ 2 X NUM_META chmd Start of quantization counters for set 1 correlation O.
Agent+0 Sample count for quantization state 0x00.
Agent+1 Cleared
Agent+2 Sample count for quantization state 0x01.
Agent+3 Cleared

Aqent+2>x NUM_QCNT1 AsampOI Start of sample dump area for set 1 correlation 0.

O0x02FFF  End of sample dump area for set 1 correlation 0.
MVAP_LAGS + 0x01000 0x03000 Start of lag data for set 1 correlation 1.

MVAP_LAGS +
NUM_CORL1 x 0x01000 A.agszd Start of lag data for set 2 correlation O.

MVAP_FPGA SI ZE-1 Ox3FFFF Top of local FPGA memory.

aDefined in carmacorl CVS file fastsamp/share/src/fastsamp_componeits.vh
bAs seen by the 32-bit external memory interface.
“These locations (and all tap/lag dump RAM) are read-only.

dCalculable using MMAP_REG_CORL_BASE and MMAP_REG_CORL_CONF1
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Fig. 4— CARMA 3G correlator fractional sample delay filter performanche Top and bottom panels
display wideband frequency and delay responses, respectivalydBited lines show the worst-case errors
over all possible delays; blue, solid lines show the respons@ f00.2 in particular.
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the delayed version of the sample sequefigé. The filter coefficients can be derived using the Lagrange
interpolation method. The simplicity of the coefficients makes the filter easy to imptemERGA logic,
and their symmetry offers additional resource savings—oslgglemultiplication per (baseband) sample is
required to implement the filter! By way of comparison, the previous generaticdware required a large,
80-coefficient fractional-delay filter—partitioned into 128 individual Siliers—consuming nearly 100%
of the FPGA RAM blocks and fed by a multi-stage state machine interpreting asttatan containing
encoded coefficients and other auxiliary values (Rauch 2008).

The corresponding delay filter response is shown in Figure 4, assui@2 sampling and 9-bit quan-
tization ford. Dotted lines indicate the worst-case error envelopes for amplitude andrdsfzonse; solid
lines show the response for the concrete exampie0.200. Most of the phase error—the residual at zero
frequency—is round-off error id; for 8-bit and 12-bit quantization (not shown), the maximum phase error
is 0.46 degrees and 0.11 degrees, respectively. Note that the pras®ecoarsely quantized delays can
be reduced by adjusting the phase offset to remove the (known) DC afétay. Frequency response is not
affected. To conserve logic, application of this filter is integrated into thatiome of complex baseband as
described in the following section.

5.2. Phase Switch Demodulation

Any 180-deg phase switching applied to the analog input signal is remgveddating sample values as
appropriate. This step is performed in conjunction with sample decodinghwbiaverts the asymmetric
10-level sample encoding range5,+4] to a symmetric sign-magnitude representation which not only
simplifies future processing, but also removes the DC offset associdtethe encoding asymmetry. The
latter, which manifests itself as a strong DC spike in the input spectrum, wowtdvagie alias into the IF
output spectrum (at a low level) after digital downconversion and decimatio

5.3. Frequency Modulation and Phase Offset

Every bandformer FPGA produces band-limited sample streams for feepémdient IF segments, each with
their own (possibly overlapping) center frequency and total bandwitithsupport Doppler tracking, the
center frequencies can vary in real time, whereas bandwidth chasgep( certain narrowband transitions)
require reconfiguring the FPGAs. Total bandwidth per IF segment aagerfrom 1280 MHz to 2 MHz;
bandwidth choices are based on power-of-two decimation from a comn8HhMHz (for 1280 MHz and
640 MHz modes) or 1024 MHz (for 512 MHz and below) complex baseb&uahceptually, the first step
in creating the complex baseband is to center the IF segment on DC by multiplgimgahsamples by a
rotating complex phasor; as in the previous correlator, this phasor irctudgnamic phase offset to enable
real-time input phase correction. Due to the very high input data rate Meowwactical implementation of
the fractional-sample delay requires that it be integrated into the phasoltatadn. This is quite reasonable
both conceptually and operationally since the delay and phase correatmifosely related and updated
simultaneously.

To center the desired passband on zero frequency and correctyf@hase offsets, the raw input sequence
{X«} is multiplied by a counter-clockwise rotating phagd¥}, where

Py = eH@mMok=9) — cog 2mfok — ) + i sin(2mfok — @) = Ac + B,
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the center frequenciy > 0 is in units of the sampling frequency agds the input-specific phase correction.
In the CARMA band definition, which uses tiee' sign convention for the forward FFT, this corresponds to
centering the negative-frequency passband on DC while apptyinghe appropriate sense. The resulting
complex baseband sequence{m} = {Awx + iBixk}. Applying the fractional delay correction tfw}
yields the sample seridg, }, where

Zo=[(1-0)z+ 0z 1) = 27° { [dA1X1 + 2P A — dAX] +i [dB1Xc1 + 2P B — dBox] }

D is the fixed-point precision (bit-width) a¥, andd = 2P§ is an unsigned integer satisfying<0d < 2P.

In practice the scale factor2 is ignored, and-1 < {A, B¢} < +1 are similarly replaced with quantized
counterparts-2°~1 < {a, by} < 291, wherea, andby areQ-bit signed integers. The bandformer config-
urations usd = 8 andQ = 12 and round both théay, by} and{da,db} coefficients to 9-bit values for
caching in RAM blocks (described below). Note that the FPGA numericaltyrotbed oscillator (NCO)
component, which calculatgsy, bx}, will not generatet2°-1 to avoid saturating th@-bit integers, even
though the output is mathematically incorrect by a full LSB in those cases.

Support for Doppler tracking places two basic requirements on the digitahcbnversion. The need for a
dynamic center frequency has already been mentioned. The timescaléatnfyls updated for tracking
purposes is long—currently 8 minutes in the real-time system (RTS). Foistamsy with the delay and
phase update procedure, however, the FPGA downconversion cemtpallowsf, to change on the lag
dump timescale, with frequency updates once per second and smoothlatierpa between. This requires
little additional logic and permits useful lab tests such as fast (virtual) fre;qusweeps. The second
requirement is that the downconversion frequency efxéf,= facwa— fo, satisfy|Afo| < 0.1 channels in
all bandwidth modes to ensure spectral line observations are not éedradnter-channel frequency drift.
Satisfying this for the 2 MHz 2-bit mode requires a frequency resoluti@®0iHz—a 24-bit dynamic range
relative to fy = 10 GHz; hence the 32-bit frequency control registers are more théinisaf. Note that
other than these requirements, the correlator knows nothing per seldyopier tracking, which remains
an RTS responsibility.

The incoming data at this stage is 4-kidemux-by-80 @ 256 MHz. Since instantiating 80 NCOs in parallel
would consume excessive FPGA resources, the design insteadsharfiefull period of NCO output into
FPGA RAM blocks. This requires exacting care to implement in the case ofxdeyr80 (and other non-
power-of-two values) because the inherently binary NCO input freggueaturally produces only power-
of-two output periods, incommensurate with the RAM layout required toaupipe data demux factor (in
the present case, the RAM is 80 elements wide with an arbitrary depth). &newvercome this would be
to increase the RAM depth so that the total number of elements is the least comrtipterofithe demux
factor and the NCO output period, so that the output period is an integnabber of rows. The minimum
RAM depth (rows) requiredR, is determined by the combination of the NCO period in clock cydteand

the input demux factoi. ConceptuallyR is the number of unique values @¥1 - k) modP evaluated over
all integersk. The general solution iR= P/G, whereG = gcdP,M) is the greatest common divisor Bf
andM; hence for the simple casé =M, R= P/M. The RAM in turn contain® = M/G repetitions of
the NCO output. For example, for an 8-bit NCO frequency the (maximum) bp#riod isP = 256, which

for M = 80 impliesG = 16, R= 16, andO = 5—repeating the 256-cycle output five times in succession
precisely fills 16 rows of 80 columns each. Clearly, however, this soluigmificantly increases RAM
usage (and the time required to fill it) as compared to a binary-compatible dexctox, fby a factor o©.

A more efficient solution to this problem is to constrain the NCO input frequencii that the output period
is closeto an integral multiple of the demux factor. This amounts to instantiating an NCO wittient fre-
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guency precision such that the frequency error incurred to satisfgaghitraint is negligible. For the 3G sys-
tem, 32-bit NCO input frequencies are used, providing an ample safetyin@yond the 24-bit accuracy
requirement mentioned above. Constraining the requested centernfogdgeo the nearest supported fre-
quencyf} is done by multiplyingfo by the number of RAM element$A- R= 80- 256= 5-4096= 20480),
rounding to the nearest integer, and then dividing by the same factoradtiqge the multiply/divide is by
a factor of 5 only as the powers of two are trivial. The result is computedeater than 32-bit precision.
Note that the constraint calculation occurs in the FPGA itself through thefusmsrgponents specially im-
plemented to reduce computational complexity, allowing the frequency to lmagpdynamically on a fast
timescale (the same used for the delay and phase offset).

The need for high dynamic range in the center frequency combined witthartipgt demux factor requires

a multi-stage approach for practical implementation. In the final design adgestage of modulation is
applied to output bandwidths of 256 MHz and less to fine-tune the initial, eoawsrection. Initial wide-
band downconversion uses a RAM cache allocalrg 256 rows for each of théax} and{by} sequences,
with individual ax andby values rounded from 12-bit to 9-bit values (sufficient to limit distortiordorcis to

< —50 dBm)—thereby consuming (per IF segment) 40 Stratix IV M9K RAM block®ial for theay and

by values. The raw 20-biflax anddby delay products are similarly rounded to 9-bit values, consuming an
additional 40 RAM blocks. Each FPGA contains 1280 M9K blocks andgsses four IF segments, in total

a 25% MOK utilization by this stage. A state machine re-initializes RAM during eagkldanp; to speed
loading, four parallel NCOs are used, for a net reload tim@efM /4) /(256 MHz)= 20 us—just below the
phase switch settling time of 28s. The RAM is filled such that rows are read sequentially in operation. With
these parameters, the maximum center frequency error at this stdge i§)| < fn/(R*M) = 0.500 MHz,
which meets the resolution criterion for output bandwidths of 512 MHz angebBelow this bandwidth

a second stage is applied, adjusting the center frequency by the reSideafy — f;. This stage occurs at
low demux and is implemented using the direct output from high-precision Ntb®snaximum frequency
error in these modes is 2 Hz, a velocity error of 1 cm/s for observations at 3 mm.

5.4. Decimation

At this stage the complex baseband signal is reduced from 10.24 GHz to itsdimdwidth—ranging from
1280 MHz to 2 MHz—by applying multi-stage digital filtering and decimation. Eachestgplies an anti-
aliasing FIR filter to reject out-of-band signal power, followed by simpled:%:1 decimation (depending
on the filter). See Rauch (2003) for digital filter terminology and CroctaedeRabiner (1983) and Mintzer
(1982) for theoretical background. Filtering and decimation in the 3G my&talesigned to maintain the
following criteria over the output bandpass (given ideal input):

e Peak-to-peak bandpass ripple below 0.1 dB.

e Peak aliased noise power below -40 dB.

More specifically, for arN channel spectrum, these criteria are satisfied in the ceNtrah channels;
hence the two half-width edge channels and one additional channekfiomedge should be discarded for
maximum signal integrity. The following filter sequences are used to achisvgdal:
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1280 MHz: F2, F4x, Fba;
640 MHz: (F2)2, F4x, Fba;
512MHz: H1, F4x, Fba;

256 MHz: H1, F2, F4x, Fbg;
128 MHz: H1, (F2)?, F4x, Fb5ag;
64MHz: H1, (F2)3, F4x, F5a;

2MHz: H1, (F2)8 F4x, F5a

where eachrn (half-band) andHn (fifth-band) filter is implicitly followed by either 2:1 or 5:1 decimation,
respectively, andY)M means the filteY is appliedM consecutive times. Coefficients for these filters are
listed in Table 2. Thé 2 filter can be found in § 5.5.2 of Crochiere and Rabiner (1983); the relaaare
optimized filters derived especially for CARMA use and satisfying the listefbpaance criteria.

5.5. Band Edge Definition
5.6. Sample Gain and Offset Control

Sample processing includes dynamic digital gain and offset control. Tihegd offset are specific to each

IF segment and controlled by tMAP_REG | FO_GAI N-MVAP_REG | F3_GAlI NandMVAP_REG | FO_OFFSET
— MMAP_REG | F3_OFFSET registers. EackBAl Nregister is a 20-bit binary floating-point value contain-

ing a 4-bit signed exponent (MSBs) and 16-bit unsigned mantissa fina@dt®®Bs). The complete 17-bit
fixed-point mantissa consists of an implied leading one with 16-bit fracticenal(the register LSBs). The
COFFSET register is a 20-bit, signed fixed-point value with 2-bit fractional partar@jes to these registers

take effectimmediately. The gain values are used in the calculatidg«fbr each band.

Gain control occurs in two phases. As part of the sample requantizatipre@uction) occurring im-
mediately prior to the final sharp-edged half band filtering stage, multiplicatasiwh by a power of
two—applying the binary exponent MMAP_REG | Fn_GAl N—is performed on the multi-bit intermedi-
ate samples. The fixed-point gain and offset are applied immediately igfarsample requantization (see
8 5.7) to the incoming, 16-bit band-limited sample streaas follows:

x— X = (GAIN x x+ 2 x OFFSET)/2%.

Table 2. FIR Filter Coefficients

Filter Expansiof Coefficients

F2 2.00 {1,2,1}

F4x 4.81 {-1,0,7,12,7,0,-1}

F5a 6.17 {1,0,-4,0, 17, 28,17,0, -4, 0, 1}
H1 4.65 {1,2,3,4,5,4,3,2,1}

aBit expansion of filtered samples (output minus input bit-widths).
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This two-stage approach maximizes both dynamic range and precision while lihaigjiimgusage. (Note
that to further conserve logic, the actual range and precision pextbyshe configuration may be less than
that allowed by the register specification; see the register definition foufiosted limits.) The gain and
offset may be set as desired, but are normally used to achieve an optitpat sample mean and standard
deviation.

The multi-bit input to these stages are normally close to Gaussian, as expgcthedcentral limit theorem;
however, detailed agreement will vary with the number of intervening stageéglistribution of the raw
input samples. The target mean,is always zero; the standard deviatian,is set to maximize the weak-
correlation detection efficiency of the requantized samples. The preglige of o is not critical here as
the multi-bit input & 16 bits are available) is requantized to many fewer bits following this stageatiypic
multi-bit full-scale corresponds te 60 once requantization thresholds have been optimized.

5.7. Sample Requantization

After gain and offset renormalization, the final band-limited output is retiped to 2-bit, 3-bit or 4-bit
samples; each corresponds to a unique FPGA configuration and heswoméiguration is required to change
it. Using fewer bits decreases cross-correlation detection efficienoffeus higher spectral resolution for a
given bandwidth. The formal detection efficiencies are 87.24% (2-1t28%6 (3-bit), and 98.36% (4-bit);
for details of the quantization schemes, see Appendix B of Rauch & Sall&R)2 Spectral resolutions
for each are given in Tables 3-5 below. The output of this stage comsptisedata samples to be cross-
correlated.

A set of quantization state counters is attached to the requantized sampie atr@¢acad out as part of the
lag dump cycle. They are used to monitor sample statistics and to determine the atinaffset values
for each IF segment. Statistics of the raw, undecimated ADC samples areallstated to support ADC
thresholding and end-to-end gain calibration.

6. Data Transport and Synchronization

In the 2G correlator, data is transferred from digitizer to correlatordsogia synchronous LVDS links. As
a consequence, complete delay correction of a data stream to a refeaeroe done at a single location—at
the source, in the digitizer—with the guarantee that all copies of the stresined by the correlator boards
will arrive with zero relative delay (i.e., in alignment with all other delay-eoted data streams). Hence
delay correction is a local, pair-wise operation.

In the 3G correlator, all transport of sample data (and metadata) ocieuesynchronous, point-to-point
serial links. This adds another layer of complexity to delay alignment asa@n at the source (the band-
former) is generally insufficient. Correction is now a distributed, globaraion involving all data copies
and reception points—naive alignment to a reference on one corretsol Hoes not ensure alignment on
any other. This consideration applies equally to inter-bandformer dateaege, required to collate fixed-
input, multi-band data bundles into multi-input, fixed-band outputs (all correlatialculated by a single
FPGA board being limited to one IF segment). This fact complicates the phtsaeifig algorithm in the
3G system as compared to the (already intricate) 2G implementation.

To facilitate synchronization, the 3G system (unlike the 2G system) suppbesHEGA board with a PPS
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signal aligned unambiguously to the PLL reference clock used to gertbetePGA core clocks. Each
bandformer board uses this PPS tick, registered in the core, as a las# pference for synchronizing
(resetting) rotating phasor states and metadata counters. Correlatids bhearthe PPS reference embedded
in bandformer pipeline metadata to align the incoming bandformer data stressusngrevery correlator
card aligns inputs equivalently in spite of the asynchronous nature cfcea/@r communications. As a
consequence, the existing 2G phase flattening algorithm can be reusedlbtorrelator boards have been
aligned internally—significantly easier than performing a fully global delaglyais. Note that since the
PPS signal is not aligned mbsolutetime between bandformer boards, input delay settings determined by
phase flattening now include a contribution due to inter-board PPS skew.

To help ensure data integrity the 3G system contains three levels of pipetifieat®n:

(1) The low-level transceiver links employ 8b10b encoding, whosesstatmonitored continuously to
detect physical transmission errors such as broken links, loss of datand parity violations.

(2) During each phase switch settling interval, every link undergoesiadoeir symbol alignment verifi-
cation to ensure that the 32-bit parallel data sent to the core arrives witlothrect byte ordering (and
value). The phase switch rate is 1024 Hz.

(3) Also every phase switch cycle, pipeline metadata received by thelaton logic is examined for self-
consistency, providing an end-to-end data integrity check (metadatausapes by the bandformers
at the head of the pipeline).

Failure of any of these checks leads to automatic invalidation of all affectedlation data during the
next lag dump. The error status is reset automatically after the lag dump iéwvkead correlation status is
cleared).

7. Correlation Logic

In the 3G system, each correlator FPGA calculates many baselines (upgee?d3), with 1/3 less FPGA
logic allocated per baseline compared to the previous system. This trangtat/dnto a 1/3 loss in
channel resolution, all other things being equal. To reclaim as much tiesohs possible, the correlation
logic in the 3G system was significantly redesigned to increase its logic efficiérhe two major areas
of improvement are (1) resource sharing between baselines; and\{@)Rased lag counters. As shown
in Figure 2, in the new system each input appears in several of the lessedifculated by a single FPGA.
This allows some components to be shared between baselines, redudialfjlogec usage. In particular,
the input delay lines needed to compute high lag numbers were moved to a rfeveveycomponent,
cor | _bl ock, which manages the resources for an arbitrary rectangular arrasefibbes. This arrange-
ment saves approximatefy bits of registered logic per lag, whegis the sample quantization bit-width.
An input mux selecting either data samples or test samples for correlationlseasiaed taor | _bl ock,
on average reducing the resource usage for this feature by a faéit@.o

The most significant change made to the correlation logic was to replaceblaggdt lag counters with
RAM-based lag counters. In the narrowband modes (bandwidths lasd @@8MHz), use of this feature
reduces registered logic by over a factor of two, removing it as a restattleneck. This most benefits the
2-bit sample modes, which exhibit the highest ratio of registered to combiahtiorrelation logic. In the
new design (thé ag_cache component), multiple lag counters are stored in a single medium-sized (M9K)
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FPGA RAM block managed like a ring buffer. A simple state machine continuaaslgs individual lags
from RAM, increments them if their (buffered) carry-in bit is set, and thweites them back into RAM. For
reliable results, the number of lags stored in a single RAM block cannogdstbe minimum period between
carries. The latter is regulated by maintaining a small ‘prescaler’ lag coimkegic, which accumulates
carries from the multiply-adder (which can emit them as frequently as esteck cycle). During lag

dumps, the prescaler counter is read out along with the RAM-based caallteing counter bits to be split
between them arbitrarily. Increasing the number of prescaler bits desrélae carry-in rate to the RAM-
based counters, allowing more lags to be stored in a single RAM block @#ageRAM requirements) at
the expense of additional logic cell utilization. A 5-bit prescaler was fdartovide the optimum balance.

A small change in 3G correlation logic behavior compared to previous itesaisotiie calculation of one
additional positive (more precisely, non-negative) lag for crosgetattion baselines, as compared to the
number of negative lags. This enforces full positive-negative lag syrgmich supports normal-ordering
baseline inputs in lag space through exchange of positive and negavenidh subsequent discard of the
final, most positive lag), at the cost 6f1% increase in logic usage.

Estimated 23-input (single-polarization) channel resolution for eachastgd bandwidth mode and quan-
tized sample bit-width are given in Tables 3-5. Note that channel courgs teethe raw, unsmoothed
spectra produced by the correlator and include the phaseless, hdifenid channels; the spectra output
by the RTS pipeline (beyond the scope of this document) may differ depgdirany applied smooth-
ing/decimation/calibration. Spectral line bandwidths are based on povwemafeductions from a com-
mon, wide bandwidth. Resolutions for the 46-input (full-Stokes) obsgrmides are precisely half that
of the corresponding 23-input mode; resolutions in split 15-input/8-ispbarray modes are identical to
the 23-input values (the same FPGA configurations are used). Noteuthéd thter-FPGA communication
limitations, the 1280 MHz mode is available with 2-bit quantization only.

Because one bandformer FPGA calculates four independent IF segreach with a (possibly) differ-
ent bandwidth, supporting an arbitrary mixture of the available bandwidth snwdeld require thousands
of unigue FPGA configurations and numerous months of CPU time to geneeate A broad but lim-
ited mixture of bandwidth choices was implemented to balance this consideratifoilosvs. First, each
bandwidth mode is classified as either wide (1280 MHz), intermediate (640tuH28 MHz), or narrow
(64 MHz to 2 MHz). By special design all narrow modes are created bggdesbandformer component
offering dynamic (i.e., runtime) bandwidth selection—hence an arbitrary neixtimarrowband modes can
be supported. The complete selection of (four) simultaneous bandwidth nmodesingle FPGA consists
of all possible combinations containing (at most) one specific intermediatevidthccomponent, multiple
copies thereof being permissible. Aside from that restriction, wide, intéat®dand narrow modes can
be mixed arbitrarily. Table 6 lists these combinations systematically Wirigr wideband (1280 MHz),

| for intermediate (anwingle bandwidth in the range 640 MHz to 128 MHz—eadcis the same) antl
for narrowband (any set of bandwidths from 64 MHz to 2 MHz—eBicban be different). For example,
{1280 1280128 32}, {256,256, 2568} and {1280 128 32,8} are all supported combinations, whereas
{256,128 32,8} is not. For single-polarization observations eight simultaneous obseraimistare avail-
able; although the first four and second four bands must separatisiy $he preceding restrictions, they
are completely independent of each other.

Lags are transferred from the FPGA to the crate CPU at a 64 Hz ratendienum data volume per baseline
is 432 charx 2lags/chanx 4 byteglag= 3.5KB (in 23-input mode) and thus the maximum transfer rate per
FPGA is 24blx 3.4KB/bl x 64Hz= 5.3MB/s. There are 8 FPGA boards per chassis; hence the data
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Table 3. Estimated CARMA 3G correlator spectral resolution [2-bit samples]

Bandwidth Channefs OF  dV[3mm] Viu[3mm] dV[Imm] Ve[l mm]
(MHz)  (persideband) (MHz)  (km/s) (km/s) (km/s) (km/s)
1280 53 24.6 74 3840 25 1280
640 93 6.96 21 1920 7.0 640
512 97 5.33 16 1536 5.3 512
256 161 1.60 4.8 768 1.6 256
128 289 0.444 1.3 384 0.44 128
64 433 0.148 0.44 192 0.15 64
32 433 0.074 0.22 96 0.074 32
16 433 0.037 0.11 48 0.037 16
8 433 0.019 0.056 24 0.019 8
4 433 0.009 0.028 12 0.009 4
2 433 0.005 0.014 6 0.005 2

aRefers to the raw, unsmoothed correlator spectra (half-width end etsincluded).

Table 4. Estimated CARMA 3G correlator spectral resolution [3-bit samples]

Bandwidth Channefs OF  OV[3mm] Viu[3mm] dV[Imm] Ve[l mm]
(MHz)  (persideband) (MHz)  (km/s) (km/s) (km/s) (km/s)
640 49 13.3 40 1920 13.3 640
512 53 9.85 30 1536 9.8 512
256 97 2.67 8.0 768 2.7 256
128 161 0.800 2.4 384 0.80 128
64 289 0.222 0.67 192 0.22 64
32 289 0.111 0.33 96 0.11 32
16 289 0.056 0.17 48 0.056 16
8 289 0.028 0.083 24 0.028 8
4 289 0.014 0.042 12 0.014 4
2 289 0.007 0.021 6 0.007 2

aRefers to the raw, unsmoothed correlator spectra (half-width end etsincluded).
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Table 5. Estimated CARMA 3G correlator spectral resolution [4-bit samples]

Bandwidth Channefs oF oV[3mm] Vig[3mm] oV[1Imm] Vil mm]
(MH2z) (per sideband) (MH2z) (km/s) (km/s) (km/s) (km/s)

640 17 40.0 78 1920 40 640
512 19 28.4 63 1536 28 512
256 37 7.11 19 768 7.1 256
128 73 1.78 4.7 384 1.8 128
64 129 0.500 15 192 0.50 64
32 129 0.250 0.75 96 0.25 32
16 129 0.125 0.38 48 0.13 16
8 129 0.063 0.19 24 0.063 8
4 129 0.031 0.094 12 0.031 4
2 129 0.016 0.047 6 0.016 2

aRefers to the raw, unsmoothed correlator spectra (half-width end etsincluded).

Table 6. Supported Spectral Bandwidth Combinations

(WWW,W} {1 {N,N,N,N}

(WW,W, 11 {WW,W,N}  {W,1,1,I}
{LI,LN}  {W,N,N,N}  {I,N,N,N}

(WW, 1,1} {W,W,N,N}  {I,I,N,N}
(W,W,I,N}  {W,I,I,N}  {W,I,N,N}
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volume per CPU i< 43 MB/s. For the correlator as a whole, the maximum possible correlationatata r
into the pipeline is 8bands 2 sidesx 276 blx 3.5KB /bl x 2Hz~ 31 MBJ/s.

8. FPGA Development Environment
8.1. CVS Repository Layout

All FPGA development code resides in thar macor | project within the CARMA software CVS tree
athttp://cvs. mmarray. or g/ . The top-levecar nacor | directory contains several sub-directories
organized by hardware revision, includiogbr a (first-light correlator based on COBRA hardwanegyi sed
(second-generation CARMA correlator) ahdst sanp (third-generation, fast-sampler hardware). Each
of these in turn contains sub-directories corresponding to FPGA coafign type:bandf or m(for band-
former),corr el at or (for correlator) ordi gi ti zer (for digitizer). Note that in some cases a partic-
ular FPGAboardtype (digitizer or correlator) may be functionally re-purposed to act asdahwlemen-
tary board type by loading the corresponding FPGA configuration. fiticpéar, in the second-generation
CARMA correlator Uber-digitzer boards (those loaded with higheritled80K Stratix 1l FPGAS) were
used as spare correlator boards in the running system. Similarly, in thegdgmetation hardware, a single
physical FPGA board type serves interchangeably as either a baredfor correlator board depending on
which FPGA configuration is loaded.

All custom FPGA components are written in VHDL. A number of Altera IP modubesnegafunctions—
notably the NCO (numerically controlled oscillator) and (for second-gsiter hardware) FIR (finite-
impluse digital filter) components—are also used in the configurations. Fandkepart, however, config-
urations use full-custom VHDL components developed specifically fomigeCARMA hardware. This

continued bottom-up development over the lifetime of the facility extracts maximurafibérom each

hardware generation, with FPGA device utilizations of 80-90% common irugtamh configurations.

Note that developing “specifically” for CARMA does not mean “exclubiyeas the configurations and
numerous components they contain have also been highly parameteriged\(HDL generics) to facil-
itate re-use. In the 3G system, use of Altera’s own FIR (Il) compiler wpkaced with a newly devel-
oped C++ programf( r gen, in theshar e/ f pga/ t est directory) capable of auto-generating VHDL
FIR filter components given their coefficient sets, with superior cordigjlity (including generics for in-
put de-multiplex, bit-width, and decimation factor) and quality of results (fer3 bandformer filters,
roughly half the logic usage) compared to Altera’s solution. The FIR filtenpanentsHB79 PO. vhd,
HB159_PO. vhd, etc., located in théast sanp/ bandf or ml sr ¢ directory, were generated by this pro-
gram and contain comments documenting the corresporidingen arguments and filter coefficients.

8.2. FPGA Configuration Testing and Verification

Configuration development involves two basic stages, high-level RTlicfibgegister-based) simulation
and place-and-route of configuration bitfiles that can loaded into an FiRsige for in-situ verification.
RTL testing is done using a set of TCL scripts written for the Mentor GraghliegelSim simulator. The
place-and-route is done using Altera’s Quartus Il, optionally pregeeed by Mentor Graphics Precision
RTL Synthesis tool, in both cases also via custom TCL scripts. TCL scripiderén the corresponding
scri pt s sub-directory of each configuration and also rely on common sharetidus located in higher-
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levelshar e/ scri pt s directories.

To run a ModelSim simulation, from the Modelsim TCL prompt, one first charigehe appropriate con-
figuration directory, sources the simulation script, and runs the simulatioctisgl@arameters appropriate
for the desired configuration. The following lists a sample ModelSim sessimating a 4 x 1280 MHz
bandwidth bandformer configuration for 10 microseconds:

Model Si n» pwd
# [/ honme/ rauch/ astr o/ car nacor |

Model Si n» cd fast sanp/ bandf orm
Model Si n» source scripts/simtcl

BHHBHBHBHHBHBHH BB H B BB R BB R B R H BB B R H R R R

# Simulation options: #
# > rtl BANDW DTH CONFI G NPACK BI TS FREQ DELAY PHASE MODE NLAGS #
# > 'ptimng ..." initializes a pchip (Precision-synthesized) timng sim#
# > 'qtimng ..." initializes a qchip (Quartus-synthesized) timng sim#

HHHHHHAHHH BRI HR AR R R R R R R R R R R R R R R AR R
Model Sink rtl 1280 OxXAAAA

#
# This RTL sinulation is for 1280 MHz bandwi dth (cf = OXAAAA, gbits =2 ...

VSIM 3> run 10us

*

* Reset FPGA; waiting for corl_doneN [t = 674 ns]
Wite 00011h: 00000000

*

* Readi ng configuration registers:

Read 00000h: 002B2A00

Read 00010h: AAAA1000

H HE OHEHE K K

VSI M 4>

The ModelSim command window displays text reporting the progress anllsre$ various self-tests ex-
ercising different parts of the configuration. The simulation script alsmigges a waveform display or-
ganized by major components—such as transceiver 1/O, correlation kigies-which graphs the cycle-
by-cycle state of many internal signals. Figure 5 displays the waveformominmesulting from this run,
with the digitizer input signal block opened to show individual signal transstioResults are written to
configuration-specific directories in tiod/ maor k sub-directory of the configuration working directory.

RTL simulations depend on the (automatically controlled) generation of simulaticariéb for Altera-
provided IP components, as well as thent r ol andcontrol _| i b packages derived from files within
the dwh/ wor k/ vhdl CARMA CVS repository (referred to as theont r ol directory in TCL scripts,
as the tree contains needed system controller interface logic). Pathnathesd¢omodules must be set
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appropriately at the top ofhar e/ scri pt s/ comon. t ¢l ; the QJARTUS _ROOTDI R environment
variable must also be properly set. The corresponding libraries of simuledimponents are cached in
$CARMACORL/ si m | i b.

Synthesis of the FPGA configurations can be performed either wholly inaA@erartus Il, or in Mentor
Graphics Precision Synthesis, in which case Quartus is used only fofate-and-route and later stages
(timing analysis and bitfile generation). In comparative testing, use of Rre@@ynthesis often produced
configurations achieving greater density but somewhat lofygx than Altera’s synthesis tool. For the
2G hardware a mix of both was used to strike the best balance, with certaipooents (particularly
the multiply-adders) black-boxed in Precision Synthesis to force syntbé#i®mse components to occur
in Quartus when the latter produced superior results. For the 3G caatfimus, incorporating Precision
Synthesis into the flow was found to be of little advantage, and a larger nushisemponents required
black-boxes either to avoid compatibility issues with Altera IP or to maximize the qualitysults. The
following is a sample Quartus synthesis run performed within the TCL con$tie @Quartus GUI, for the
same 4 x 1280 MHz bandformer configuration simulated above:

Quartus Il Tcl Consol e
tcl> pwd
/ horre/ rauch/ astro/ carmacor | / f ast sanp/ bandf or m
tcl> set blist 1280
tcl> set clist OxAAAA
tcl > source scripts/synth.tcl
[two hours |ater]

P&R for 1280 MHz bandwi dth (CONFI G_NUM = O0xAAAA) conpl et e.

The output files for each configuration reside in a sub-directorybdfqwor k whose name includes the
output IF bandwidth, configuration sub-setting, re-quantized sampléadit and fitter random seed value—
in this casedb/ qwor k/ 1280_AAAA 2 7.

As the synthesis/place-and-route sequence takes a considerabléa afrtoua—a couple hours per FPGA
configuration—and hundreds of individual FPGA configurations egeired to support the full range of 3G
correlator band setups (see § 7), the synthesis scripts provide stgmenerating multiple configurations
in an automated, hands-free manner. The alivest andcl i st settings can be lists of values for the
set of bandwidths and configuration numbers of the configurations temergted. Other values one can
specify from the top level includgl i st (re-quantized sample bit widths) asdli st (initial fitter ran-
dom seeds, for exploring the design space). The script can alsmtmitside the Quartus GUI, from the
UNIX command line, via theuar t us_sh executable. Th8 CARMACORL/ shar e/ scri pt s/ synth
front-end script automatically creates a wrapper scripgjfcar t us_sh to generate a large series of config-
urations, with error-checking and automatic re-synthesis of failed amafiigns (due to tool crashes, fitter
problems, or failure to meet timing). This front-end was valuable in automatimpasis in the 2G system
(a complete set of configuration requiring 1 month of CPU time to generatahar@PU requirements are
several times greater for the 3G correlator FPGA configurations.

Meeting timing is most difficult for the 3G bandformer configurations due to #my wide input data
(demultiplex-by-80) coupled with a relatively high clock rate (256 MHz).tHis case multiple fitting at-
tempts using different random seeds and other options available in theuQuaDesign Space Explorer
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were of some help. Reducing the number of IF sub-bands per bandf¢viaethe NUM | F top-level
generic) from the nominal target of four per chip, thereby reducirgrailvlogic congestion, is another
way to improvefnay (albeit at a loss of overall bandwidth capability). For the 4 x 1280 MHzlbaimer
configuration, timing was met in test configurations retaining all four sutzba

Testing of bandformer configurations included the generation of digitipert irest vectors which the RTL
simulations read from a disk file, process in the FPGA as ordinary digitizert iiopcreate fully digital-
downconverted, delay/phase-corrected, bandwidth-limited and rgiged output sample streams that were
compared to expected output sample vectors produced by an indepédmgletevel C++ progrant,i r si m
(located in theshar e/ f pga/ t est directory). This program produces results bit-accurate to the FPGA
signal processing, but coded using a simpler mathematical representatiproge confidence (as opposed
to literally re-creating the more convoluted FPGA computations, which riskstingesubtle mistakes into
both calculations). Avakefi | e in thefi r si mdirectory includes targets to compile the program as well
as generate series of test vectors for different generations of G&uvtelator hardware. This closed-loop
procedure has proven extremely effective over multiple hardwarerggiores in producing digital filtering
chains free of unexplained anomalies and unwanted numerical artifawstiltEring test flow is however
somewhat labor intensive to keep in sync as a single-cycle latency chéhgethe VHDL design will com-
pletely alter the literal sequence of numerical values output by the bamef@momponent, even though the
new results are spectrally identical to the original. Note the issue is not jusk altange in output latency,
whereby the same output values simply appear on a different clock cacig@thviously. Rather, an internal
change in decimation phase, though mathematically irrelevant, will prodaoenpletely independestt

of output samples that differ quantitatively from the output vectors predibyf i r si m making direct
comparison impossible. Rectifying such cases requires manually examiningedtiate signal outputs in
the bandformer RTL waveform and adjusting phase parameters forrtesponding filter(s) ii i r si mto
realign output phase with the latest VHDL code. Doxygen documentatiahaBoxyf i | e configuration
file) for fi r si m(andf i r gen) is included with the source files.

A major new feature of the 3G hardware is the use of high-speed serialfbnkdl ADC-to-FPGA and
inter-FPGA communication. As described in 8§ 6, the 3G FPGA configurationkemgmt a new multi-
tiered communication protocol to ensure end-to-end data integrityt Ther eset VHDL component (in

f ast sanp/ shar e/ sr ¢) implements a state machine managing full reset of transceiver channkld: inc
ing automated re-synchronization of data links during the verification pftapeated each phase switch
cycle) upon detecting a loss of data lock or other errors. These feat@r tested in live hardware using
an Altera DE4 development board containing a Stratix IV GX FPGA. Thedimaorporates a number of
connectors attached to the FPGA transceivers, including several éftdand PCle lanes. By connecting
these ports in a loop-back configuration, the newly-developed traesa@mponents were tested for reli-
ability using full-speed inter-FPGA mode links (6.40 Gbps). The testing inaludhysically unplugging
cables from the board and verifying successful link re-negotiationpgmeline data alignment when the
cable was re-inserted, a worst-case scenario. Figure 6 displaysnthdated) waveforms of a transceiver
lane being transitioned from an unaligned to an aligned state by the resemsteltiéne (which manages
each serial link individually).
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Fig. 5.— ModelSim waveform display, 3G bandformer configuration.
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