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ABSTRACT

This memo provides technical information on a variety of RR@vel design details for
the revised CARMA correlator digital hardware. This inchsddescriptions of the board-level
FPGA layout, communication paths, and baseline partitignépecifics of fundamental VHDL

design components, and their distribution by FPGA; and tA&/& memory map and control
register specification.
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1. The Revised CARMA Correlator

The initial CARMA correlator system, consisting of threenbda (up to 1.5 GHz bandwidth) of recycled
COBRA hardware, became fully operational in 2006. At thatetj development proceeded on revised and
upgraded digital hardware, which will replace the origihardware and expand the correlator system to
eight bands (up to 4 GHz total bandwidth). The upgraded CARMAIware will provide~ 6x the channel
resolution per baseline compared to the existing COBRAward when cross-correlating 2-bit samples,
and will also support new capabilities, such as FPGA-basstlibnal sample delays, cross-correlation of
3- and 4-bit samples, and the ability to be reconfigured fal-gholarization observations. This docu-
ment discusses several FPGA-specific design details okthsed hardware, such as layout of the FPGAs
communication buses, FPGA memory map and location defnsitiand the specifics of pertinent VHDL
component implementations. When referencing specific fildhe carmacorl CVS module, $CCORL is
used to represent the top-level project directory.

2. Physical Configuration

In contrast to COBRA, the revised CARMA digitizer and coater boards share a unified PCB design.
Each board contains 4 correlation/signal processing FR@Ad one system controller FPGA acting as
“glue logic” between the correlation FPGAs and the board CRIUFPGAs are Altera Stratix Il devices;
specifically, an EP2S60F1020C3 device for the controlleGAPEP2S90F1020C3 devices for digitizer
card data FPGAs, and EP2S130F1020C3 chips for correlatdideda FPGAs. Each digitizer card receives
RF input from two antennas. The correlator boards can alsassbd as digitizers, once the PCB is loaded
with A/D conversion logic. The unified PCB design also sirfigdi the HDL coding; since all digitizer and
correlator data FPGAs share the same signal pinout, the kig/indevel VHDL components can be used in
both instances. All new and upgraded VHDL components wesgded to be shareable in this way.

Although the physical communication bus layout is identioathe digitizer and correlator boards, the bus
directions and signal processing tasks differ betweenviioe Figures 1 and 2 display the data pipeline and
shorthand VHDL bus naming conventions for the digitizer andelator data FPGAS, respectively, as well
as the high-level data processing components present mERGA, for the original single-polarization
(minor version 0) FPGA configurations. All buses shown areb®2 wide (excluding bus clocks, where
applicable), except for the digitizer input budi (@), which is 17-bit. The Stratix Il FPGAs integrate support
for a multitude of single-ended and differential I/O stami$a Two such I/O standards are used in the revised
correlator design: a differential standard (2.5 V LVDS) s&&d by the front panel I/O busesxt ) and rear
digitizer input @i g); the remaining buses are single-ended, 2.5 V LVCMOS cdiorez:  Of the latter,
eight busesla throughld and2a through2d, are used to transfer digitized samples (in various stafjes o
processing) between FPGAs; twopul ad andcpu2_ad (not shown), are used to transfer data to the
board (or host) CPU via the system controller FPGA.

Support for full-Stokes observations requires a diffetaud configuration to transfer alternate polarizations
between adjoining pairs of correlator crates. This alsodotpthe single-polarization configurations as the
LVDS cable fanout is fixed in both cases. In this ‘recabledupeone of the digitizer front-panel inputs is
used to transfer signals between the corresponding digitizthe neighboring crate, and a correlator card
is used to provide extra fanout lost as a result. As a resulttiws configurations are required per card type
and polarization option. These are shown in figures 3-10.
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Fig. 1.— Revised CARMA digitizer board data pipelines arghai processing component layout (minor
version 0).

corl_mode(2) ='0" I3=CD; KL=EF; M=D Delay N clock cycles
corl_mode(2) ='1: IJ=EF; KL=AB; M=C AB LSBs=A; MSBs=B

Baselines AC BC AD BD & Multiplexer

REVISED CARMA CORRELATOR

AB TCD EF GH

Fig. 2.— Revised CARMA correlator board data pipelines agda processing component layout (minor
version 0).

FPGA#1 FPGA#2 FPGA#3

J E‘ dig 2dl<e F dig 2dl<e H E“ dig @

I ? E G
E KLxC EFXM 20< ABXxG ABxH 2C< E’_ EFXG EFxH @
TN

1] {@ —> | 2b———{1bF @
114l

A gt ' ext @I A > ext 2a E E_ ext @




REVISED CARMA DIGITIZER CF 1 Delay N clock cycles
[SINGLE-POLARIZATION] Aq By
AB LSBs=A;MSBs=B
FPGA#0 FPGA#1 FPGA#2 FPGA#3
i |dig] SalgSBS d dig l2d 1d dig 2d MSBs |dig] 2d
S S
E‘ 2| E [ lags[AB+] ] @ E‘ [ lags[AB-] ] E - @
o BN 20 ol 20
1b 2l 1b) 2b| 1b 2 1b) 2b
1b) = ’—[ B, 4 iL By 47 %l; By 12 L[
12 12 >12] 24 12| 24 12 2
ext Ag “ext Ag ext[ Ag ext
AB, AB, AB, Asol AB,

Fig. 3.— Revised CARMA digitizer board data pipelines anghal processing component layout (bus
configuration 1).
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Fig. 4.— Revised CARMA digitizer board data pipelines anghal processing component layout (bus
configuration 2).
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Fig. 5.— Revised CARMA digitizer board data pipelines anghal processing component layout (bus
configuration 3).
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Fig. 6.— Revised CARMA digitizer board data pipelines anghal processing component layout (bus
configuration 4).
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Fig. 7.— Revised CARMA correlator board data pipelines aigtha processing component layout (bus
configuration 1).
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Fig. 8.— Revised CARMA correlator board data pipelines aigtha processing component layout (bus
configuration 2).
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configuration 3).
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Two special pipeline configurations are used to gauge dveealth of the FPGAs components; see Fig-
ures 11 and 12. The purpose of these configurations is tosstiess a superset of the FPGA resources
required by the normal configurations—if these test conéians perform correctly, the probability of fail-
ure with the normal configurations will be very low. Togetliee two configurations exercise all inter-FPGA
buses and front-panel connections (as both transmitterseaeivers), as well as90% or more of the in-
teral logic, RAM, and DSP blocks in each device. As an add#ialiagnostic aid, the normal inter-FPGA
bus readback registers (see Table 1) are replaced wittsdidsuindicating the health of the associated pins,
determined by monitoring bus contents during testing. €hmmnfigurations exist for both digitizer and
correlator boards.

3. Baseline Partitioning

The revised correlator boards contain four data FPGASs, ealtulating the cross-correlation of four indi-
vidual baselines, for a total of 16 baselines per board. FAREIA-15 (15 antennas), there are 105 unique
baselines. Eight digitizer cards (each with 2 RF antennatg)pare needed per band. Due to increased
logic availability in the digitizers, in the revised hardwaeach digitizer card can be responsible for com-
puting the cross-correlation between its own antenna ipgirt (cf. Figure 1). This leaves 98 baselines
to be computed by the correlator cards; hence 7 correlatoiscae required per band—although one of
them calculates only two unique baselines. As shown in Eidw8, only two distinct baseline-to-FPGA
partitioning geometries are needed to distribute the beselmong the 7 cards. The two geometries are
similar enough that a single FPGA configuration can be usedldih; which one to use is determined by the
setting of acor | _node bit, and can be changed dynamically. The maximum fan-outagwyyantenna is
four, meaning that no fan-out boards are required for thesseeivhardware. In contrast, the COBRA boards
required three distinct partitioning geometries, eactessitating a unique FPGA configuration, and several
fan-out boards. Conceptually, the revised hardware moses-to-card cabling fan-out into PCB (and in-
ternal FPGA) traces. Note that if digitizer cards are notusecross-correlate their own baselines, fan-out
boards would be required.

4. FPGA Memory Map

The revised FPGA memory map consists of a set of control tergind M-RAM blocks organized into
a contiguous address space, as seen by the external CPfddateinternally, each M-RAM possesses a
dedicated read/write bus. Stratix 1l M-RAM blocks suppauet dual-ported, mixed-width configurations;
the new memory map componemtnfep) instantiates a 32-bit port to communicate with the exteimar-
face and a 64-bit port for use by internal logic. Memory comfagion is little-endian in this regard: writing
a 64-bit value to memory via the 64-bit port to an addrads equivalent to writing the 32-bit LSBs and
MSBs to addressesd2and A + 1, respectively, via the 32-bit port.

The memory map implements a set of 32 x 32-bit control registeeginning at address 0x0; the first 16
of these are read-only (cf. Table 1). The remainder of plysiwemory is provided by M-RAM blocks.
Each M-RAM contains ¥ bits of memory, equivalent tvVAP_BLOCK_SI ZE = 0x4000 32-bit words.
The memory map reserves address space for 8 M-RAM blocksR@RAFMVAP_FPGA S| ZE = 0x20000
(17-bit local addresses), and allocates three additiatddess bits (MSBSs) for the chip select, for a total of
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Revised Correlator Baseline Partitioning
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SYS_ADDR_W DTH= 20 bits of FPGA address space visible to the CPU. This exdiedphysical limits of
5 FPGAs and (up to) 6 M-RAM blocks per FPGA present on the egvimards. A genericNUM_BL OCKS)
determines the actual number of M-RAMs consumed by the mgmap in any particular FPGA; reads
from addresses for which no physical RAM has been allocatéatr a pre-defined hex string (currently
OXDEADBEEF).

The detailed memory map is listed in Table 1. Control registecupy the first 32 locations, and shadow
the corresponding region (= 0.2%) of the first M-RAM block, ieth physically begins at address 0xO0.
Subsequent M-RAMs are contiguous—the starting addresbléamk i is A =i x MVAP_BLOCK_SI ZE.
The identical layout is used in both digitizer and correld&®GAs. The first M-RAM block is reserved for
the phase/delay coefficient tables used in digitizer FPGIAard #2 (cf. Figure 1); the table contents are
described in § 6.2. Subsequent blocks, one per baselinegserred for lag readout data; see § 5.

The control register contents are as follows (omitted bitfiere undefined):

e MVAP_REG VERSI ON [Version (read-only)]
This register contains board-level configuration settings
— bits 27-24: hardware revision; 0x0 = COBRA final, Ox1 = revised prototype
— bits 23-20: FPGA type; OxC = correlator, OxD = digitizer
— bits 19-16: requantized sample width
— bits 15-12: bandwidth mode number; 1 = 500 MHz, 9 =2 MHz
— bits 11-8: bus configuration number
— bits 7-0: minor version number
e MVMAP_REG COWPAT [Configuration compatibility (read-only)]
This register contains FPGA-specific configuration sefting
— bits 31-18: reserved (configuration type field)
— bit 17: set iff configured for 250 MHz digitizer input (else 1 GHz)
— bit 16: set iff configured for 125 MHz external reference (else 3MVi3z)
— bits 15-0: bit nis set iff the configuration is compatible with FPGA.#
e MVAP_REG CORL_CONF1 [Correlation configuration register 1 (read-only)]
For minor versions 2 and later:
— bits 30-24: Metadata elements per lag streadul META)
— bits 23-12: Number of lags per streanNUM_LAGS)
— bits 11-8: Number of baselines per M-RAM blocNUM_PACK)
— bits 7-4: Number of correlation baselineBIyM CORL)
— bits 3-0: Correlation type; 0 = auto, 1 = cross +lags only , 2 = crosss-lagly, 3 = cross +lags
and -lags

Minor versions 0 and 1 onlyNUM_PACK = 1 implied):

— bits 30-20: Metadata elements per lag streadufl VETA)
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— bits 19-8: Number of lags per streanNUM_LAGS)
— bits 7-4: Number of correlation baselinesIyM CORL)
— bits 3-0: Correlation type

e MMAP_REG CORL_CONF2 [Correlation configuration register 2 (read-only)]

— bits 30-27: Written lag block address width (DUMP_ADDR_W DTH)
— bits 26-12: Written lag block locations (2 DUMP_COUNT)
— bits 11-0: Number of quantization state counteltJVi QCNT)

e VMMAP_REG STATUS QLD [Previous correlation status (read-only)]

This register contains the value BMAP_REG_STATUS when the most recent lag dump completed.
It can be used determine the final status of the previouslatioe while the next is in progress.

e MMAP_REG TD 1Ato MMAP_REG TD 2E [Inter-FPGA bus readback registers (read-only)]
These control registers contain the current (or “recenttents of the associated IOE registers (cf.
Figs. 1-2).

e MMAP_REG CTRL_TAP [Control bit readback (read-only)]

— bits 31-22: Reserved (cleared).
— bit21: dig_rx_err

— bit 20: di g_rx_| ock

— bit 19: ext _rx_err[ 1]

— bit 18: ext _rx_err[ 0]

— bit 17: ext _rx_I ock][ 1]

— bit 16: ext _rx_| ock[ 0]

— bits 15-13: Reserved (cleared).

— bit 12: denod_st at e (current phase demodulation bit)

— bit 11: cor| _doneN (SYSCTLfpga_ctl _io0[3:0])

— bit 10: cor| _dunp (SYSCTLfpga_ctl _out[11:8])
— bit9: ctrl _correlate (SYSCTLfpga ctl _out[7:4])
— bit8 ctrl _1pps (SYSCTLf pga_ctl _out[3:0])
— bit7: pll_inclk[1] (SYSCTLf pga_data[ 7])

— bit6: pll _cl ksw (SYSCTLf pga_dat a[ 6])

— bit5: pll _rst (SYSCTLf pga_dat a[ 5])

— bit4: pi pe_tap_enabl e (SYSCTLf pga_dat a[ 4])
— bits3-0: corl _ctrl[3:0] (SYSCTLf pga_data[ 3:0])
e VMAP_REG TD EXT_LSBSandMVAP_REG TD EXT_MSBS [Front-panel readback registers]

In addition to simple bus readback, these registers aresmed to a continuous verification compo-
nent which monitors incoming samples for erroneous dyndraltavior (such as counters which fail
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to advance monotonically, or changes in fields which shoeidain fixed). Writes to these registers
control the behavior of this component and the register wutBy default the registers output the
current (or “recent”) contents of the front-panel input |@dgisters. Writing OXBADFEED switches
output to the cumulative mask of erroneous bits; Ox1BADFEHRIitches to the latest instantaneous
mask containing bad bits; GKEED switches output to the cumulative number of input sasfibr
which bitnwas bad; OxBODE switches to the cumulative number of sangXasined (32-bit range);
OxBADF1FO outputs the last erroneous input sample (0x0 fenseen); writing any other value
switches output to normal bus readback. In addition, wgitxO resets all indicators to zero. These
options can be used to analyze bad bits and determine thssihab bit error rates. Note: due to logic
constraints, most production FPGA configurations supparpke bus readback only. Digitizer and
4-bit correlator configurations also enable OXBADFEED sarpp

e VMMAP_REG STATUS [Correlation status]

— bits 30-8: Counter indicating the number of clock cycles the correlaiispecifically, multiply-
adder) logic was active (enabled) since the last correladiomp. Cannot be reset externally
(cleared automatically).

— bits 7-4: Metadata error indicator for correlation baselines 0 (bitod3 (bit 7), if present. A set
bit means that while correlation was active at least one gafngm that baseline suffered over-
flow prior to requantization (hence becoming garbage), ditehgwas detected in the metadata
time sequence. FNUM_PACK=2,NUM_CORL =8 (CARMA23/FULLPOL correlator boards),
the four baselines chosen for status output, indices 0,&dl7 (slot 10 FPGA #0 example: 1-3,
2-18, 1-4, 2-19), sample every input to help disambiguat#éyfanputs (considering status from
all FPGAS). Bits stay set until cleared.

— bit 3: Front input error indicator; if set, the front-panel LVDSpimt PLL lost lock, or its FIFO
suffered underflow/overflow, while correlation was acti$ays set until cleared.

— bit 2: Digitizer input error indicator; if set, the digitizer LVDBput PLL lost lock, or its FIFO
suffered underflow/overflow, while correlation was acti$ays set until cleared.

— bit 1. Correlation error indicator; if set, the correlate signatnt high before lag data was
successfully transferred to FPGA RAM. Asserts tiog | _doneNinterrupt when set.

— bit 0: Correlation done indicator; this bit is set once lag datal(iding metadata and quanti-
zation counts) for the most recent integration has beeresgédly transferred to FPGA RAM.
Asserts theor | _doneNinterrupt when set.

e MVAP_REG | NPUT_DELAY [LVDS input delay control]

Adjusts the LVDS input delays. Writing a non-zero valuto the 16-bit LSBs/MSBs of this register
delays the 32-bit LSBs/MSBs of front-panel input bylock cycles = 0 is a valid no-op). The
applied delay is 7-bit (i.e, modulo 128). The special valuBPBAD puts the corresponding half of
the bus (including its input PLL) into reset until anothefagevalue is written. The readback from
this register indicates the curretatal delay applied to each bus, and is automatically cleared when
the associated input PLL loses lock (as this reseteitte r x component); the MSB is set in this
case to indicate the loss of lock (including those due to QkDEequests).

e VMAP_REG CORL_MODE [Correlator operating mode]
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— bit 6: Impulse response test; when set, the input of the fractide&dy filter or decimation
pipeline in digitizer FPGAs is replaced with a periodic deltuinction, enabling filter impulse
response testing. The scale and period of the delta funigtieet usingWAP_REG | MPULSE.
In FPGAs #1 and #2, setting this bit also replaces prompt ataydcorrelation inputs with
the fractional delay output LSBs and MSBs, respectivelyi$azg them to be dumped to RAM
during integrations).

— bit 5: When set, the output of the decimation pipeline, which ndigm@nsists of requantized
(and possibly multiplexed) output samples, is replaced bingle 32-bit, full-precision output
sample. This mode enables precise decimator testing. ItizeéigFPGAs #1 and #2, quantiza-
tion counts are based on sub-ns filter output instead of rawplees.

— bit 4: When set in digitizer FPGAs, the normal prompt/delay sanmpet streams are replaced
by the LVDS front-panel readback (prompt with the 32-bit LsSBelay with the 32-bit MSBS).
In correlator FPGAs, secondary metadata is replaced witll ioformation.

— bit 3: When set in correlator FPGAs, an FPGA normally calculatingjtiple baselines will
calculate a single correlation (correlation ONUM_CORL times normal resolution. In digitizer
FPGAs, the digitally rescaled samples override the raw &sripr quantization counting and
bypass the sub-ns filter for pipeline input.

— bit 22 When set in digitizer FPGAs, the decimation and sub-ns detegponents (including
digital rescaling) are bypassed, and the (LSBs of) the igample bus is transmitted intact.
In correlator FPGAs, this bit selects between the two baigielipe configurations required to
implement baseline partitioning (cf. Figure 2).

— bits 1-0:
x Mode" 00" : normal operation of the pipeline and correlation logic.

x Mode" 01" : correlation logic replaces the prompt and delay inputwast patterns based
on MMAP_REG TEST_PI NandMVAP_REG TEST_DI N, respectively.

x Mode" 10" : in digitizer FPGASs, digitizer input is replaced with themwp pattern
{OXOFFOFOOFFOOFOFFO, OXIEE1E11EE11E1EE], ...} (offse® between DIGA/DIGB),
and decimator output is replaced with test pattédiBP_REG TEST_PI N(for DIGA out-
put) or MVAP_REG TEST_DI N (for DIGB output); in single-polarization correlator FP-
GAs (only), the test patterns replace the front-panel inlatid (LSBs considered ‘prompt’).

x Mode" 11" : in digitizer FPGAS, the 64-bit digitizer input bus is repdal with the concate-
nation TD2B & TD1A (supports sub-ns filter testing)

e VMAP_REG DEMOD [Phase-switch demodulation state]
Encodes the 180 degree phase-switch demodulation seqgf@nge to 32 consecutive integrations
(bits 31-0, with O being read first). A set bit indicates thainples should be negated during the
corresponding integration cycle. Registers exist in alGRB; in FPGA #1 and #2 they apply to the
raw 8-bit digitizer samples, and in FPGA #0 and #3 to the ratjpad samples. Aside from testing,
only one pair or the other should be used.

e VMMAP_REG | MPULSE [Impulse response pattern parameters]
Determines the frequency of sample generation for impuwspanse filter testing (cfCORL_ MODE,
bit 6). The (up to) 16-bit LSBs encode the impulse samplee/glimited to SAMP_W DTH); the
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16-bit MSBs represent the number of (pipeline) clock cydesveen impulse sample output in the
pattern generator, with all zeroes output in between.

e MMAP_REG TEST_PI NandMVAP_REG TEST DI N [Correlation sample test patterns]
The 16-bit LSBs of each register defines the test patternsoféie prompt Pl N) and delay DI N)
cross-correlation inputs in self-test mode (CORL_MODE). Reset default patterns dfé N= OXxEB14
andDl N=0x14EB.

e VMMAP_REG QUT_ENABLE [Inter-FPGA bus output enables]

— bit 9: Output enable bit for bus 2E
— bit 8 Output enable bit for bus 2D
— bit 7: Output enable bit for bus 2C
— bit 6: Output enable bit for bus 2B
— bit 5: Output enable bit for bus 2A
— bit 4: Output enable bit for bus 1E
— bit 3: Output enable bit for bus 1D
— bit 2: Output enable bit for bus 1C
— bit 1: Output enable bit for bus 1B
— bit 0: Output enable bit for bus 1A

Output enable bits apply only to buses actually used forwuty the configuration; they are ignored
by input buses.

e VMAP_REG DI G DELAYandMVAP_REG DI G PHASE [Digitizer sample delay and phase (read-
only)]
These registers provide readback of the currently empl®gedple delay and phase offset values.
Each is a fixed-point value with a 16-bit fraction. The delajue is in ns and the phase is in revo-
lutions. Due to peculiarities of the sub-ns delay filter,hié tfractional delay is at least 0.5 ns, then
the true (requested) delay is 1 ns less than the registee,valwever, the latter does indicate the
actual whole-ns delay used by the delay line. In addition,itheger part of the phase (ignored by
the FPGASs) normally contains origin information consigtiof the associated digitizer input (OxA or
0xB) and the tap table index from which the value was read @¥jo

e VMAP_REG DI G_GAl NandMVAP_REG DI G OFFSET [Digitizer sample gain and offset]
These registers define a linear transformation applieddadiv 8-bit digitizer input samples before
they are rounded to fewer (currently 6) bits prior to proaegdy the sub-ns delay filter:

x— X = (GAIN x x+ OFFSET/1024

For example, GAIN = 1126, OFFSET = 3072 corresponds t61.100-x+ 3. Both factors are 16-bit
signed quantities (the 16-bit LSBs of each register).

e MMAP_REG DI G_CTRL [Digitizer initialization and control bits]

— bits 31-3: Reserved (cleared).
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— bit 2: Digitizer data ready reset enable.
— bit 1: Clock divider reset enable.
— bit 0: FPGA digitizer LVDS receiver PLL enable.

e MMAP_REG DI G_PHASOR [Digitizer phasor enable control]
Writing a non-zero valua to this register causes the rotating phasor used to remeddécimated
samples to be disabled for clock cycles. This is used by the phase flattening algoritorheip
achieve phase alignment.
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Table 1. Revised CARMA correlator FPGA memory map

Symbolic Nam&

Hex Addres®

Description

MVAP_REG VERSI ON
MVAP_REG COMVPAT
MVAP_REG CORL_CONF1
MVAP_REG CORL_CONF2
MVAP_REG STATUS_OLD
MVAP_REG TD_1A
MVAP_REG TD_1B
MVAP_REG TD_1C
MVAP_REG TD_1D
MVAP_REG TD 1E
MVAP_REG TD 2A
MVAP_REG TD 2B
MVAP_REG TD 2C
MVAP_REG TD_2D
MVAP_REG TD 2E
MVAP_REG CTRL_TAP
MVAP_REG TD_EXT_LSBS
MVAP_REG TD_EXT_MSBS
MVAP_REG STATUS
MVAP_REG | NPUT_DELAY
MVAP_REG CORL_MODE
MVAP_REG DEMOD
MVAP_REG | MPULSE
MVAP_REG TEST_PI N
MVAP_REG TEST DI N
MVAP_REG OUT_ENABLE
MVAP_REG DI G_DELAY
MVAP_REG DI G_PHASE
MVAP_REG DI G_GAI N
MVAP_REG DI G_OFFSET
MVAP_REG DI G _CTRL
MVAP_REG DI G_PHASOR
MVAP_DELAY_ BEG N

0x00006
0x0000%
0x00002
0x00003
0x00004
0x00005%
0x00006
0x00007
0x00008
0x00009
0x00004
0x0000B
0x0000C
0x00000y
0x0000E
0x0000F
0x00010
0x00011
0x00012
0x00013
0x00014
0x00015
0x00016
0x00017
0x00018
0x00019
0x00014
0x0001B
0x0001C
0x0001D
0x0001E
0x0001F
0x00080
0x00080
0x00080
0x001CB
0x001CC

FPGA configuration version.
FPGA configuration compatibility.
Correlation logic specification.
Correlation logic specification.
Correlation status of last integration.
Inter-FPGA bus 1A readback.
Inter-FPGA bus 1B readback.
Inter-FPGA bus 1C readback.
Inter-FPGA bus 1D readback.
Inter-FPGA bus 1E readback.
Inter-FPGA bus 2A readback.
Inter-FPGA bus 2B readback.
Inter-FPGA bus 2C readback.
Inter-FPGA bus 2D readback.
Inter-FPGA bus 2E readback.
Control bit readback.
Front-panel LVDS readback (LSBs).
Front-panel LVDS readback (MSBSs).
Correlation status.
LVDS input delay control.
Correlation/pipeline operating mode.
Phase-switch demodulation state.
Impulse response cycles & sample.
Prompt input test pattern.
Delay input test pattern.
Inter-FPGA bus output enable.
Digitizer sample delay readback.
Digitizer sample phase readback.
Digitizer sample gain.
Digitizer sample offset.
Digitizer initialization and control.
Decimation phasor enable control.
Start of delay/phase table buffers.
Start of ring buffer 0, integration 0.
Start of sub-ns coded tap table.
End of sub-ns coded tap table.
Fixed-point delay (16-bit frac).
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5. Revised VHDL Components

Channel resolution in each bandwidth mode for the COBRAetdmrdware and (15-input) revised corre-

lator hardware is given in Tables 2-5. Each revised hardvedie is for a specific (requantized) input sample

bit width (COBRA hardware is limited to 2-bit samples). FOrBput operating modes (CARMA23/FULLPOL),
channel resolution is precisely half that for the corresfiog 15-input mode (e.g., 49 channels for 2-bit

500 MHz mode). Note however that the 3-bit and 4-bit 500 MHzlesare not available for CARMA23/FULLPOL
(due to LVDS cable transmission limits).

Each correlator card data FPGA calculates four cross-ledioas, for a total of 16 baselines per card. For
a typical resolution of 257 channels per sideband (512 lagdaseline), the average FPGA-to-CPU data
transfer rate is 2 MB/s (16 x 512 x 32-bit words = 32 KB each 25.éns). Optimizing the correlation
logic should permit twice this resolution in narrowband reed62 MHz and below); an upper-limit on the
required data transfer rate is therefeeel MB/s.

Numerous improvements were made to the correlation logiake advantage of the revised hardware’s
capabilities and to streamline code maintenance. A singl®Vcomponent¢or r el at i on) now covers

all correlation logic instantiations required; a gene@ORL_TYPE) controls the type of correlation per-
formed (auto, cross: positive lags, cross: negative lagsass: all lags). This component also manages the
processing of multiple baselines by a single chip vialkh#M CORL andNUM_PACK generics. Digitizer
guantization state counters are also handled bythrer el at i on component, controlled by the generic
(NUM_QCNT). The values of these generics are available in new condgikters (see § 4) to enable au-
tomated lag retrieval and processing without the need td-tvre configuration information into external
initialization files, which is error-prone and hard to maiint (particularly during testing).

The correlation logic used in the first-light configurationsoduced the concept of a “meta-lag”, a word of
arbitrary metadata written along with the primary lag an@mfiration state data during a lag dump. This
facility has been significantly enhanced in the newr r el at i on component. A genericNUM_META)
now controls the number of (32-bit) words of metadata readdowing a RAM dump; in addition, a con-
tinuous stream of data is written to unused high memory wdiberrelation is active, providing integrated
SignalTap-like functionality. The metadata as currentlired consists of the (prompt and delayed) input
samples and—subiject to bit-width constraints—the 16 hitssample of metadata (such as the decimation
phasor alignment bits) transported with the data by thelipipe

For single-polarization configuration®YM PACK = 1), the 16-bit MSBs of each 32-bit data bus con-
tains metadata for the sample(s), unless occupied by satafde the lower byte is the primary metadata
and the upper byte is the secondary metadata. Metadatadhedt to the sample packet in the digitizer
FPGA following decimation. The primary metadata considtglecimator phase information that can be
used to verify phasor alignment between digitizers, andcglsibit overflow/invalid indicator for that in-
put stream (the MSB of the primary byte—or nibble, for theiB4%00 MHz mode). The phasor state
counterpstate( pBits — 1downtoQ, where pBits = log,(decRatio/2) anddecRatio is the decimation ratio
relative to 500 MHz, occupies the primary metadata LSBss hat present (and unused bits are cleared)
in the 250 MHz and 500 MHz modes. Secondary metadata cowgiatsorigin nibble (4-bit LSBs) and a
sequence nibble (4-bit MSBs), wher@rigin(3 downto 2) = corl_mode(1 downto Qrigin(1 downto 0) =
FPGA NUM(O for DigA and 3 for DigB), andsequence is a simple 4-bit counter. The latter can be used to
verify clock synchronicity and relative pipeline alignmenSecondary metadata is not present in the 3-bit
and 4-bit 500 MHz modes. For testing, secondary metadatdeaaplaced with local information by the
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Table 1—Continued

Symbolic Namé Hex Addres$ Description
0x001CD Fixed-point phase offset (16-bit).
Ox001CE  Start of ring buffer 0, integration 1.

MVAP_DELAY_END
MVAP_LAGS

MVAP_LAGS +
2 x NUM_PACK x NUM_LAGS

Ametat 2x NUM_META

chnt"— 2 X NUM_@I\H—

21+DUMP_ADDR_WIDTH _ 1
2 x MVAP_LAGS

0x0155F
0x01560
0x02A40
O0x03F1F
0x04000
0x04000
0x04001
0x04002
0x04003

Ametd
Ametat 0
Ametat 1

Aqent®
Agent+0
Agent+1
Agent+2
Agent+3

Asampd
Acnad’
0x08000

(1+NUM LAG _RAM x MVAP_LAGS Aotar®

MVAP_FGPA Sl ZE- 1

OX1FFFF

End of ring buffer 0O, integration 15.
Start of ring buffer 1.

Start of ring buffer 2.

End of delay/phase table buffers.
Start of lag data for correlation 0.
Lag O.

Lag -1.

Lag 1.

Lag -2.

Start of metadata for lag RAM 0.
Prompt input metadata word O.
Delay input metadata word 0.

Start of quantization state counters for lag RAM 0.
Sample count for quantization state 0x00.
Cleared.

Sample count for quantization state 0x01.
Cleared.

Start of continuous sample dump area for lag RAM 0.

End of continuous sample dump area for lag RAM 0.
Start of lag data for lag RAM 1.

Start of pipeline data tap block.

Top of local FPGA memory.

aDefined in $CCORL/revised/share/fpga/src/revised_camepts.vhd.

bAs seen by the 32-bit external CPU memory interface.

“These locations are read-only.

dCalculable using the contents of MMAP_REG_CORL_CONF1 ahdA® REG_CORL_CONF2.
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Table 2. Spectral resolutions for COBRA-based correlatords

Bandwidth Channels dV[3mm] Vig[3mm] d&V[Imm] Ve[l mm]
(MHz) (per sideband) (km/s) (km/s) (km/s) (km/s)

500 17 94 1500 31 500
62 61 3.4 188 11 62.5
31 65 1.7 93.8 0.56 31.2
8 65 0.42 23.4 0.14 7.81
2 65 0.10 5.86 0.03 1.95

Table 3. Revised CARMA correlator spectral resolution [smples]

Bandwidth Channels dV[3mm] Vig[3mm] d&V[Imm] Vie[l mm]
(MHz) (per sideband) (km/s) (km/s) (km/s) (km/s)

500 97 16 1500 5.2 500
250 193 4 750 13 250
125 321 1.2 375 0.39 125
62 385 0.49 188 0.16 62.5
31 385 0.24 93.8 0.081 31.2
8 385 0.061 23.4 0.020 7.81
2 385 0.015 5.86 0.005 1.95

Table 4. Revised CARMA correlator spectral resolution [Bsamples]

Bandwidth Channels dV[3mm] Vig[3mm] d&V[Imm] Ve[l mm]
(MHz) (per sideband) (km/s) (km/s) (km/s) (km/s)

500 41 38 1500 12 500
250 81 9.4 750 3.1 250
125 161 2.3 375 0.78 125
62 257 0.73 188 0.24 62.5
31 321 0.29 93.8 0.10 31.2
8 321 0.073 23.4 0.024 7.81

2 321 0.018 5.86 0.006 1.95
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correlator on reception through TDEXT input; when actigafby setting corl_mode(4) = '1")rigin(3) =
"1’ when (corl_mode(1 downto 0) = "10") else 'Qrigin(2) =1’ or '0’ for MSB- or LSB-derived TDEXT
input, andorigin(1 downto 0) =FPGA_NUM(of the correlator FPGA). The sequence nibble is also replac
with a locally-generated counter.

For dual-polarization configuration®UM PACK = 2), metadata is the 8-bit MSBs of the 16-bit data bus,
and contains only the primary metadata. (The 2-bit 500 MHEz4ubit 250 MHz modes have no metadata;

the 3-bit 250 MHz mode contains only the upper nibble). I8 tase each 32-bit word of metadata dumped
to RAM contains a pair of prompt-delay bus samples (the “@Bmetadata containing the prompt-delay

pair for the first correlation and the “delay” metadata coritey the inputs to the second correlation in that
RAM block).

For FPGA minor version 2 and later, digitizer sample datalmdata bus can be replaced by a simple
counter by selectingORL_MODE = 2 and settingTEST_PI N (FPGA #0) orTEST_DI N (FPGA #3) to
0xBODE (this is known as “Bode mode”). For FPGA minor versimand later, unused sample bits on
the data bus are filled with a simple counter (instead of ef#arin whole-nibble (MSB) increments; any
partially used nibble is (MSB) zero-padded. The variousntexs available on the data bus are useful for
determining data alignment (required for phase flatteniriffley are also used by thed _bus_check
VHDL component to continuously verify the integrity of inming front panel data.

To prevent latency problems with high resolutions, lag cedids organized for maximum throughput. The
memory map allocates one M-RAM block féM PACK baselines, each connected by a dedicated 64-bit
bus. Hence (using integer arithmetic) thereldt LAG RAM=( NUM_CORL+NUM_PACK- 1) / NUM_PACK
M-RAM blocks allocated to correlation logic for a particulBPGA. Since readout data (lags, quantization
counts, and metadata) is 32-bit or less, the positive andtiveglag/metadata streams are dumped in par-
allel, with the positive stream occupying the 32-bit LSBsath 64-bit word. Readout for each baseline
begins at the base of the corresponding M-RAM. Hence as sesnthe external (32-bit) CPU interface,
positive lags occupy even addresses and negative lagsyott@ipterleaving odd addresses, each followed
by their metadata streams. The quantization state codir@sy,i are appended to the positive lag/metadata
channel. There is only one metadata and/or quantizatiearstper M-RAM block, even whekdUM PACK

> 1 (cf. Table 1). The readout logic (like all components)saih 125 MHz; hence a 1024-channel spectrum
(NUM_LAGS=1024) can be dumped to memory i 8.2 us, comfortably within the phase-switch settling

Table 5. Revised CARMA correlator spectral resolution [gslmples]

Bandwidth Channels doV[3mm] Vig[3mm] dV[1Imm] Vie[l mm]

(MH2z) (per sideband) (km/s) (km/s) (km/s) (km/s)
500 17 94 1500 31 500
250 33 23 750 7.8 250
125 65 5.9 375 2.0 125

62 129 15 188 0.49 62.5
31 161 0.59 93.8 0.20 31.2
8 161 0.15 23.4 0.049 7.81

2 161 0.037 5.86 0.012 1.95
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interval of~ 20us. The region of each M-RAM following the main readout buféeused to hold a continu-
ous record of the incoming samples/metadata, which is Uefdiagnostic purposes. The region is written
(filled) only once per integration—i.e., it it a circular buffe—and (depending on the lag count) can hold
hundreds to thousands of samples. During normal operat@ontents will not be read by the CPU, but itis
always available for inspection should problems arise. ddneelation logic acceptsBUMP_ADDR_W DTH
generic determining the number of (64-bit) locations percklit can write. Currently, the configurations
write to only the first half of each block; the remaining halfunused.

Following the baseline data RAM blocks is a single M-RAM Waledicated to pipeline data tap output. The
pipeline component includes a generic 64-bit output busdha be used to inspect arbitrary data passing
through it. (The data connection is fixed for a particular PPganfiguration.) A bit on theeor!| _ctrl
input bus (part of th&PGA _DATAbus) coming from the system controller is used to controlmteedump
the bus contents to RAM. Samples are dumped when the cotitisltbgh, starting at the beginning of the
block, until either the block is filled or the control bit is-dsserted, whichever comes first. It is not possible
to restart a dump in the middle of a block—clearing the cdriioresets the write address to the beginning
of the block. The block holds 8192 64-bit samples, which megu65.536us to fill at a clock frequency of
125 MHz. This is a diagnostic facility and is not used in norojzeration.

6. FIR Filter Design
6.1. Digital Decimation Filters

The revised correlator hardware implements all sub-500 Matzdwidth modes via digital decimation and
band-shaping. Decimation is a multi-stage process inngha series of simple half-band filters, each fol-
lowed by decimation by a factor of two. Successive filtersdgedly increase in complexity as the final
sample rate is approached. Following decimation, a singjk-precision edge-defining filter is used to
produce a sharp final bandpass. For additional discussitreafiethod, see Rauch (2003).

All revised correlator bandwidth modes were designed totrtieefollowing criteria:

1. Peak-to-peak bandpass ripple of 0.1 dB.
2. Peak sidelobe power below -40 dB.
3. Two edge channels aliased in excess of -40 dB (@ nominalutem).

4. Three edge channels aliased in excess of -40 dB (@ maximsmiution).

The anti-aliasing specification implicitly depends on thamnel resolution. Nominal resolution refers to the
channel resolutions achieved as of July 2007; maximum uésal was defined to be 50% higher than this.
The general recommendation for observers is to clip therdhtee edge channels to avoid aliasing artifacts
(one of these being the phaseless, half-width edge chanfiélg preceding figures refer to the digital
decimation filters only; in the wider bandwidth modes, thalag filter in the spectral downconverter limits
band flatness to 1-3 dB peak-to-peak and, for 500 MHz, edgenehanti-aliasing (-20 dB at 475 MHz and
-15 dB at 480 MHz).
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Figures 14-17 plot the net decimation filtering responsefferrevised 500, 250, 125, and 62.5 MHz bands,
respectively. The spectral downconverter analog filtepoese isnot included. In each case the band is
centered on zero frequency (DC) when the filter is applied,safbsequently re-modulated into the positive
frequency band; hence only half of each band (and residuadfdoand artifacts) is shown. Filter response
is symmetric about zero frequency. The heavy (green) lirtbassignal level and the thinner (blue) line
is the aliased noise level. Vertical lines denote the locatf spectral channel boundaries for the mode.
The number of filter taps used increases as the bandwidtleaszs (and number of channels increases; cf.
Tables 3-5), in such a way that only2 edge channels suffer noticeable out-of-band aliasimggrdtess of
the absolute channel resolution. The corresponding ptotthé narrowband modes (31, 8, and 2 MHz) are
very similar to Figure 17 as the same edge-defining filter éxlus all four modes.

6.2. Fractional Sample Delay Filters

Figure 18 displays the amplitude and phase performanceeadhof sub-ns (fractional sample) delay filters
used in the digitizer cards to align antenna input signdte dashed vertical lines indicate the limiting “us-
able” analog bandwidth, defined here as the frequency beych out-of-band aliasing exceeds -18 dB.
Filter performance depends on the delay (each delay camelspto a unique set of filter coefficients). The
dashed lines denote the worst-case amplitude and phast¢iaasi over all possible delays; the solid curve
plots the response for one particular delay. Amplitude sesp is flat to within 0.1 dB over the lower 94%
of the 500 MHz band, and phase delay accuracy meets the noBARMA specification over the lower
97% of the 500 MHz band. All remaining bandwidth modes—cdrfrem the center of the 500 MHz
band—exceed the desired accuracy over 100% of the band. ititte @¥ the region near Nyquist exhibiting
degraded delay performance scales inversely with the fétegth; logic usage increases linearly with the
filter size. The implemented filter (discussed in detail bglbalances the two competing constraints.

Delay filter coefficients are computed using a windowed surecfion method, which has a closed-form
solution for each coefficient. Given a fractional defgy0 < d < 1 and a filter containingy coefficients, the
formula for coefficient;, i € {0,...,N—1}is

¢ =W(i—9d,N)sindm(1l—¢)(i—D)],

where W is the windowing functiorz, is a fixed parameter chosen to minimize delay errorsrdd +N/2
(0<1/2)orD=0+N/2—1 (5 > 1/2) is the effective filter delay. The filters developed for B&RMA
digitizers employ a Hann window function, W/ N) = [1 — cos{2rx/(N — 1)}]/2, with N = 86 ande =
0.01165. The coefficients are quantized to 15-bit precisioru$e by the digitizer FPGA sub-ns delay filter
componentf(r ac_del ay). Quantization reduces the net number of coefficients toximmam of N = 80,

as several edge coefficients underflow to zero. An optiminédositine to compute CARMA digitizer delay
coefficients,f d_car ma_subns_coef (), can be found in $CCORL/share/fpga/test/frac_delay.ce Se
Laakso, Valimaki, & Karjalainen (1996) for a review of fraamal delay filter design methods.

The Altera FIR filter component requires that reloadablerfitbefficients be stored in (private) RAM blocks.
The contents of this tap RAM must be loaded serially into i gonent using a hard-wired interface; the
RAM is not directly accessible. Updating delay coefficientthe digitizer FPGAs is done by sequentially
reading an area in the main (PPC-visible) FPGA memory magatdd as a circular buffer. The address
limits for this buffer areMVAP_DELAY_ BEGQ N and MVAP_DELAY_END (cf. Table 1). The output of

this buffer is then fed into the appropriate filter composerkhe Altera FIR components can only receive
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Fig. 14.— Revised CARMA correlator decimation filter perfaance for the 500 MHz band.
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Fig. 15.— Revised CARMA correlator decimation filter perf@ance for the 250 MHz band.
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Fig. 16.— Revised CARMA correlator decimation filter perf@ance for the 125 MHz band.
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Bandwidth = 62.5 MHz

frequency (MHz)

Fig. 17.— Revised CARMA correlator decimation filter perf@ance for the 62 MHz band.
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one input sample and produce one output sample per clockdigitezation logic outputs demux-by-8 @
125 MHz samples (saxp to x7); hence in practice the sub-ns delay component needs amirese a vector

of 8 identical filters, each accepting 8 input samples andyrimg one output sample per clogk (o y7).
The input samples fed to each filter are skewed by one clode bgtween filters, so that the phase of each
output sample matches that of its youngest input samplecifBgadly, filter i € {0,...,7} receives input
samples_7 to x;; implementing this requires caching the 7 youngest inpotgas from the previous clock
cycle.

Since each filter must consume 8 input samples per clocke thilésrs themselves need to be split into 8
sub-filters, each containing 1/8 of the filter coefficientdiose individual outputs are summed to produce
a single output sample. To fully utilize logic resourcese tiumber of filter taps should therefore be a
multiple of 8. For the CARMA digitizersN = 80 and each sub-filter contains 10 taps. In terms of the taps
c,i€{0,...,N—1} of the original filter, the tapa'j‘, j €{0,...,(N/8)—1} of sub-filterk, k € {0,...,7},
areak = cgj i; the input to filterk is x.

Altera FIR filters with reloadable taps do not accept the aatoefficients as input, but rather a coded data
stream produced by theiroef _seq command line utility. A copy of the C++ source code éwef _seq
can be found in $CCORL/share/fpga/test. The format of tliedalata is not specified by Altera; empiri-
cally, for a filter withN x m-bit taps, it consists of"2x (m+-3)-bit values (the first of which is always zero)
representing some kind of pre-computed multiplicatiorlgali he critical thing to note is that the amount
of coded data increases exponentially with the number & éaqal linearly with the bit-width of the input
(for a fully parallel filter, as required here). A Stratix [IB42 block has a capacity of 32 x 18-bit elements,
precisely enough to hold the coded data for a filter with 5 bit3aps. The EP2S90 FPGAs loaded into
digitizer cards contain 488 M512 blocks and 408 M4K blockgh{\256 x 18-bit capacity). To reduce RAM
usage to an acceptable level, the 10-tap sub-filters areeiugub-divided into two 5-tap filters. In total
the sub-ns delay filter instantiates 128 divided sub-filtexquiring 128 RAM blocks per bit of input. The
implemented component accepts 6-bit input samples—irtipeache number of meaningful bits expected
from the digitizers—and consumes 480 M512 blocks and 288 Miks (as the latter are poorly utilized
in this context, their use should be minimized). Output sa@spre rounded to 8-bit precision.

The coded coefficient stream for a single delay filter theeefmnsists ofN/5) x (2° — 1) = 496 x 18-bit
values (the leading zero in the coded streams are insertéukefty by the filter reload state machine). Since
the FPGA memory map is 64-bit wide internally, it is convenito group values into triplets occupying the
lower 3 x 18 = 54 bits of each quadword of the circular buffeFIRGA RAM. This nominally amounts to
166 quadwords of FPGA RAM per delay coefficient set; howeseextra quadword containing the whole-
ns delay value (32-bit LSBs) and normalized phase-offs2{8MSBs) is appended to each coefficient set.
Hence each phase/delay update occupies 167 quadword(@f4drds) of FPGA RAM. The phase/delay
update rate is 64 Hz (1/15.625 ms), which implies an averagg ttansmission bandwidth ef 83.5 KB/s

to each of the two digitizer FPGASs receiving this informatiFPGA #1 and #2); since the CPU bus is
shared, the effective load4g 167 KB/s, a very small fraction of the available bandwidtheThemory map
allocates one Stratix Il M-RAM block (8192 quadwords) foettielay buffer, enough to hold 750 ms of
phase/delay update data (48 sets x 167 = 8016 quads).

The precise contents of the delay/phase coefficient tablasfollows. Thd r ac_del ay component re-
ceives two coded coefficient streams in parallel, one foheab-channel (5-tap) filter of the pair which to-
gether implement a particular 10-tap sub-filter, as desdrétbove. To support parallel readout, the delay ta-
ble therefore interleaves coefficients from two individfitérs. Letaf® = af andaf! =af , | € {0, ..., 4},
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be the coefficients for the two sub-channel filters implenmgnsub-filterk, and denote the corresponding
coef _seq-coded tap streams bgt? andst, me {0,...,31}, wheres® = &5* = 0. One delay/phase
table consists of 167 quadwords; except for the final quantéiaing the whole-ns delay and phase offset),
each quadword contains three 18-bit coded taps, packedyooosly into the LSBs. LeT = {s,51,%}
represent table quadworgwheres, are the coded tap values (in MSB to LSB order), and unused M&Bs
cleared (though ignored by the FPGA). FPGA RAM addressasase with, and quadwords are stored in
little-endian order (RAM addresses refer to 32-bit wordd)en

TO — {SS.O’ ﬁ.l’ £O}
T = {£'17 £'07 gl}

T = {§.07 ngv ng

T1 = {s' 5% s}

Tiea = {si. S5, Sio}
T165 = {07 07 5\2311
Tiee = {P,Llns},

where® = |218. [p/(2m)]] is the 16-bit fixed-point phase offset for absolute phaseeb, andAys is
the 16-bit fixed-point ns delay value (cf. the descriptionMMAP_REG DI G_DELAY). Both are 32-bit
guantities. Note that the nulﬁ&x = 0) coded taps are not stored in the table, but inserted ofiytltiring
the reload process.

7. Phase Offset Correction

In contrast to the first-light CARMA correlator, the reviseatrelator applies phase corrections continuously
to incoming samples as part of the signal decimation prod¢hescorrections remove antenna-based phase
offsets arising from bulk downconversion and lobe-rotattifferentials. As described in Rauch (2003),
downconversion entails shifting the band center from HafNyquist frequency (250 MHz) to DC by mul-
tiplying the input samplegx,} by e '™k wherefo = —1/2. (Note that in the CARMA band definition,
which like FFTW assumes the forward FFT uses ¢k sign convention, this corresponds to centering
negative frequencies onto DC. This fact motivates the sign choiceeiiinthg ¢ below.) The resulting fre-
quency modulated samples gm&, +ix1, —X2, —iX3, X4, ...}. Phase correction in the revised correlator is
implemented by further multiplying the modulated samplgsh?, whereg is the phase offset parameter
(identical to the antenna-based phase offset correctisgheéarCARMA band definition). The correspond-
ing phase-corrected, frequency modulated sample$@@s@ — ixo Sing, X1 SINQ + X1 COSQY, —X2 COSP +

iX2 SN, —X3SiN@ — iX3COSP, X4 COSP — iX4SINQ, ...}.

A new offset@ is applied each integration by the decimation logic in digit FPGA #0; the value op to

use is driven by FGPA #1 onto the "E" data bus connecting FPG##0 (and similarly by FPGA #2 for
FPGA #3) and remains static for the duration of each intégratThe values are stored in FPGA RAM as
part of the delay/phase tables (see Table 1); each time #mefitelay reload occurs between integrations,
a new value ofp appears on the bus. Applying the offset requires calcuiaticthe cosp and sinp factors.
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Fig. 18.— Revised CARMA correlator fractional sample dditter performance. The top and bottom win-
dows display frequency and delay responses, respecti@G@RMA-defined per-antenna and per-baseline
limits are also indicated.
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An Altera numerically controlled oscillator (NCO) megaearomponent is instantiated for this purpose by
the decimation logic. The NCO component accepts scaledibfrgmjuency and phase parameteggc and
@n respectively, where the physical output frequerigy: @nc fox/2M and phase = 2mgonm/2°. Here foy

is the actual frequency of the NCO input clodh,is the internal accumulator precision, ands the angular
precision. The NCO component outputs two waveforms in teosiplement format,"2-1 sin(27tfot + @)
and 2~tcog2mfot + @), whereN is the magnitude precision. The parametersN, andP are fixed for
each NCO instantiation; thgnc and gy inputs are fully dynamic (can change each clock cycle). & th
present case the NCO does not actually oscillgige(= 0) as we are only interested in computing the
(quasi-)static values sipand cog. The CARMA implementation useldl = 24, N = 18, P = 18, and
rounds the resulting phase-corrected, frequency modukdeples to 12-bit precision. The cholee- 18
corresponds to a phase resolution of 386 = 1.4 x 103 deg.

8. Host Integration

The downloadable configuration bitfiles produced by the T@itlsesis scripts are named using a convention
closely related to the version control register availabléhe memory map. In particular, bitfiles are named
according to the following template:

car ma_v${ HW ${ TYPE} ${ BI TS} ${ BW ${ CF} ${ M NOR} _${ TYPE} ${ NUM . r bf

where HWis the hardware revision (0 for COBRA, 1 for revised CARMA)YPE is the FPGA type
(OxC/0xD for correlator/digitizer chips)Bl TS is the requantized (post-decimation) sample bit widBt/
is the bandwidth mode number (1 for 500 MHz, 2 for 250 MHz,)e(CF is the bus configuration number;
M NORis the minor version; anblUMis the FPGA chip number (chip #0 connects to the top left frantel
connector, #3 to the bottom right).
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