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Abstract— We have developed a digital signal processing feedback and error signals computed by the DFBsar@lly

module for real time processing of time-division mliiplexed

(TDM) data from SQUID-coupled transition-edge senso(TES)

microcalorimeter arrays. It is a 3U PXI card consising of a

standardized core processor board and a daughter laod.

Through fiber-optic links on its front panel, the daughter board

receives TDM data (comprising error and feedback ginals) and
clocks from the digital-feedback (DFB) cards devejped at the
National Institute of Standards and Technology (NIS). After

mixing the error signal with the feedback signal ina field-

programmable gate array (FPGA), the daughter boardransmits

demultiplexed data to the core processor. Real timprocessing in
the FPGA of the core processor board includes pulsdetection,
pileup inspection, pulse height computation and hisgramming

into on-board spectrum memory. Data from up to 128
microcalorimeter pixels can be processed by a sirglmodule in
real time. Energy spectra, waveform and run statists data can
be read out in real time through the PCI bus by a bst computer
at a maximum rate of ~100 MB/s. The module’s hardwa

architecture, mechanism for synchronizing with NISTs DFB,

and count rate capability are presented.

Index Terms— data acquisition, digital signal processing, time
division multiplexing, transition edge sensor.

M

coupled to superconducting quantum interferenceicdsv
(SQUIDs) have been demonstrated in recent year$3]1]
These TES x-ray or gamma-ray microcalorimeters Hévee
potential to be used as high-energy-resolutionh4eigunt-rate
X-ray or gamma-ray spectrometers for applicatioms
astrophysics, materials analysis, nuclear forensasd
international nuclear safeguards [4].

The National Institute of Standards and Technol@gsT)
in Boulder, CO has developed a time-division midted
(TDM) SQUID readout system for large-format TESags
[5]-[6]. A key component of this TDM readout systéma
digital-feedback (DFB) card developed at NIST. TDBEB
card digitizes a multiplexed signal from a colunfrtt® array
and maintains a flux-locked loop for each columrheT

I. INTRODUCTION
ultiplexed readout of large arrays of transitionged

Manuscript received October 9, 2012. This work wagported in part by
the U.S. Department of Energy under Grant DE-FGPRRB4760.

H. Tan, M. Walby, W. Hennig, W. K. Warburton, and ®Grudberg are
with XIA LLC, Hayward, CA 94544 USA (phone: 510-48%60; fax: 510-
401-5761; e-mail: htan@xia.com).

C. D. Reintsema, D. A. Bennett, W. B. Doriese, andil. Ullom are with
the National Institute of Standards and Technol@&pylder, CO 80305 USA
(e-mail: ullom@boulder.nist.gov).

streamed to the host computer through a fiber-optik
between the DFB and a NIST-developed PCI cardliedtin
the computer. The captured feedback and error aatahen
be analyzed offline via optimal filtering to compupulse
energies.

For large microcalorimeter arrays, the amount dhdhat
needs to be streamed and stored becomes prohlipiiimited
by the available data bandwidth. Therefore, reaheti
processing of microcalorimeter pulses in the readou
electronics and only transmitting and storing aitkeh data
record for each event in the computer should hegatty,
particularly in high-count-rate applications. Whiterdware
based real time processing of microcalorimeter gaulgsing
optimal filtering has been reported [7], count redpability in
such applications is limited.

XIA has developed digital pulse algorithms that qsot
only be implemented in a digital signal processimadule but
also achieve comparable energy resolution to opfiittering
with TES detectors [8]-[9]. In addition, we havepoeted a
versatile digital signal processing (DSP) modulat ttonsists
of a standard main processing board and a varfetgaalout-
specific daughter boards [10]. In this paper, wgorea new
DSP module, the MicroCAL-T128, whose daughter boead

sensor (TES) x-ray or gamma-ray microcalorimeterspecifically designed for interfacing to the NISTFB cards

for real time processing of TDM data. We first dése its

hardware architecture, then discuss the mechatiahwe use
to synchronize the DFB with the MicroCAL-T128, afirtally

report its count rate capability.

As shown in Fig. 1, a MicroCAL-T128 pulse procegsin
board consists of a TDM daughter board (top) asthadard
main board (bottom), forming a single-slot width FeXI
module that can be operated from a PXI chassis.ePasv
supplied from the main board to the daughter bttam@ligh an
inter-board power connector, and data communication
between them is done via high-density board-todboar
connectors.

Fig. 2 shows the block diagram of the MicroCAL-T128
TDM daughter board. Its front end features six rfibptic
receivers (HFBR-2526Z), which accept up to six ffibptic
connections from the NIST DFB system. The six HFBR
receiver outputs are then sent to six limiting afigrk
(MAX3645) that function as data quantizers with slad-
signal detectors and output differential PECL sigra the

HARDWARE ARCHITECTURE OF THE MICROCAtT128



B. Clock recovery

The 50 MHz clock is recovered in two steps. The Fikdt
finds and locks onto the LSYNC, and then the 50 Mslz
generated from this locked signal by multiplying fitequency
by Nc k. Several registers written by the software araired
to properly configure the PLL, and simple Exceleguisheet
is used to generate these settings (REFDIV, FBKDIV,
SYNCPOL, REFDSRC, PECL, POST1, SYNCEN), which are
then passed to the PLL via the 12C interface. Pevémce of
the phase shifter depends on the PLL referencek di@ing
low jitter so the Xilinx digital clock manager (DOMcan
maintain its lock.

Fig. 1. A picture showing a MicroCAIL4128 board consisting of a TC
daughter board and a main board.

Xilinx Spartan 3A FPGA (XC3S400A-4_C_BGA320). . coveen 1||I|||l|l|||hll||[
Additionally, the output from one limiting amplifi€typically crock

the first one) that is associated with the LSYN@nal from
the DFB is also sent to a programmable Phase Lotheg  Channels . PERoD.

(PLL) (FS1745) for clock recovery. The recovered Nabiz PO | 1 P, (7 [ 7o ]-n [7. | 7. | [ROWcount
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Fig. 3 shows the timing diagram of the MicroCAL-BL2
board. For the discussions below, it is assumed Mgax
Fig. 2. Block diagram of the MicroCAL-T128 TDM dgiuter board. equals to 32 and the number of multiplexed rows fiiesr-
optic receiver is 8.

Once a stable 50 MHz clock is recovered from th& NS,

) the MicroCAL-T128 enters into a data recovery ar $ync
A. Interface overview phase. It starts by identifying a known data wdndttis a
The MicroCAL-T128 board accepts two types of signalreference pattern set by the NIST DFB and whictals

from NIST's DFB system through fiber-optic cablesie is known to the software at setup. The FPGA detedsspifittern

LSYNC, which is a periodic pulse sent by NIST'salacard to establish a phase relative to the LSYNC. Theegfthe data

and whose period is the master clock period dividgdNc i« versus clock skew, whose value is determined byDR&

(Ncik > 32), and the other is 32-bit data packets, whatsist  firmware, can be automatically taken care of byphecess of

of 14-bit feedback and 16-bit error signals, anrfioes bit and  reference pattern matching. Once the referenceerpatis

a data-framing bit. identified, the search mode exits to enter a matote.

The synchronization between NIST's DFB system dre t _

MicroCAL-T128 consists of three steps: 1) recoviee £50 D. Frame SYNC algorithm

MHz master clock in the MicroCAL-T128 using the LEg; The major goal of the match mode is to determieefitame

2) synchronize data packets relative to LSYNC edgsiag bit ‘1" in the serial data stream from the DFB. varhe bit ‘1’

reference pattern matching (bit sync); and 3) deitez the indicates the starting row of a multiplexed columbne

successive reference pattern match with the copedbd to

declare the in-frame condition. Once in frame,dbeelator is
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2
|

Ill.  MICROCAL-T128INTERFACE AND HARDWARE FUNCTIONS
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Fig. 4. Functional diagram for the MicroCAL-T128udhter board.

TABLE |
TOTAL NUMBER OF MULTIPLEXED MICROCALORIMETER PIXELSSUPPORTED BY THE MICROCAET128

Minimal sample interval Minimal sample interval

Number of Number of fiber optic - . ' Total number of pixels
multiplexed rows [ECEIVErS 10 USe limited by MicroCAL-T128 provided by DFB supported
for each fiber (s) (s)
optic receiver 50 MHz 100 MHz 50 MHz 100 MHz 50 MHz 100 MHz 50 MHz 100 MHz
master clock master clock master clock master clock master clock master clock master clock master clock
8 5 4 3.2 2.56 5.12 2.56 40 32
16 5 4 6.4 5.12 10.24 5.12 80 64
32 4 4 10.24 10.24 20.48 10.24 128 128

disabled and the correlator delays are frozen. Kewethis Signals recovered from the optical to electricahvasion
frame bit ‘1’ is not necessarily present in theerehce pattern. are extracted from the channel of interest as 14elsidback
Due to this uncertainty a hardware-controlled aptie and 16-bit error values. The error values are ipligtd with an
provided so software can disable the test pattediraal data 18-bit coefficient and scaled to 14-bits before inod with
can be provided by the DFB. Alternatively, a backKapce the 14-bit feedback value resulting in 15-bit unsig results.
mode is provided that simply captures the dataepattnd The software writes an 18-bit mix coefficient valte a
writes it to a register. The correlator delays ¢laen be set register in the daughter board FPGA for each chaiiihe 18-
manually by software. By repeated monitoring of tbeeived bit coefficient is signed and the error offsets assumed as
data register, the phase setting can be deternsinddocked well so the correction may be positive or negatilthough
in place for each channel individually. the result is unsigned. A 23-bit data and contrud bends the
. : . final 16-bit sample data and a 7-bit index from fhBM
E. MicroCAL-T128 functional diagram daughter board to the main board. A valid strobiedkided to

Fig. 4 shows the functional diagram of the MicroGAL jygicate valid data synchronously with the 50 MHzstem
T128. It essentially summarizes the aforementionediware ook

architecture and interface functions. For clockokeey, the
clock source for the PLL can be any of the six aediata
inputs through software selection; but in practicieannel 0,
or RXSERIAL DATAL1, is typically used.

F. Number of pixels supported by each MicroCAL-T128

The main board FPGA of a MicroCAL-T128 uses an
interleaved mechanism to process interleaved damaples
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from up to 128 microcalorimeter pixels sent by thBM
daughter board. The limit of 128 channels is set thy
available FPGA memory resources for that many calsnrit
takes 8 clock cycles of the FPGA, which runs at MMz, to
process each multiplexed sample. This time is rbeue
retrieve previously stored real-time filtering vedufor each
pixel and then save the updated ones to storageefane, the
maximum data rate allowed for the TDM daughter doiar
12.5 MHz. If five of TDM daughter board’s six fibeptic
receivers are used to accept data from the DFBscah#d
maximum packet rate for each fiber is 2.5 MHz,, iiater-
packet interval should be at least 400 ns.

When 50 MHz master clock is used in the DFB angiN:
32, the minimum sampling interval allowed by the D5

5.12, 10.24 or 20.48s for 8, 16, or 32 multiplexed rows per

column, respectively. For 32 multiplexed rows petumn,
only up to 4 fiber receivers can be used due tdithie of 128
channels. Correspondingly, the minimum samplingerirdl
imposed by the MicroCAL-T128 board is 3.2, 6.4,16r.24
ps, respectively. Since the minimum sampling

MicroCAL-T128, it is clear that the MicroCAL-T128an
support up to 128 channels with 50 MHz master cltickhe

case of 100 MHz master clock that is used in the-ne

generation DFB, the same is true as shown in Tlable

G. Theoretical count rate capability

The MicroCAL-T128 board can be operated in two datg | '

acquisition modes: MCA histogramming mode, in whacty
MCA histograms (64K bins of MCA histogram storageace
for each channel) and counting statistics are aatated for
each channel in real time, and list mode, in whichddition
to the histogram and counting statistics data, génigd

waveforms can also be recorded. When running in MC/

histogramming mode, the output count rate capgbilll

interva
allowed by the DFB is higher than that imposed bg t

front panel optical receivers through two on-boaxatical
transmitters, forming a loop-back test. Additiogalin order
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Fig. 5. Timing diagram for the MicroCAL-T128 daughboard.
to test the effect of clock jitter from the PXI taaclock, one

only be limited by the energy filter time, whichgsttable by a MicroCAL-T128 board was installed in one crate aibsl

user. For instance, if the energy filter time isteel00us, the
output count rate can potentially reach 3,678 aspixel or
~470 Kcps for 128 pixels combined.

The list mode data storage space for each of tHg
channels is 131072 words (16-bit wide). If eaclygered
record consists of 8192 samples in the form of BZlhta
(both feedback and error data included), each ataoan
store up to 8 events in its on-board memory. Cansid the
PCI readout speed of ~100 MB/s, each triggeredrdebas
about 32K bytes of data, and for 128 channelstdted data
amount is about 4 MB. So it is possible to captaeut 25
counts per second for each of the 128 channels, thad
amounts to about 3,200 cps for the whole 128 piXélsnly
recording timestamp and energy for each triggeen tithe
capable output count rate capability can be higret only
subject to the constraint of energy filter time.

IV. HARDWARE TEST

The MicroCAL-T128 board has been tested using uii#-b
in optical transmitters. LSYNC and data signals evéirst
generated in the daughter board FPGA, and thentsette

LSYNC and data signals were then sent to a MicrodJARS8
board in another PXI crate.
Fig. 5 shows both the PLL recovered 50 MHz from the
1imput LSYNC signal and the proper alignment of daga with
the recovered clock. The recovered clock lockh®olLSYNC
signal, illustrating the reliability of the cloclecovery. The
bottom half of the Fig. 5 shows the alignment & thcovered
clock rising edge with the center of the data bitserefore, it
provides sufficient timing margin for proper datargpling.

V. CONCLUSION

A digital signal processing module has been deszldior
interfacing to the NIST DFB boards for real-timeopessing
of time-division multiplexed microcalorimeter putseEach
module supports up to 128 microcalorimeter pixdlitus
several modules installed in a 3U PXI crate cancess
signals from large TES arrays and provide a cofgcgfe
solution for reading out such large arrays withihe need to
store large amount of raw pulse data.
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