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1 INTRODUCTION 

This document describes the proposed design of a new software-based FX-type full-

Stokes spectrometer and spectro-correlator for the four 12-meter antennas within the 

Atacama Compact Array (ACA) that form the ACA Total Power (ACA TP) array. 

The design of the new ACA Spectrometer meets the scientific specifications and 

requirements given for continuum and spectral line observations with the ACA TP.  In 

wider context, the key driver for total power measurements with ACA TP antennas is 

to improve image quality by filling in missing data at short spatial frequencies not 

covered by the interferometric observations of ACA and/or the 12-meter array, see 

Figure 1.  

 

Figure 1 Images of the science verification observation of M 100 with 12m, 7m, 

and TP arrays, respectively from the left panel.  The right-most panel shows a 

combined image obtained from visibilities of three arrays. 

Here we describe the scientific and operational advantages, expandability, and 

disadvantages of adopting the new Spectrometer. The ACA Spectrometer will have 

the functionality to obtain auto-correlation for single dish use and cross-correlation for 

interferometric pointing and focus measurements, and polarization calibration. 

Background: The current ACA Correlator is designed and optimized for processing 

“cross- correlation” data from the ACA 7m array, which means that it is not fully 

tuned for “auto- correlation” from single dish use and all of the ALMA science 

specifications may not be satisfied as a consequence. To be more specific, the ACA 

Correlator decimates the 16-bit FFT output down to 4-bits before the multiplication, 

an inevitable procedure that was necessary to decrease the computational load and the 

transmission rate between FFT and multiplication processors for accommodating the 
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large number of baselines. Note that a similar decimation process was implemented in 

the Baseline Correlator in order to squeeze the development cost. In practice, such a 

decimation is not necessary for auto-correlation, since there are only four total power 

antennas and the resultant computation load and transmission rate are much lower 

than cross-correlating 16 antennas. The new Spectrometer allows us to separate the 

auto-correlation from the cross-correlation, leading to an increase in accuracy by 

maintaining 32-bit quantization and eliminating the loss due to re-quantization in the 

decimation.  

Improvements in linearity: Achieving high amplitude accuracy in the total power 

data is critical for combining data with the 12m-array and realizing the highest fidelity 

images that ALMA promises to deliver to the community. For example, the inter-arm 

ISM could account for ~50% of the total emission in galaxies and occupy spatial 

scales as large as 1.3 kpc, for example M51, and properly imaging this extended 

emission without complex (and often troublesome) cross-calibration between the total 

power and interferometer is essential for maximizing the science return.  

It is known that the ACA Correlator has suffered from non-linearity problems (a 

report entitled "Erratum: Correction factor on the ACA Correlator () written by 

Kameno-san), introducing uncertainties in the accuracy of the total power amplitude 

calibration. The problem was caused by the absence of the nonlinearity correction in 

the online processing system. Currently, this problem is mitigated by adopting a 

variable correction factor formulated by Kamazaki-san in a document (ALMA-

CORR-06011-C, 2014/07/15) and applying it the online processing system. As a 

result, it was confirmed that the continuum flux measurements by the ACA Correlator 

are currently consistent with those of the Baseline Correlator within 5%, and the 

integrated flux measurements are 6.4% for Band 7 CO (3-2) line, and 7.2% for Band 3 

CO (1-0) line (see A document written by Seiji Kameno and Takeshi Kamazaki on 

June 25, 2015. The title of this document is "Amplitude verifications for ACA 

correlator: 3-bit linearity correction."). The CM03 antenna shows more than 10% 

difference in the CO spectral line observations, which was interpreted by the authors 

as single failure. While the relative accuracies of the ACA Correlator with respect to 

the baseline correlator may be sufficient for current cycles, a higher accuracy of ~1% 

is set by science requirement (ALMA-90.00.00.00-001-A-SPE). The new ACA 

Spectrometer with 32-bit floating point calculations doesn't need the additional 4-bit 

quantization after FFT as needed in the ACA Correlator. We expect that the ACA 

Spectrometer will produce auto-correlation outputs with improved linearity of power 

measurements and hence higher overall accuracy of the amplitude calibration. 

Improvements in dynamic range: Because of the aforementioned decimation 

process, the required spectral dynamic range of 10000:1 (measuring a weak line in the 

presence of a strong one) is difficult to achieve. Some of the notable sources that 

benefit from high spectral dynamic range are, for example, Orion KL or maser 

sources. The new Spectrometer will mitigate this problem, by increasing the number 

of bits for FFT/multiplication. Firstly, the FFT portion of the new ACA spectrometer 

will use 32-bits (the current FX-type ACA Correlator is carried out in 16-bits). 
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Secondly, the multiplication will also be carried out in 32-bits (the ACA Correlator 

uses 4-bits). 

Operational Advantage: The current ACA Correlator accommodates the signal from 

both the ACA 7-m array and the 12-m TP array, often operating simultaneously for 

scientific use. If the ACA Correlator suffers downtime due to an unforeseeable 

hardware/software event, then the data acquisition from both arrays will discontinue, 

affecting the operation of the entire ACA. Obviously, improvements in efficiency can 

be realized if the data acquisition from the interferometer and the total power are 

separated into different hardware. In addition, hardware/software architecture will 

become simple and thus flexible, allowing us to implement future functionalities that 

are specific to single dish observations. By including interferometric capabilities for 

calibration purpose the ACA Spectrometer avoids a dependency on external systems 

and avoids sub-array re-creation time overhead when switching between calibration 

and science observing blocks in the schedule. 

Expandability: Because the development of the ACA Spectrometer is done in 

software, it will be relatively straightforward to implement additional capabilities in 

the future, for example, full single dish polarization, nutator, or frequency switching 

mode.  

Disadvantages: Higher power consumption and additional cooling and rack space 

requirements for GPU servers are the main disadvantages of the ACA Spectrometer. 

Because of the low-pressure environment at the ALMA site, it is expected that the 

cooling is not as efficient as at ground level. However, the cooling and power 

capacities, and the rack space in the ACA Correlator room are enough to 

accommodate the GPU servers.  

Spectral processing in the new ACA Spectrometer is done in software that is 

accelerated by general purpose computing on commercial graphics processing units 

(GPUs). The GPUs are installed in commercial-off-the-shelf (COTS) servers. 

Compared to a hardware implementation this reduces the dependency on specialized 

devices, and offers better maintainability, serviceability, spectral processing 

flexibility, and excellent expandability also in regard to bandwidth upgrades planned 

for ALMA Development Roadmap [RD 01]. The use of GPU is well established in 

astronomical instrumentation, including various backends such as spectrometers (e.g., 

VEGAS1 at Green Bank Telescope, PolariS at Nobeyama 45m Telescope), pulsar 

engines (e.g., Parkes HIPSR), and transient search engines (e.g., ARTEMIS for 

LOFAR and MeerKAT). GPUs are successfully used in or are investigated for phased 

array beam formers and correlators of arrays such as LOFAR, Canadian Hydrogen 

Intensity Mapping Experiment (CHIME), Long Wavelength Array (LEDA), and 

SKA-Low.  Therefore, the performance of a GPU is now enough to process the data 

streams from the ACA TP array.  

 
1 A hybrid design with time domain channelization on FPGA followed by spectral processing on GPU. 
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Figure 2 represents a high-level view of the ACA Spectrometer and its interfaces to 

the ALMA system. Red and blue boxes are the pre-existing facilities and the orange 

boxes are to be added. The hardware components that form part of the ACA 

Spectrometer are one ACA Spectrometer Control (ASC) server with an additional 

backup server, four ACA Spectrometer Modules (ASM) with an additional one more 

spare module, two network switches, and data acquisition (DRXP) cards installed in 

each ASM. The optical signal splitters belong to the Backend. Signals from antennas 

go through the optical signal splitters where they are split into two paths; one path 

goes to the ACA Correlator and the other to the ACA Spectrometer.  In this way the 

ACA Spectrometer can operate independently of the ACA Correlator.  

The main processing units in the ACA Spectrometer are ASMs.  Each ASM is a 

general-purpose GPU server in which two DRXP and four GPU cards are installed 

through PCIe slots.   One DRXP card can receive the digitized data streams of two 

basebands. Optical cable connections will be done in a way that two DRXP cards in 

each ASM will receive the data streams of four basebands, one from each antenna of 

the TP array.  Each GPU in an ASM will basically process the data stream from one 

baseband for the auto-correlation mode, which will be explained in the next section. 
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Figure 2 High-level view of the ACA Spectrometer and its interfaces to ALMA. 

The new components to be installed are indicated by orange boxes: M&C 

computers, module servers, optical signal splitters, and network switches. 

Arrows indicate network data flow (blue)), optical signals (red), and analog 

timing signals (green).  The optical signal splitters allow the ACA 

Spectrometer to operate independently of the ACA Correlator. The 48 ms 

timing signal is delivered to the DRXP cards through a daisy-chained RS-485 

cable. 

ALMA CONTROL sends command to ASC.  Then ASC will interact with four ASMs 

through the network switch. ASC will receive processing outputs from the ASMs, 

package them in BDF, send the final outputs to ALMA ARCHIVE. 

1.1 Scope 

This document is intended for a CDMR and describes the hardware and software 

components, and the software architecture of the ACS Spectrometer.  

1.2 Applicable Document  

The following documents are part of this document to the extent specified herein. If 

not explicitly stated otherwise, the latest issue of the document is valid. 

Appl.  Document Title ALMA Doc. Number 

[AD01] ACA Scientific Specifications and Requirements ALMA-90.00.00.00-013-A-SPE 

[AD02] ACA Spectrometer Technical Specifications and 

Requirements 

ALMA-64.00.00.00-005-A-SPE 
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[AD03] ALMA Safety Risk Analysis Procedures ALMA-10.08.00.00-004-A-GEN 

[AD04] ALMA System General Safety Design Specification ALMA-10.08.00.00-003-B-GEN 

In the event of any conflict with this document, the Specification takes precedence. 

1.3 Interface Control Documents 

Appl.  Document Title ALMA Doc. Number 

[ICD01] Interface Control Document Between: Site (AOS 

Technical Building) And: ACA Correlator 

ALMA-20.01.02.00-62.00.00.00-C-ICD 

[ICD02] Interface Control Document Between: Back End 

And: ACA Correlator 

ALMA-50.00.00.00-62.00.00.00-D-ICD 

[ICD03] Interface Control Document Between: Back End 

And: ACA Spectrometer 

ALMA-50.00.00.00-64.00.00.00-A-ICD 

[ICD04] Interface Control Document Between: Back 

End/Optical Amplifier for ACA And: 

Computing/Control Software 

ALMA-54.15.00.00-70.35.30.00-A-ICD 

[ICD05] Interface Control Document Between: ACA 

Correlator And: ACA Spectrometer 

ALMA-62.00.00.00-64.00.00.00-A-ICD 

[ICD06] Interface Control Document Between: ACA 

Correlator And: Computing / ACA Spectrometer 

Control (ASC) Subsystem 

ALMA-62.00.00.00-70.44.00.00-A-ICD 

[ICD07] Interface Control Document Between: ACA 

Spectrometer And: Computing / ACA 

Spectrometer Control (ASC) Subsystem 

ALMA-64.00.00.00-70.44.00.00-A-ICD 

 

1.4 Reference Documents  

The following documents are referenced within the present document to the extent 

specified herein. If not explicitly stated otherwise, the latest issue of the document is 

valid. 

Appl.  Document Title Reference 

[RD01] ALMA Development Roadmap  

[RD02] Digital Transmission System Signaling Protocol ALMA Memo #420 

[RD03] 3-bit Digitizer Linearity Correction, T. Kamazaki 
ALMA-CORR-06011-C, 

ACA-FX Memo 

[RD04] 
Frequency profile difference between ACA 

Correlator and 64-Antenna Correlator 
ALMA Memo #580 

[RD05] 

Kamazaki et al. (2010), Digital Spectro-Correlator 

System for the Atacama Compact Array of the 

Atacama Large Millimeter/submillimeter Array 

DOI:10.1093/pasj/64.2.29 

[RD06] 

A. Vignesh et al. (2015), On the Performance and 

Energy Efficiency of FPGAs and GPUs for 

Polyphase Channelization 

DOI:10.1109/ReConFig.2014.7032542 

[RD07] 
Production DRXP board for ACA Spectrometer 

Technical Specifications and Requirements 
CORL-64.20.00.00-0002-A-SPE 

[RD08] DRXP Driver Specification (version 2.0.6) CORL-64.20.00.00-0003-A-SPE 

[RD09] 
Production DRXP Board User’s Manual (version 

1.6) 
CORL-64.20.00.00-0004-MAN 

[RD10] MTBF Analysis of Production DRXP Board  CORL-64.20.00.00-0005-A-REP 

[RD11] Production DRXP Test Report (version 1.2)  CORL-64.20.00.00-0006-A-REP 

[RD12] Production DRXP board drawings CORL-64.20.00.00-0007-A-DWG 
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[RD13] 
10 Gb/s SFP Optical Transceiver Module 

SPP5200ER-GL(-M,W) 
CORL-64.20.00.00-0008-A-MDS 

[RD14] 

Preliminary Test Report of EDFA for ACA 

Correlator and ACA Spectrometer + Further Test 

Plan 

BEND-54.15.00.00-0001-A-REP 

[RD15] ACA Spectrometer Maintenance Plan CORL-64.00.00.00-007-A-PLA 

[RD16] 
ACA Spectrometer Control (ASC) Software 

Detailed Design 
COMP-70.44.10.00-0001-A-DSN 

[RD17] 

C. Harris and K. Haines (2011), A Mathematical 

Review of Polyphase Filterbank Implementations 

for Radio Astronomy 

DOI:10.1071/AS11032 

[RD18] Kahan summation algorithm in wikipedia 
https://en.wikipedia.org/wiki/Kahan_s

ummation_algorithm 

[RD19] ACA Spectrometer Maintenance Plan CORL-64.00.00.00-0018-A-PLA 

[RD20] ACA Spectrometer Safety Report  CORL-64.00.00.00-0015-A-REP 

[RD21] ACA Spectrometer Compliance Matrix CORL-64.00.00.00-0016-A-REP 

[RD22] 
Study Report on GPU Cooling Efficiency of ACA 

Spectrometer at High Site 
CORL-64.20.00.00-0001-A-REP 

[RD23] ALMA System Technical Requirements ALMA-80.04.00.00-005-C-SPE 

[RD24] 

Uchida et al. (2014), Signal Detection Performance 

of Overlapped FFT Scheme with Additional Frames 

Consisting of Non-continuous Samples in Indoor 

Environment 

Wireless Personal communications 79, 

987-1002(2014) 
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1.5 Acronyms 

The more complete list of acronyms and abbreviations used within this document are 

given below. For a complete set of acronyms and abbreviations, please go to the 

ALMA Acronym Finder web page. 

 

ACA Atacama Compact Array 

AS  ACA Spectrometer 

ASIC Application Specific Integrated Circuits 

ALMA Atacama Large Millimeter/submillimeter Array 

AOS Array Operations Site 

ASC ACA Spectrometer Control 

ASM ACA Spectrometer Module 

BDF Binary Data Format 

CAI Correlator Antenna Input 

CDMR Critical Design and Manufacturing Readiness 

COTS Commercial Off the Shelf 

CPU Central Processing Unit 

CUDA Compute Unified Device Architecture 

DFT Discrete Fourier Transform 

DRXP DTS Receiver Board with PCIe interface  

DTS Digital Transmission System 

ECC Error Correction Code 

EDFA Erbium Doped Fiber Amplifier 

EMI Electromagnetic Interference 

EMC Electromagnetic Compatibility 

FFT Fast Fourier Transform 

FPGA Field Programmable Gate Arrays 

GPGPU General Purpose GPU  

GPU Graphic Processing Unit 

ICD Interface Control Document 

IPMI Intelligent Platform Management Interface 

IP  Internet Protocol 

JAO Joint ALMA Observatory 

KASI Korea Astronomy and Space Science Institute 

M&C Monitor and Control 

https://adewiki.alma.cl/bin/view/Main/AcronymFinder
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NAOJ National Astronomical Observatory of Japan 

NDA Non-Disclosure Agreement 

NTP Network Time Protocol 

OSF Operations Support Facilities 

PCIe Peripheral Component Interconnect Express 

PDR Preliminary Design Review 

PDU Power Distribution Unit 

PSD Power Spectral Density 

SEU Single Event Upset 

SSD Solid State Device 

TAI International Atomic Time 

TCP Transmission Control Protocol 

TDP Thermal Design Power 

TP  ACA Total Power Array 

UTC Coordinated Universal Time 
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2 REQUIREMENTS AND SPECIFICATIONS 

2.1 Requirements 

Scientific specifications and requirements of ACA are given in [AD01]. And technical 

specifications and requirements of the ACA Spectrometer are given in [AD02]. Interface documents 

in [ICD01; ICD02; ICD03; ICD04; ICD05; ICD06; ICD07] describe newly added interfaces and 

modified interfaces due to the ACA Spectrometer.  

Quantized digital baseband data are available from antennas via the optical data transmission 

system DTS [RD02]. Spectral processing has to produce time integrated total power spectra at full-

Stokes with spectral windows placed into the four basebands available from each antenna. 

Interferometric cross-correlation has to be supported for calibration purpose only.  

Total power observations from ACA TP will generally be combined with interferometric ACA 

and/or 64-antenna ALMA observations. In this case a common spectral response characteristic is 

desirable. The spectral response of ACA Correlator is natively that of an FX-type correlator, 

whereas the 64-antenna Baseline Correlator is natively an XF-type correlator (see section 3.1). For 

spectral compatibility towards the Baseline Correlator data two special processing steps are required 

in the ACA Spectrometer: 1) a linearity correction described in [RD03] that corrects for the non-

ideal quantization of analog signals at the antennas, and 2) a frequency profile synthesis (XF 

emulation)2 as described for ACA Correlator in [RD04]. 

There are two main use cases for the ACA Spectrometer.  They follow the common above 

requirements, but differ in technical details. 

2.1.1 Use Case 1: Total Power and Spectrometry 

This is the primary use case. The ACA TP antennas operate in total power observing modes for 

continuum or spectral line observations. The observation modes that are supported by the ACA 

Spectrometer are listed up in Table 1-6 in [AD02]. All of the modes except the TDMs have 

corresponding modes supported by the 64-antenna Baseline Correlator and the ACA Correlator.  

The ACA Spectrometer carries out spectral processing of up to four basebands from four ACA TP 

antennas. Spectral processing of each baseband is individually configurable by ALMA CONTROL.  

The total signal bandwidth that the ACA Spectrometer must support is 64 GHz (4 antennas x 

4 basebands x 2 GHz bandwidth x 2 polarizations), corresponding to a data rate over DTS of 

384 Gbit/s for 3-bit quantized baseband signals. Outputs from the ACA Spectrometer are time 

integrated power spectra in each polarization hand and in cross-hands. The ACA Spectrometer must 

support a spectral channel spacing down to 3.9 kHz across each 2 GHz baseband bandwidth and 

must allow placing one or more “spectral windows” into the basebands. In switching type 

observations, e.g., nutator observations, the output spectra have to be binned per switching position.  

The shortest integration time is 1 ms for the observing modes, 68 of Table 1, 69 of Table 2, and 70 

of Table 3 in [AD02], which are newly added observing modes only for the ACA Spectrometer.  

The total output rates from the three observations modes are designed to have the same rate, 16.384 

MB/s, which is within the requirement of the maximum output rate in [AD02].    

 
2 A double-resolution FX can emulate the response of Hanning-windowed XF, as described in [RD04]. 
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The minimum dynamic range in power spectra is 10000:1 for simultaneous observations of multiple 

spectral lines (strong to weak spectral line ratio), or 1000:1 for a spectral line over a continuum (line 

to continuum ratio). These translate to dynamic ranges in spectral amplitude of 100:1 and 10√10:1. 

2.1.2 Use Case 2: Interferometric calibrations 

In this use case the signals from ACA TP antennas are combined coherently. The interferometric 

observing mode is intended for calibration (pointing, focusing, polarization, and sideband gains) 

since its higher sensitivity and narrow synthesized beam yield better calibrations compared to the 

single-dish observing mode. Cross correlation by the ACA Spectrometer will be done only for 

TDM modes of all four basebands. The newly added TDM modes are listed in Table 7 of [AD02]. 

One of the advantages of the ACA Spectrometer in the operational point of view is that the ACA 

Spectrometer will be independent of the ACA Correlator.  In order to achieve this advantage, the 

ACA Spectrometer will produce the cross-antenna correlation.  Each scheduling block contains 

scans for, for example, pointing and focus calibrations before scans for scientific targets.  If there 

are no cross-antenna products from the ACA Spectrometer, then the ACA Correlator should be 

involved in scans for the calibrations, even though science observations need only auto-correlations 

from the TP antennas.  The products of cross-antenna correlations from the ACA Spectrometer 

enable people to do calibrations without the intervention of the ACA Correlator.    

Delay compensation will be implemented in the ACA Spectrometer as was implemented in the 

ACA Correlator [RD05] and Baseline correlator, and commanded by the ALMA CONTROL 

software Delay Events. The delay compensation will be done in three levels, two of which 

performed by the ACA spectrometer. The first level, applied by the ACA spectrometer, is the coarse 

delay compensation, which is to shift digitized samples in units of one 250ps sample. The second 

step, performed by the digitizer clock (DGCK) in the antennas, is the fine delay compensation, 

which modifies the digitizer clock phase in steps of 1/16 of a sample, i.e. 15.625ps. The final step, 

performed by the ACA Spectrometer, is the residual delay compensation, which is to compensate 

the remaining delay error less than 15.625 ps after FFT. All delay compensation changes happen on 

1ms timing boundaries. 

A total input bandwidth of 64 GHz (i.e., 4 antennas x 4 baseband x 2 GHz x 2 polarizations) is to be 

supported, corresponding to an ingress data rate from DTS of 384 Gbit/s. The output from the ACA 

Spectrometer is time integrated visibilities on all 6 baselines at low spectral resolutions.  The newly 

added interferometric observing modes, 81 and 82 of Table 7 in [AD02], have 64 or 128 spectral 

channels across 2 GHz, respectively. The integration time of those two observing modes is 96 ms 

(see Table 7 in [AD02]).  Because of the long integration, compared to 1ms TDM modes for auto-

correlation the output data rate of the interferometric modes is far less than the requirement of the 

maximum output rate of the ACA Spectrometer, 17 MB/s, specified in [AD02]. 

2.2 Important Specifications 

The important specifications are listed in Table 1 and reflect the requirements [AD01, AD02]. The 

total bandwidth is limited by the existing optical DTS system.  Basically, they are the same as the 

ACA Corrector specifications except a few items that are relevant only to the ACA Spectrometer.  
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Table 1 Important specifications of the ACA Spectrometer 

Category Item Specification 

Input Number of antennas 4 

Number of inputs per antenna 4 basebands x 2 polarizations 

Processing bandwidth per input 2 GHz in 2 polarizations 

Sampling speed per input 4 Gsamples/s 

Number of bits per sample 3 bits 

Number of optical links 12 per antenna, 48 in total for 4 TP 

antennas 

Total data bandwidth per antenna 96 Gbits/s 

Timing signal 48 ms  

Output Maximum number of  

spectral windows 

64 per baseband (compatibility) 

Maximum number of  

frequency channels 

8192 per spectral window (ACA 

compatibility), 524288 channels over 

the full baseband internally 

Polarization products for single-dish 

observations 

Single (XX* or YY*), or dual (XX* 

and YY*), or full Stokes products 

(XX*, YY*, XY*, YX*) 

Polarization products for 

interferometric observations 

6 baselines in full-Stokes 

Function Correlator type FX 

Spectral response sinc2 (FX), sinc (emulated XF),  

or other (windowed FX) 

Finest frequency channel spacing 3.815 kHz (2 GHz/512k channels) 

Highest time resolution 1 ms (only TDM modes for auto-

correlation) 

Spectral averaging3 n x 3.815 kHz (n=2,3, …, 524288) 

Time averaging Short: n x 1 ms (n=1,2, …, 48) 

Long: n x 48 ms (n=1,2, …, 1000) 

 
3 Spectral averaging across channels of the natively 524,288-channel spectra produced internally in the ACA 

Spectrometer. 
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Interferometric sensitivity loss < 1 % via delay corrections 

Environment Temperature 10ºC - 28ºC 

Humidity 20%~80% (No condensation) 

Altitude 5100m (AOS Technical Building) 

EMC CISPR Class B 

 

2.2.1 Maximum output data rates 

One of important specifications of the ACA Spectrometer is 1 ms integration time for the TDM 

modes.  There are three TDM modes, 68, 69, 70, which are listed in Table 1, 2, 3 of [AD02], 

respectively. They are newly added observing modes with 1 ms integration time, and designed to 

generate same amount of an output data rate. In fact, due to the short integration time, they generate 

output with a maximum data rate among all observing modes. Here we calculate the maximum 

output data rate from the observing mode, 70 (full polarization), as an example, 

4 (antenna) x 64 (number of channels) x 4 (full pol) x 4 Byte x 4 (baseband) / 1 ms = 16.384 Byte/s 

The requirement of maximum output data rates [CORL-64.00.00.00-00300-00/R] in [AD02], 17 

MB/s, is based on the above estimate. The output data rates for other observing modes listed in the 

specification document are less than 17 MB/s and can be calculated in a similar way.   

The archive writing rate of the whole ACA with 16 antennas is 3.6 MB/s [RD23].  If the ACA 

operates as two subarrays of 7m and TP arrays, then the archive writing rate of each subarray is 3.6 

MB/s [RD23].   The maximum output data rate, 17 MB/s, exceeds the currently available output data 

rate, 3.6 MB/s, for the TP array.     Table 2 shows output data rates of the two existing BL and ACA 

correlators and the ACA Spectrometer to be installed.   

 

Table 2 Output Data Rates from ALMA Correlator and Spectrometer 

 Number of antennas Data rates [MB/s] 

BL Correlator maximum 64 antennas 66~70 

ACA Correlator 16 ACA antennas 3.6  

12 7m antennas 3.6 

4 TP antennas 3.6 

ACA Spectrometer 4 TP antennas  17 
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3 Design Choices 

An important design concept of the ACA Spectrometer for the ACA TP array is not to change any 

components of the ACA Correlator but to add a few new components that operate in parallel to and 

independent of the ACA Correlator.  The advantage of this design concept is that, after the 

implementation of the new spectrometer, the ACA Correlator and Spectrometer will operate 

independently. The ACA Correlator operates for the whole ACA array, which has been a usual 

operation mode for the ACA correlator.  The ACA Spectrometer and Correlator will operate for the 

TP and 7-m arrays as subarrays for the ACA, respectively.  Or the ACA Spectrometer and 64-input 

correlator will operate for the TP and a combined array of 12-m + 7-m antennas, respectively.  The 

addition of the ACA Spectrometer will add flexibility and improve efficiency of operation of 7m 

and TP arrays by avoiding restrictions on subarray creation and setting of CAI connectivity 

in the ACA correlator when multiple subarrays are used. 

3.1 XF vs. FX 

There are two paths to get the power spectral density from a signal, which are shown in Figure 3. 

The top path first multiplies the original signal x(t) with the delayed signal x(t-), takes time 

average of the multiplied quantities and finally performs DFT (discrete Fourier Transform). The 

name XF comes from the fact that multiplication is followed by Fourier transform.  The bottom 

path first performs DFT, multiplication, and finally takes time average.  The name FX comes from 

the fact Fourier transform is followed by multiplication. Because of finite number of samples, the 

spectral response of XF follows a sinc function, whereas FX follows sinc-squared.  
 

 

Figure 3 Two methods to calculate the power spectrum of a signal.  The top path is a so-

called XF method and the bottom path is a so-called FX method.   

 

3.2 Correlator Technology 

There are three technologies for correlators and spectrometers: application-specific integrated 

circuits (ASIC), field-programmable gate arrays (FPGA), and general-purpose processors (CPU, 

GPU). There are also two correlator architectures, “XF” and “FX”, as mentioned in the above. 

Since samples from radio telescopes are usually quantized using small number of bits (3 bits for 

ALMA), the multiplication step of numbers with the small bits can be efficiently calculated using 

ASIC and FPGA technologies.  This is the reason why the XF architecture has still used even 

though it needs more number of calculations than the FX architecture.  Both are suited for ASIC 
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and FPGA. On CPU/GPU on the other hand, the FX architecture is computationally more efficient, 

since FX needs fewer high-speed multipliers than XF. In any technology the FX architecture is 

more efficient than XF when the number of channels or interferometric baselines are large. 

The ASIC and FPGA technologies have an excellent energy efficiency but a poor performance per 

dollar (high W/GHz, low GHz/USD$), contrary to GPU (low W/GHz, high GHz/USD$). A 

comprehensive comparison and references may be found in [RD06].  

The CPU, GPU, FPGA and ASIC can be said roughly to differ in terms of flexibility versus 

efficiency. CPU programs are instantly reprogrammable, and CPUs execute an unlimited set of all 

types of tasks albeit not efficiently nor at a high performance. GPU programs are reprogrammable, 

and GPUs can execute an unlimited set of various computation tasks efficiently. FPGAs are 

reprogrammable (firmware) and efficiently carry out a fixed set of fixed tasks of limited precision 

or limited size. ASIC also carries out a fixed set of fixed tasks but by removing programmability is 

able to reach the highest efficiency and performance. 

Compared with ASIC and FPGA, the GPU technology has a number of advantages. Firstly, 

development time is much shorter as GPU can be programmed using a high-level language similar 

to C/C++. ASIC/FPGA use hardware descriptor languages close to the logic gate level, and 

developers are faced with details of FPGA-specific timing and hardware resource constraints. 

Secondly, GPUs offer greater flexibility and expandability.  GPUs easily implement in high 

numerical precision complex designs such as long signal processing chains with FFT transforms 

and polyphase filters of near arbitrary lengths. ASIC/FPGA can only carry out specific tasks in a 

given design, e.g., FFT transforms of fixed size that are optimized manually. The full signal 

processing chain must fit as a whole onto ASIC/FPGA resources and all processing stages take up 

hardware resources, while on GPU the steps of a processing chain can be executed one after another 

(or as multi-pass) and each step can utilize the full GPU resources irrespective of earlier processing 

steps. Furthermore, programs developed for GPU are generally usable as-is on newer GPU cards 

that offer more computing cores.  Thirdly, the floating-point operations of the GPU (32-bit/64-bit) 

provide higher precision results than the typically ≤16-bit integer operations of the other 

technologies. No internal re-quantization or equalization is needed on GPU to overcome limited 

arithmetic bit resolution.  Fourthly, there are no hardware development costs for a GPU card as it is 

a COTS product.  

One disadvantage of the GPU technology is its lower performance per Watt.  However, the 

performance of GPU technology is continuously improving due to demand from supercomputing 

and high-end gaming consumers. Performance improvements happen more regularly and at a faster 

pace than in the FPGA industry, and migration to new GPU has no development time penalty. As 

such GPU technology is promising for future spectro-correlators. 

Below is a more detailed breakdown. 

ASIC and FPGA: Development requires time and expert knowledge and expensive tools. Design 

and intellectual property, e.g., for replication and improvements are usually not available to 

customers. Licensing costs can be high. Implementing feature changes is non-trivial and/or 

expensive. Standard interfaces of computing technology (e.g., InfiniBand, PCI Express) are 

expensive due to licensing and tend to under-perform compared with their commercial-off-the-

shelve (COTS) hardware counterparts. 

The ASIC and FPGA excel in power consumption per spectral bandwidth, crudely following a ratio 

1:100:1000 from ASIC to FPGA to GPU. On the other hand, less objective measures like flexibility, 

programmability, and productivity scale inversely to this. 
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Rough examples for an energy efficiency comparison are:  

“STEAMR” ASIC by ESA and Omnisys: 200 GHz bandwidth, 50 W (0.25 W/GHz) 

 “XFFTS” FPGA design by Radiometer Physics: 2.5 GHz bandwidth, ~40 W (16 W/GHz) 

NVIDIA® single GPU (2016): 4 GHz bandwidth, ~200 W (50 W/GHz) for GPU only 

NVIDIA® GPU cluster (2016): 64 GHz bandwidth, ~9,000W (140 W/GHz) total system 

Intel Xeon CPU 16-core (2016): ~0.5 GHz bandwidth, ~200W (1000 W/GHz) for CPU only 

 

Figure 4 Roadmap of the architecture of NVIDIA GPU boards. The vertical axis shows the 

performance per watt for single-precision matrix multiplication and reflects combined 

improvements in both the power efficiency and the raw processing power. 

GPU: There are many advantages such as low-cost development and maintenance, quick 

development, free tools, no licensing costs and no closed-source implementations. The platform is 

based on consumer or enterprise COTS hardware. Simulation, verification and integration are 

simplified due to high-level programming languages. The GPU has high dynamic range (native 

floating point), greater flexibility in spectral and general complex signal processing, and excellent 

expandability in terms of feature additions. Natively parallel computing on GPU and between GPU 

cards offers good scalability to additional antennas, basebands, wider bandwidths, or complex 

processing. Fast interfaces (PCI Express) and networks (InfiniBand, 100 GbE) are readily usable, 

with related licensing costs and non-recurrent expenses taken over by the original manufacturer. 

These points and mass production push down the hardware cost notably. 

Figure 4 is a roadmap of the architecture of NVIDIA GPU boards, which shows performance per 

watt as a function of year.  It clearly demonstrated that the increase of performance per watt is 

accelerated recently.  It means that the reduction of the metric of Watt/GHz for the GPU technology 

has been accelerated during the last a few years. We benefit directly from performance gains in new 

GPU boards and generations. In contrast, ASIC and FPGA require a hardware re-design or 

firmware re-optimizations for each new silicon process or chip. The GPU source code on the other 

hand drops onto new GPU with usually no tuning. 
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Operating and maintenance costs: Operating costs include space, electricity, and cooling. In total 

these tend to be higher for GPU than for FPGA or ASIC. 

In case of FPGA and ASIC, engineering maintenance may be needed, the reliability is specific to 

the custom design, and custom replacement parts are needed. Change requests are costly or not 

possible for ASIC or FPGA but are low-cost for GPU.  

In case of maintenance of COTS GPU on COTS servers, common IT staff or equivalent 

maintenance is sufficient. Component reliability is estimated by the original manufacturer. 

Replacement of failed parts is possible by any equivalent or better product on the current IT market. 

It is possible for in-house people from JAO and member institutes to do software development and 

maintenance except the DRXP (see section 3.5) device driver and firmware. It does not require 

industry expert knowledge nor long familiarization to the extent that FPGA designs do. 

An anticipated somewhat higher operating cost of GPU is offset by the lower maintenance and 

repair costs, near zero lead time for all hardware components, faster development and feature 

changes, and straight forward upgradeability.  

Considering future expandability, the GPU does avoid complex re-designs, and it is easy to support 

upcoming bandwidth upgrades simply via COTS equipment. In addition, GPU offer much better 

complex signal processing capabilities than the two other technologies.  

Because of the above mentioned many advantages of the GPU technology over the ASIC and 

FPGA, we choose the GPU technology for the ACA Spectrometer. 

3.3 ASM server  

 

 

Figure 5 Supermicro SuperServer 4029GP-TRT with the top cover opened. This model was 

selected as an ASM.  There are two production DRXP cards and four NVIDIA TITAN V 

cards installed at PCIe3 slots. 
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ASM servers need a more careful hardware selection. The number of ASMs is five; four of them are 

working ASMs and one of them will be on standby.  All ASMs should have an identical hardware 

configuration for easier maintenance. Crucial components are COTS GPU graphics cards by 

NVIDIA® and a server motherboard with a sufficient number of PCIe slots; two PCIe gen3 x16 

slots are needed for two production DRXP boards, four to six PCIe gen3 x16 slots are needed for up 

to six GPUs. We extensively searched GPU servers with many PCIe slots in the market and selected 

Supermicro SuperServer 4029GP-TRT.  As of writing this document, SuperServer 4029GP has two 

different models, TRT, and TRT2, which have different PCIe daughterboards, X9DRG-O-PCIE-P 

and X10DRG-O-PCIE-P, respectively.  We did benchmark tests of data transfer between CPU and 

GPU memory of TRT and TRT2 models (see Section 6.3 for detailed test information) and found 

that the TRT model has more margin in terms of data transfer from DRXP to GPUs than TRT2.  So, 

we chose the TRT model.  SuperServer 4029GP-TRT has 11 PCIe gen3 slots; eight of them have 16 

lanes.  Each SuperServer will have two Intel Xeon Gold 6144 Processors and 192 GB memory 

(TBC). Figure 5 shows the SuperServer 4029GP-TRT with the top cover opened, which have been 

used as a production ASM.  There are two production DRXP cards and four NVIDIA TITAN V 

cards installed at PCIe3 slots. We already prepared this ASM for the purpose of software 

development and performance benchmark. 

Apart from the production DRXP boards, all hardware of the ACA Spectrometer is in principle not 

tied to any particular vendors or models. 

3.4 ASC server  

The main tasks of an ASC server are (i) to send M&C messages to ASMs, (ii) to receive auto-

correlation or cross-correlation data processed by ASMs, (iii) to do additional calibrations and post 

processing of the data, and (iv) to send final products in the BDF format to ALMA ARCHIVE.  All 

of the tasks are not critical to the performance of a server.  We chose FUJITSU PRIMERGY 

RX1330 M4, which is a one rack-unit server with one Intel Xeon E-2136 processor. For redundancy 

purpose, we are going to procure one more server.   

 

3.5 DTS Data Receiver 

The ACA Spectrometer receives digitized baseband data from the ACA TP antennas via DTS 

optical links that carry “ALMA frames”. Each optical fiber in DTS runs at 10 Gbit/s, and a group of 

three fibers carries one 2 GHz baseband at 4 Gsample/s in 3-bit quantization in two polarization at a 

total rate of 24 Gbit/s (3 GB/s). 

The design of the DTS predates the emergence of 10 Gigabit Ethernet (10 GbE). Current 

commercial networking supports with a single fiber 40 Gb or 100 Gb ethernet over 40 km. Standard 

100 Gb ethernet may be attractive for future ALMA data transmission system. However, for the 

Figure 6 FUJITSU server PRIMERGY RX1330 M4 chosen as an ASC server 
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current DTS there exists no COTS hardware that could be easily used as a DTS “network card” in 

servers of the ACA Spectrometer.  

Custom hardware is needed to attach existing DTS optical transport links to the ACA Spectrometer. 

For a custom optical receiver device, the FPGA technology is ideal. The two main design options 

are: 

[A] DTS Media Converter: standalone device that receives ALMA DTS frames and 

forwards re-framed data onto a 40/100 GbE or 40G/56G/100G InfiniBand network. Servers 

within the ACA Spectrometer can equip Ethernet or InfiniBand cards to receive antenna 

baseband data.  

[B] DTS Receiver Board: “network card” that receives ALMA DTS frames and writes them 

into the main memory of the host server over an internal bus such as PCI Express (PCIe). 

Option [A] is attractive. However, few commercial FPGA boards support 40 GbE or faster 

networks as of in 2018. This suggests high development and licensing costs and not yet matured 

designs.  

Option [B] is feasible even on relatively old FPGA boards. Typical generic FPGA development 

boards have at least a PCIe gen3 x8 interface (8 GB/s nominal and ~6 GB/s in practice), sometimes 

also a PCIe gen3 x16 interface (16 GB/s and ~12 GB/s respectively). Recent boards with the next-

generation FPGA already support a PCIe gen4 x8 interface (16 GB/s).  

Since PCIe is widespread and well-adopted in FPGA boards, we evaluated two PCIe based design 

approaches. The first utilizing a COTS FPGA development board and custom firmware to be 

development by Fujitsu based on their existing semi-open-source DTS framing IP core. The second 

utilizing a custom FPGA board and custom firmware from the Japanese company Elecs Ltd. Based 

on quotes we chose the latter. 

Elecs Ltd. made, in total, four receiver boards, which are called prototype DRXP boards.  The 

prototype version of DRXP boards supports one baseband. Since the prototype DRXP boards are 

non-COTS products, the development team has worked closely with Elecs Ltd.  After we did 

extensive tests of functional and monitoring capabilities of the prototype DRXP boards, we were 

certain that Option [B] approach works very well.  In fact, in February 2018, we brought two 

prototype DRXP boards to the ACA Correlator room in the AOS building and connected them to 

one TP antenna.  Although there were checksum error issues at that time, the prototype DRXP 

board was properly receiving data from the TP antenna.  Later, we identified the cause of the issues 

and sorted them out. 

We have already started to develop with Elecs Ltd. production DRXP boards which support 2 

basebands through PCIe gen3x16. Elecs Ltd. delivered in total 12 boards to us; ten boards will be 

used in the ACA Correlator room in AOS building and two boards will be used in NAOJ for mostly 

trouble shooting purpose.  The followings are documents related to production DRXPs. 

• Production DRXP board for ACA Spectrometer Technical Specifications and Requirements 
[RD07] 

• DRXP Driver Specification (version 2.0.6) [RD08] 

• Production DRXP Board User’s Manual (version 1.6) [RD09] 

• MTBF Analysis of Production DRXP Board [RD10] 

• Production DRXP Test Report (version 1.2) [RD11] 

• Drawings of Parts [RD12] 
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• 10 Gb/s SFP Optical Transceiver Module SPP5200ER-GL(-M,W) [RD13] 
A photo of a production DRXP board is shown in Figure 7.  The main function of the production 

DRXP board is to transfer digitized data streams from three optical fibers from one baseband to the 

main memory of an ASM.  Since there are several documents listed in the above dedicated for the 

production DRXP board, we don’t want to repeat the contents in this document.   

Two production DRXP boards will be installed at one ASM.  So, one ASM can receive data streams 

of 4 basebands from each of four TP antennas.  In this way, each ASM calculates cross-correlation 

without any further communications among ASMs. 

 

 

 

 

 

 

Figure 7 Photo of the front side of a production DRXP board (reproduced of Figure 3-1 in 

[RD09]). The board accepts data streams of two 2 GHz basebands in dual polarization 

though 6 SFP+ modules, and 48ms TE input though an additional TE bracket (see Figure 

3-5, 3-6, 3-7 in [RD09] 

 

3.6 GPUs 

All the tasks which require significant performance of processors are offloaded onto GPUs. We 

selected GPUs from NVIDIA®, the current leader in GPU scientific computing, because they are 

CUDA-enabled GPU for general purpose processing.  A vendor and technology change to, e.g., 

AMD GPU, Intel Xeon Phi, or FPGA computing boards is possible in principle if core computing 

routines in ASM are ported to the new accelerator. 
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Figure 8 NVIDIA TITAN V, GPU board that was selected for the ACA Spectrometer 

modules 

There are two kinds of GPUs from NVIDIA; one is so-call TESLA for high performance computing 

and the other is GEFORCE for gaming and entertainment.  The major differences between the two 

are that the former has better double-precision performance and far more expensive than the latter.  

Since we don’t need double-precision capability for auto- and cross-correlation calculations, we 

chose GEFORCE GPUs.  We have tested many GPUs with the architectures of Maxwell, Pascal 

and Volta such as GTX TITAN X Maxwell, GTX 1080 Pascal, TITAN X Pascal and NVIDIA 

TITAN Volta.  We selected NVIDIA TITAN V, the most powerful GEFORCE GPU as of writing 

this document.  Its specifications are 12 GB HBM2 memory, 653 GB/s total memory bandwidth, 

250 Watts TDP, and 14.9 TFLOPS single precision performance. Figure 8 shows NVIDIA TITAN 

V GPU board. Four NVIDIA TITAN V GPU cards are to be installed in one ASM.   We will show 

in section 6.5 that the four NVIDIA TITAN V in on ASM has enough performance for the 

spectroscopic mode with full polarization processing. 

3.7 Optical Devices  

Currently, the signals from the antennas are transferred to the ACA Correlator over optical fibers. 

To feed the same signals to the ACA Spectrometer, we are proposing to split the signals in two 

ways and provide them to both the ACA Correlator and Spectrometer in parallel. However, the 

current signal level at the input of the ACA Correlator is quite low. If we simply split the signal, the 

ACA Correlator and Spectrometer might suffer from bit errors due to weaken signal by the splitting. 

Therefore, we are now proposing to install an EDFA in the Back-End system to amplify the optical 

signals.  
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Figure 9 Proposed signal paths from one ACA TP antenna to either ACA Correlator or the 

ACA Spectrometer. The optical signal amplifier, EDFA, 2-way optical splitters in ACA 

Correlator Room, and optically attenuators will be newly inserted. 

Figure 9 shows proposed signal paths from one of ACA TP antennas to either the ACA Correlator 

or the ACA Spectrometer.   An EDFA will be inserted into the signal path just before the FOAD.  

After passing through the FOAD, the whole 12 optical signals are to be amplified.  We are going to 

install four EDFAs into the manage chassis (see Figure 10). Each one amplifies signal from each of 

four ACA TP antennas. Important specifications of the EDFA are operation wavelength 1528~1564 

nm, input power -30 ~ +5dBm, gain 8 dB, and output power 13 dB.   

The preliminary test results of an EDFA was documented in [RD14]. The conclusions of this report 

are as follows.  With the single wavelength (C31), we confirmed that the selected EDFA can 

amplify -24 dBm signal and the amplified signal can be received by the prototype DRXP without an 

error even if the signal level is decreased down to -14 dBm. We set up a plan to amplify a 

multiplexed signal at OSF, which will prove that the EDFA can amplify 12 optical signals all 

together. 

 

Figure 10 Installing an EDFA add-in card into a managed chassis. They are from FS.COM.  
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We chose an optical splitter, SMP1-M<2> from SUMITOMO ELECTRIC company shown in 

Figure 11, which splits one signal into two.  The wavelength coverages of the splitter are 131020, 

149020, and  nm, and the insert loss is less than 4.5 dB.  Twelve optical splitters are 

needed for 12 optical signals from one TP antenna.  The twelve splitters will be installed at a rack 

mountable chassis (see Figure 11).  Forty-eight optical splitters will be installed at computer racks 

in ACA Correlator room of the AOS building.  

 

Figure 11 Optical splitters and a rack mountable chassis.    The model SMP1-M<2> from 

SUMITOMO ELECTRIC was selected, which is a 1:2 splitter module. 
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Figure 12 Optical fiber connections to optical splitters and four ASMs. A spare ASM is not 

connected with optical fibers during normal operation. 
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Figure 12 shows connections of optical fibers from four TP antennas to four ASMs.  There are three 

optical fibers from one baseband of one antenna.  We need three optical splitters which bifurcate the 

three optical fibers onto two sets. One set goes to the ACA Correlator and the other set goes to the 

ACA Spectrometer. A total 12 optical fibers from four basebands, each of which comes from 

different antenna but covers same frequency range, connected to two DRXP cards in one ASM.  It 

is important to notice that we intentionally collect same baseband signals from four TP antennas 

into one ASM.  This network topology enables an ASM to calculate cross-correlation without any 

communication with other ASMs.  Maintenance aspect of the spare ASM is explained in detail in 

the maintenance document [RD15].  

 

3.8 Power Distribution Units 

Figure 13 shows a PDU, APC AP7922B.  The current PDUs installed at four computer racks in the 

ACA Correlator room will be replaced with the PDUs.  The PDU has a function to turn on and off 

remotely though network connection. 

 

 

Figure 13 APC AP7922B, PDU that will be installed at the computer rack. 

 

3.9 Network Switches 

Network Switches are needed for the communication among an ASC, ASMs, and PDUs. Since the 

maximum amount of data rate from the ASMs to the ASC is 17 MB/s, one Gigabit bandwidth is 

enough for our purpose.  We selected a model, GS750E from NETGEAR, 48 port Gigabit ethernet 

switch. We need two switches for redundancy. 

Figure 14 shows how to connect PDUs and network switches to the five ASMs and two ASCs.   

The power and network connections are designed to have redundancy to each of ASMs and ASCs. 

More detail information is described in the maintenance plan [RD15]. 
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Figure 14 Power and network connection of the ACA Spectrometer system. 

 

 

3.10 Software Architecture 

The ASC server handles all ALMA CONTROL M&C requests and hides internal implementation 
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the formatted data to ARCHIVE. The architecture and implementation details of the ASC are 

described in [RD16]. The ASC opens an internal TCP/IP control socket to each ASM. Internally 

ASC knows which ASMs are physically attached to the optical DTS links of which antennas and 

basebands.  

Each ASM runs a set of M&C services [ICD07]. The data flow, software and hardware components 

are shown in Figure 15. The ASMs are controlled by an ASC and carry out spectral processing. In 

the spectrometer use case, each ASM M&C service handles one baseband signal from one TP 

antenna and controls the particular DRXP from which it receives its own baseband data.  

 

Figure 15 Simplified diagram of the software architecture and data flow in each ASM. 

Software components from external parties are indicated by dotted grey boxes. Solid grey 

boxes are hardware (DRXP, GPUs) components. Remaining boxes summarize ASM software 

C++ classes, their purpose, and interactions. Digitized data inputs are from DTS. There are 

following three modifications in the recent design from this diagram; (1) there is no longer 

IBIface because the cross-bar correlation will be performed within each ASM (2) TAI/UTC 

conversion is abandoned to use UTC consistently within the ACA Spectrometer and (3) there 

is no “DRXP user library” as DRXPIface directly talks with Linux kernel module for DRXP 

via system calls. 

Spectral processing steps are summarized in Figure 16. The processing follows [ICD07] details 

under Observation and Configuration related sections. Windowing of baseband data to increase 

artefact free dynamic range is optional. In cross-multiplication and power spectral accumulation 

Kahan summation (see section 5.8) may be enabled for better numerical accuracy (dynamic range) 

though effects are noticeable only for very long integration times on the order of seconds. 

Calibration in ASM includes normalization and a non-linearity correction [RD03] parameterized by 

histogram-derived signal power levels. Post-processing includes averaging in time or frequency, 

and XF spectral response emulation [RD04]. 
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3.11 Software Interfacing – Spectrometer Use Case 

Software interfaces related to the ACA Spectrometer are described in detail in [ICD07].  The ACA 

Spectrometer M&C allows ALMA CONTROL to monitor and control the ACA Spectrometer. The 

ACA Spectrometer M&C is described in [ICD07]. It is implemented in software that runs on a single 

server, the ASC. Internally, the ASC communicates with ASMs over a local network as described in 

[ICD07]. The ASC controls ASMs. The ASC monitors the status of DRXPs as reported by ASMs, 

and collates spectral output data produced by ASMs before passing these spectral data in the 

MIME-based BDF format to ARCHIVE. The communication format follows that of other ALMA 

subsystems. It is based on TCP/IP connections, and exchange of XML-formatted M&C data as well 

as MIME encapsulated (BDF) data. In the spectrometer use case there are two types of services 

running in the ACA Spectrometer: the ACA Spectrometer M&C service on ASC, and one ASM 

M&C service in each ASM with two production DRXP boards. 

 

Figure 16 Signal processing steps in each ASM for the spectrometry use case.  

3.12 Software Interfacing – Interferometric Use Case 

The interferometric capability only for calibration purpose came up later as additional requirements 

for the ACA Spectrometer, which are now listed in the version B of the specification and 

requirement document [AD02]. The ACA Spectrometer will produce cross-antenna correlation 

products defined in section 5.1.6 of [AD02] from four ACA TP antennas.  There are only two TDM 

observing modes of the interferometric use case, which is defined in Table 7 of [AD02].  We will use 

the same interfaces for the interferometric use case as described in [ICD07].  The additional software 

interface for the interferometric use case for delay correction.   The information for the delay 

correction is designed to be transferred from an ASC to ASMs.  Again, the ACA Spectrometer 

M&C service on the ASC provides access to the ACA Spectrometer from ALMA CONTROL. 
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Internally, however, ASMs run an ASM M&C service that controls two DRXPs installed in an 

ASM. The ASC hides this internal difference from ALMA CONTROL. In the currently planned 

design there would be a brief switch-over time needed to relinquish control of DRXPs and GPUs 

when changing between interferometric and spectrometer modes. 

3.13 Hardware Interfacing 

The ICDs, [ICD01, ICD02, ICD03, ICD04, ICD05] describe hardware interfaces and the interfaces 

for sharing between the ACA Correlator and the ACA Spectrometer of the DTS as well as the 

48 ms TE. The DTS links from the ACA TP antennas are split and shared with the ACA Correlator 

and the ACA Spectrometer.  The split DTS links attach to ASMs through two production DRXPs in 

the end inside the ACA Spectrometer (see Figure 12). 

For the spectrometer use case, any TP antennas and basebands may in principle be attached to any 

ASM. However, for the correlator use case, the most efficient connection order of DTS links to 

ASMs mirrors the order used by ACA Correlator; each ASM receives one common baseband from 

all four TP antennas. This allows one ASM to correlate all 6 baselines from 4 antennas at one 

baseband without the need to exchange any baseband data between ASMs. See Figure 12. 

 

 

4 Product Breakdown Structure 

The design consists of commercial hardware and open software. Breakdowns are given below, after 

the detailed specifications. 

4.1 Product Hardware Components 

The hardware system architecture is illustrated in Figure 2. The choices of hardware are described 

in section 3.   All major components of the ACA Spectrometer are summarized in Table 3. 

 

Table 3 Major hardware components of the ACA Spectrometer 

Hardware 

Component 

Description Total4 Height5 

[U] 

Power6 

[Watt] 

Cost7 

[USD] 

ACA Spectrometer 
Control (ASC) 

server 

Server that runs ASC 
M&C software 

1+1 server  1 450 4,000 

ACA Spectrometer 

Module (ASM) 

ASC-controlled servers 

doing spectral processing 

4+1 servers 5 900 8,000 

DTS receivers  

(production DRXP) 

Data acquisition board. 

Two production DRXP 

boards for each ASM.  

8+2 boards - 25 25,000 

 
4 For example, a notation 1+1 means that there are one working server and one backup server. 
5 The height of a single unit component is measured in units of a rack unit, U.  One U is 4.445cm in height. 
6 Rough power consumption in units of Watts for a single unit. 
7 Approximate estimated cost for a single unit in US dollars. In case of ASM server the price of internal components 

(DRXPs, GPUs) is not included. 
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Two basebands for each 

production DRXP board. 

Graphics cards  

(TITAN V GPU) 

Signal processing in each 

ASM, 4 per ASM 

16+2 cards - 200 3,000 

Network switch 

(Ethernet) 

Connect ASC, ASMs, 

and PDUs though Gigabit 

ethernet 

1+1 switch 1 30 300 

EDFA (signal 

amplifier) 

Amplification of signals 

from each TP antenna 

4+4 EDFAs 1 for 4 

EDFAs 

<10 1,500 

Optical splitter Split one signal into two 48+2 splitters 1 for 12 

splitters 

- 180 

 

An ASC, ASMs and GPUs are the three most power-consuming components.  The power efficiency 

is about 100 Watt/GHz (64 GHz total bandwidth), which is calculated by considering only working 

units of the three components. The biggest contributor to total power consumption is the GPUs. 

Historically, GPU computing performance has increased along Moore’s law while the power 

consumption of GPU has remained at around 200-300 W. A view on NVIDIA’s roadmap for new 

generation of GPU shown in Figure 4 suggests that the power efficiency of a spectrometer based on 

GPU technology will be continuously improved in the future. 

The most expensive component is the production DRXP board because it is non-COTS component.  

ALMA has its own data transport protocol, which forces us to develop the production DRXP board 

with high development cost. We strongly suggest that a general-purpose protocol such as TCP/IP 

should be taken when the data transport system of the ALMA is upgraded.  

4.2 Product Software Components 

The ACA Spectrometer has six software components located either on the ASC or on ASMs.  They 

are listed in Table 4. 

Table 4 Software components implemented on the ASC and ASMs 

Software Component Language Open Location Details 

CONTROL handler Java yes ASC Translates external M&C queries 

[AD07] into ACA Spectrometer internal 

M&C queries [AD06]. 

ARCHIVE/TELCAL 

handler 

Java yes ASC Combines ACA Spectrometer-internal 

results from all ASMs and stores them in 

ARCHIVE and TELCAL. 

ASM M&C service C++ yes ASMs Translates ACA Spectrometer-internal 

M&C into tasks on DRXPs and spectral 

processors in each ASM. 

Spectral processor CUDA/C++ yes ASMs Captures baseband data from DRXP, 

carries out spectral processing, and 

pushes results to ASC. 
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DRXP Linux driver and 

board firmware 

C NDA8 ASMs DRXP low-level data reception and 

monitoring point access [RD02]. 

NTP client C yes ASC, 

ASMs 

Standard ‘ntpd’ software found in 

various Linux distributions. Maintains 

accurate UTC time on each server 

(needed for scheduled observations) 

using NTP time distributed by ALMA 

computing.  

Most software components are available as open source. The only exception are the Linux driver 

and firmware of the DRXP board, developed by Elecs Ltd., whose hardware and firmware are 

closed designs. Source code of the driver (but not board firmware) may be available to ALMA 

under a non-disclosure agreement with the company. 

The components have built-in emulation and test functionality and can be run without GPUs, 

DRXPs, and outside a test environment. To verify the correct operation of hardware (DRXP, GPU) 

there exist separate test programs supplied by Elecs Ltd. and NVIDIA® and also programs by 

NAOJ. 

The operating system on ASC and ASMs is Linux. There is no functional constraint as to which 

Linux distribution to use. However, for ASC, the licensed Red Hat Enterprise Linux distribution 

preferred by ALMA Computing needs to be used. For ASM, in order to minimize possible software 

incompatibility, Red Hat Enterprise Linux Server 7.6-1810 (Linux kernel version 3.10.0-

957.5.1.el7.x86_64) is likely to be the operating system because the DRXP device driver has been 

tested with it by the development team.  

 
8 Source code of DRXP driver from Elecs Ltd. likely available under non-disclosure agreement (NDA) 
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5 Implementation Details 

5.1 Windowed FFT and Polyphase Filterbank Processing 

General spectral analysis utilizes wavelet or Fourier transforms. Astronomical spectrometers are 

based on the Fourier transform. There are different types of Fourier transform. Four cases are 

shown in Table 5. In astronomical spectrometers the Discrete Fourier Transform (DFT) is used. The 

DFT is a special approximation of the continuous Fourier Transform (FT) that is discrete-time and 

discrete-frequency and that has a finite time and finite frequency span.  

Table 5  Four transform cases that are discrete/continuous in time and/or frequency. 

 

A specific implementation of the DFT is the Fast Fourier Transform (FFT). The FFT is among the 

fastest transforms suitable for both hardware and software implementations. A power spectrum is 

produced by taking square of the product of the FFT. The discretization intrinsic to the FFT (and the 

DFT) leads to spectral artefacts, namely spectral leakage and amplitude errors. These are well-

known issues of the DFT.  

Analytical spectrometers use window functions to reduce leakage and improve amplitude accuracy. 

Window functions flatten the spectral response in the spectral channels, and leakage from distant 

spectral contents diminishes. The latter translates into a better spurious free dynamic range i.e. an 

improved spectral dynamic range. A downside is that the spectral response broadens in frequency 

and spans across neighboring channels. This is illustrated in Figure 17. 

Overall, the spectral resolution is actually poorer than the frequency spacing of the spectral 

channels would suggest. This can be ameliorated by (1) a longer FFT followed by spectral 

averaging to yield the target frequency spacing, or (2) a longer window function and temporal 

averaging before the FFT. Method (1) is used by ACA Correlator that internally uses 219 spectral 

channels i.e. 220-point FFTs, selects a subset of channels, and averages them in frequency into 8192 

or fewer output channels. Method (2) is the “polyphase filterbank” and is attractive since shorter 

FFTs are faster (GPU, CPU) and resource-efficient (FPGA) than large FFTs. In order to have 

compatibility with the ACA Correlator, Method (1) was implemented in the ACA Spectrometer.   
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Figure 17 Spectral responses for the FFT (dashed), an FFT with Hann-windowed input data 

(dotted), and a polyphase filterbank i.e. an FFT with an input data window longer than the 

actual FFT (solid). In an ideal response each frequency channel would respond only to 

spectral contents in the channel and not its neighboring channels. Figure from [RD17]. 

5.2 Spectrometry with FFT 

In this case an input signal is processed as finite sized non-overlapping pieces of length N, the 

length of the FFT. No window function is applied explicitly, but the FFT itself implicitly applies a 

window. The FFT input signal is discrete in time due to the sampler system at the antenna. One 

should use not the continuous FT but the DTFT in Table 5  . As hardware does not handle infinite 

time series of a DTFT one has to restrict the DTFT to a finite N-sample piece of the input signal. In 

theory this can be achieved by multiplying the discrete input signal by an infinite discrete weighting 

function that has weights of unity inside a short N-sample window and zero elsewhere. In practice 

the same is achieved by simply taking the DFT across those N samples. The weighting function is 

in this case implicit to the DFT. It is the called “boxcar window.” 

The time domain multiplication of a signal by a window function is equivalent to a convolution in 

frequency domain of the signal spectrum by the FT/DTFT of the window function. The DTFT of a 

boxcar window is a sinc function. As a result of the spectral convolution the spectral channels 

respond to spectral contents outside the channel. This is seen as periodic sidelobes in Figure 17. 

5.3 Spectrometry with windowed FFT 

Various window functions exist that optimize differently various aspects such as leakage, amplitude 

accuracy, and spectral resolution. Analytical spectrometers use functions from the class of “flat-top” 
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window functions. In astronomy the Hann (or “Hanning”) window function is commonly used. The 

spectral response of a Hann-windowed FFT is shown in Figure 17. Compared to a plain FFT the 

sidelobes of the Hann-windowed FFT are lower but at the cost of a broadened spectral response. 

Windowing can be considered as tapering in the time domain. A spectrometer takes N input samples 

multiplied by a fixed window function of N weights and then calculates an FFT. Windowing adds 

the negligible arithmetic overhead of N additional multiplications per FFT. Memory access 

overhead is negligible in the ACA Spectrometer since weights are multiplied-in during the 

unpacking stage where 3-bit DTS data are read, converted, and written as 32-bit floating point 

voltages into memory. 

In some applications it is common to combine windowed FFTs with overlapped processing, in 

particular in analytical spectrometers that use flat-top windows to reach sub-1% amplitude errors. 

Flat-top windows down weight as much as 80% of the samples into an N-point FFT, and values of 

the weights near window edges are close to zero. The spectral contents of short transients or 

complex aperiodic signals might be lost (though both types of signal are not expected in the 

majority of astronomical observations). To recover these data, spectral processing can step through 

the input sample data at increments shorter than N samples. Spectral processing with an overlap 

factor R>1 (R=5 in case of 80% overlap) takes N samples and advances in the input by only N/R 

samples at a time. Consecutive N-point FFTs thus share a fraction (1-1/R) of original non-

windowed input data and only the remaining fraction is new data.  

Windowed-overlapped FFTs, if used, incur a large overhead because a factor of R more FFTs have 

to be carried out for a given amount of input data. Throughput declines by factor R. Additional or 

faster CPU/GPU or more resources on FPGA may be required to stay within real-time operation 

limits. Another option is to restrict the number of basebands and polarizations that can be handled 

for R>1, i.e., support all basebands in case of no overlap, but with overlap progressively limit the 

number of basebands that can be selected and stay within throughput limits of the existing 

hardware. 

The left panel of Figure 18 shows window functions in time domain implemented in the ACA 

Spectrometer and the right panel shows their spectral responses in frequency domain.  One of the 

window functions can be taken as an option of the ACA Spectrometer.   

5.4 Time granularity mismatch 

The DTS carries 2 GHz basebands sampled at 4 Gs/s. ACA Correlator works internally with 

1048576-point (220-point) fast Fourier transforms. This corresponds to a time granularity of 

262.144 μs. The ALMA top-level observing system on the other hand has time granularities of 

integer multiples of millisecond.  For example, 1 ms, 16 ms, 48 ms, and 960 ms are common in 

various observing or antenna timing contexts.  

The mismatch in time granularity between the top-level observing system and the FFT time 

granularity of ACA Correlator should be sorted out. The integration time of the ACA Correlator is 

either 1 ms for auto-correlation or 16 ms for cross-correlation.  So, the natural choice of the number 

of samples is 106 because of the 4 Gs/s data rate.  In order to sort out the mismatch, 48576 (= 220-

106) samples are overlapped in two adjacent FFT segments, which are about 4.6% of 220 FFT 

points. 

In order to keep compatibility with ACA Correlator, we implemented the same method in the ACA 

Spectrometer as was implemented in the ACA Correlator.   
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Figure 18 Weighting functions in time domain and their spectral responses in frequency 

domain. 

5.5 Frequency profile synthesis 

The XF-type 64-Antenna Correlator (Baseline Correlator) has a natively sinc-type spectral channel 

response, whereas ACA Correlator is an FX-type correlator with a natively sinc2-reponse. 

“Frequency profile synthesis” is needed for spectral compatibility in combining or mosaicking data 

from both arrays. The method is described in [RD04].  

The method emulates a Hanning-windowed XF response by convolving a time-averaged FX output 

spectrum with a 12-point convolution kernel. The convolution kernel and effective final spectral 

response are shown in Figure 19. 

According to [RD04] the spectral channel spacing of the FX spectrum must be by factor two 

narrower than XF, e.g., a channel spacing of 3.8 kHz in FX to emulate the response of a Hanning-

windowed XF spectrum that has a channel spacing of 7.6 kHz. The ACA Spectrometer was 

implemented with the method described in [RD04] as an internal post-processing step in the ASMs. 

The frequency profile synthesis is disabled when a non-default type of spectral processing, i.e., 

windowed Fourier transforms is selected. 

5.6 Linearity correction 

In contrast to the existing hardware correlators, the ACA Correlator and the 64-antenna Baseline 

Correlator, the ACA Spectrometer has no internal re-quantization.  This is one advantage of the 

ACA Spectrometer over the existing hardware correlators.  The linearity correction is necessary 

solely for a non-ideal 3-bit quantization of the DTS input data. The same DTS sample data are used 

for both the spectral processing as well as for determining the linearity correction, i.e., the derived 

correction factors apply back to the data itself. The correction is applied to power spectra only and 

is not applied to cross-polarization power spectra. 
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Figure 19 Emulation of an XF correlator of spectral response via the convolution of a double-

resolution FX correlator spectrum with a 12-point convolution kernel (Fig. 8 in [RD04]). 

Correction factors are determined from histograms calculated from the 3-bit quantized sample data. 

There is one histogram per polarization. A data timespan of 1 ms yields enough number of data 

points to get a reliable signal-to-noise ratio for the correction factors (cf. [RD03]). The histogram 

counts of the number of occurrences h[q] of each quantized sample value q (eight in case of 3-bit 

data) in a 1 ms window are used in the ACA Spectrometer to calculate statistics D0 (sum of 

samples) and D1 (sum of squared samples). An example is shown below. 

 

Figure 20 Example 3-bit histogram of DTS sample data 

The signal statistics D0 and D1 determine derived parameters of the correction, namely, an estimate 

of input signal “power” (and its deviation from the ideally driven sampler case), the subsequent 

shift to be applied to the spectral baseline, and a common re-scaling factor for all spectral channels. 

Details of the correction and spline coefficients for this shift and re-scaling, are given in [RD03]. 

Lastly, it is noted in [RD03] that an input signal “power” measurement over even a short 1 ms 

window of quantized data yields a sufficient signal to noise ratio (cf. [RD03]) for a good linearity 

correction.  
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Figure 21 Illustration from [RD03] showing signal “power” data points derived from 3-bit 

sample histograms in 1 ms windows. The centermost “power” measurement window is 

utilized for the correction of a power spectrum after spectral time-averaging of 8 ms. 

Correction factors derived from such a short window can be applied to a spectrum that utilizes data 

from a much longer window (Figure 21). According to [RD03] this finer time granularity avoids 

issues associated with the 960 ms correction interval currently used in the ACA Correlator for 

digitizer linearity correction. 

5.7 Delay Correction in Interferometric Mode 

A delay correction method that will be implemented in the ACA Spectrometer is same as the one 

implemented in the ACA Correlator.  A total delay is composed of three delays; geometric delay, 

instrumental delay, and atmospheric delay.  The total delay should be corrected by three delay 

corrections; coarse, fine and residual delay corrections.  The first one is to shift a digitized data 

stream of one antenna with respect to a data stream from a reference antenna in units of one sample 

in the time domain.  The minimum coarse delay is 250 ps (1 sample / 4 GHz).  The fine delay 

correction is performed by the digitizer clock (DGCK) in each TP antenna, which modifies the 

digitizer clock phase in steps of 1/16 of a sample, i.e., 15.625 ps.  The last one is the residual delay 

correction, which is to compensate the remaining delay error less than 15.625 ps after FFT. All 

delay correction changes happen on 1 ms timing boundaries. 

Here is an implementation plan.  The ASC receives a Delay Event published by the Delay Server at 

and determines the coefficients of a 4th order polynomial of a total delay as a function of time on 

every 30 seconds.  Each ASM receives the coefficients from the ASC and calculates coarse, fine, 

and residual delays every 1 ms.  The coarse delay correction will be made by shifting the reading 

address of a data stream in time domain.  The residual delay will be made by rotating the phase of 

complex cross correlation.   

The maximum baseline between TP antennas is 50 meters. The worst-case phase drift rate under 

Earth rotation on a 50 m baseline at ALMA is a single 0.25 ns roughly every 20 seconds. The slow 

drift rate suggests that sensitivity loss due to decoherence is negligible at ~100 ms timescales. 

In general, phase drift is compensated by two corrections: an integer-sample delay correction 

(coarse), and a fractional-sample delay (residual) i.e. a phase correction. The phase unwinds 

continuously and in principle the phase of every sample should be adjusted prior to cross-

correlation. The unwinding rates are however slow enough even at the longest ALMA baselines that 

a step-wise approximation can retain good coherence.  

The amount of sensitivity loss depends on how regularly the above approximation is updated in the 

correlator during the integration process. The maximum sensitivity loss is roughly estimated by  

1 −
sin(2𝜋ΔυΔτ)

2𝜋ΔυΔτ
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where Δ𝜐 is the maximum frequency offset from the phase rotation center, and ∆τ is the maximum 

delay change (see section 3.2 of [RD05]).  The Δ𝜐 = 4 GHz for the ALMA, ∆τ is 3.6 ns/s at the 

baseline of 15 km.  The sensitivity loss on a 50 meter baseline with an update interval of 24 ms is 

only 8 parts per million (Figure 22), and with update intervals longer than 0.5 seconds exceeds 

0.25 % (Figure 23).  

 

 

Figure 22 Sensitivity loss in percent against short fractional-sample delay correction intervals 

on baselines of 18 kilometers (solid) or 50 meters (dotted, scaled up by 104). The sensitivity 

loss on the 50 meter baseline is around 8 ppm for an interval of 24 milliseconds. 

 

Figure 23 Long-term sensitivity loss in percent against fractional-sample delay correction 

intervals on a 50 meter baseline. The sensitivity loss remains below 0.5 % for ~500 ms 

intervals. 
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In ACA Correlator a sensitivity loss below 1 % was considered acceptable. When the same 

constraint is applied to TP Array, fractional-sample delay corrections for update intervals (and 

integration times) shorter than a few 100 milliseconds can be omitted altogether (Figure 23). 

Due to the above considerations, the ACA Spectrometer applies only the integer-sample (coarse) 

delay correction during integration times of 48 ms or shorter. Final integrated visibility data on a 

baseline are adjusted once by the phase corresponding to the fractional-sample delay in the middle 

of the integration period. Longer integrations are carried out internally as sub-integrations of 48 ms 

or shorter. These sub-integrations are handled as above and the ACA Spectrometer averages them 

coherently together for the final output. 

5.8 Kahan summation algorithm 

Time averaging of spectra consists of the addition of a small value (newest individual spectrum) to 

a large value (running time-averaged spectrum). Finite precision of floating-point numbers in the 

addition of values with different magnitudes leads to a numerical error. In extremely long 

integration it is numerically better to use the Kahan summation algorithm (also known as 

compensated summation, [RD18]) than adding a sequence of the numbers. This avoids loss of 

spectral dynamic range. 

Figure 24 illustrates the comparison of four summation methods; direct summation with single 

precision, The Kahan algorithm with single precision, direct summation with double precision, and 

the Kahan algorithm with double precision.  The vertical axis of the figure shows absolute errors, in 

comparison with direct summation with quad precision, of the four types of running sums that 

accumulate new samples drawn from a half-normal distribution with a known mean value. 

 

Figure 24 Absolute deviation in running means of four summation types (single precision 

direct, single precision compensated by the Kahan algorithm, double precision direct, and 
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double precision compensated by the Kahan algorithm) from the expected value. Summed 

data are samples from a half-normal distribution. Compensated single precision summation 

retains the accuracy of single precision floating point (≈10-7) over more than 109 

accumulations. 

 

The Kahan summation algorithm with single precision was implemented in the ASMs in the 

calculation of time averaged spectra. It is a common compensated summation algorithm that keeps 

a running sum and a running compensation (a variable to accumulate small errors) and needs the 

least amount of memory and extra arithmetic. The summation accuracy of the Kahan summation 

algorithm with single precision is better than that of direct summation with single precision but 

worse than that of direct summation with double precision. 

Integration time over 32 seconds (109 FFT with 128 FFT points for the TDM mode of dual 

polarization) is possible using the compensated summation with single precision, with no reduction 

in the numerical accuracy i.e. no compression in dynamic range. In observations with TP Array 

such extremely long integration time per single spectrum is unlikely. As there are no upper limits or 

requirements related to maximum integration time, the compensated summation algorithm was 

implemented in any case.
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6 RESULTS OF PERFORMANCE TESTS 

6.1 GPU servers used for benchmark tests and observations 

Since we started the development of the ACA Spectrometer from 2015, we built three GPU servers 

shown in Table.  The first one named as “test ASM” is based on Dell PowerEdge T630. It provides 

four 16-lane PCI3e slots, where we installed two Prototype DRXP cards and two NVIDIA GeForce 

GTX TITAN X cards.  This is the first GPU server we built and has been used for test observations 

using Nobeyama 45m Telescope.  The latter two servers are the same in terms of PCI3e slots, 

because they have same IO boards.  They are similar in other aspects.  In fact, Supermicro SYS-

4028GR-TRT used for “Prototype ASM” is one generation prior to Supermicro SYS-4029GP-TRT, 

which is our final choice for “ASM”.  Five ASMs, each of which has the above items in the last 

column of Table 6, will eventually be installed at the computer racks of the ACA Correlator room in 

the AOS Technical Building. 

 

Table 6: GPU servers used for performance benchmark or test observations 
Item Test ASM Prototype ASM ASM 

Base 

System 

Dell PowerEdge T630 Supermicro SYS-4028GR-

TRT 

Supermicro SYS-4029GP-

TRT 

Mother 

Board 

NA Supermicro X10DRG-OT+-

CPU 

Supermicro X11DPG-OT-

CPU 

Chipset Inter C610 Intel C612 Intel C622 

NIC Intel dual-port 1GbE LOM  Intel X540 Dual Port 

10GBase-T 

Dual Port 10GbE from C622 

CPU Xeon E5-2667 v3 @ 3.2 GHz 

8 cores per CPU 

Xeon E5-2699 v4 @ 2.20GHz 

22 cores per CPU 

Xeon Gold 6144 @ 3.50 GHz 

8 cores per CPU 

OS CentOS 7.4.1708 CentOS 7.6.1810 (not exactly determined, but it 

will be Red Hat Enterprise 

Linux Server 7.6.1810 or a 

newer minor version of Red 

Hat Enterprise Linux Server 

7) 

Kernel Linux 3.10.0-

693.5.2.el7.x86_64 

Linux 3.10.0-

693.21.1.el7.x86_64 

(not exactly determined, but it 

will be Linux 3.10.0-693.21.1 

or a newer version of Linux 

kernel) 

DRXP Prototype DRXP × 2 Prototype DRXP × 2 Production DRXP × 2 

GPUs NVIDIA GeForce GTX 

TITAN X × 2 

NVIDIA TITAN Xp × 2 

NVIDIA GeForce GTX 

TITAN X × 2 

NVIDIA TITAN V × 4 

 

 

6.2 Data transfer bandwidth though one PCIe slot 

One of the bottlenecks of GPU calculations is the limited bandwidth of a PCIe slot.  In order to use 

GPUs for auto- and cross-correlation calculations, digitized data should be sent from CPU memory 

to GPU memory through a PCIe.  The final ASM model we have chosen is Supermicro 4029GP-
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TRT as shown Table.  The server has eight 16-lane PCIe slots.  The maximum theoretical 

bandwidth of a 16-lane slot of PCIe 3.0 is 16 (lanes) * 8 GT/s (Gigatransfers per second per lane) * 

128b/130b (encoding) / 8 (bits per Byte) = 15.75 GB/s. We measured data transfer bandwidth from 

CPU memory to GPU memory using an NVIDIA TITAN V plugged in one of the 16 lane PCIe slot 

of the GPU server.  The operating system and GPU program tool installed at the server is CentOS 

7.6.1810 and CUDA version 10.1.105, respectively.  Figure 25 shows benchmark results of 

bandwidth of data copy from CPU memory to GPU memory.  There are two types of memory 

creation method in CPU memory: pinned and pageable memory.  Even though pinned memory is 

more expensive to allocate and deallocate than pageable memory, it provides much higher transfer 

rate especially for large amount data copy. Once data size is larger than 10 MB, the transfer 

bandwidth almost reaches a saturate value, 12.4 GB/s.  Even though the saturate value is less than 

the maximum theoretical bandwidth, 15.75 GB/s, the saturated bandwidth is more than four times 

of a bandwidth from one baseband 3 GB/s (=2 GHz (bandwidth) x 2 (Nyquist sampling) x 2 (dual 

polarization) x 3 bit / 8 (bits/Byte)). 

 

Figure 25 Data transfer bandwidth from CPU memory to GPU memory as a function of 

data size. 
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6.3 Data transfer from DRXPs to GPUs 

Here we benchmark data transfer rates from the data acquisition boards, DRXPs, to GPUs installed 

at a production ASM. There are three models of Supermicro 4029GP, TRT, TRT2, and TRT3. We 

choose the TRT which has a daughter IO board, Supermicro X9DRG-O-PCIE, since it is better for 

our application in terms of data transfer.  An ASM is composed of two Intel Xeon Gold 6144 CPUs, 

two production DRXPs, four NVIDIA TITAN V GPUs. Figure 26 shows theoretical and required 

transfer rates among memory, CPUs, PCI switches, GPUs, and DRXPs.   One DRXP board receives 

two baseband data streams from two TP antennas.  Two DRXP boards could receive four data 

streams with same baseband. DRXP1 converts ALMA frames received through optical fibers into 

3-bit data streams and write them into a ring buffer in CPU memory.  The date transfer rate from 

one baseband is 3 GB/s, so the total required transfer rate from one DRXP board is 6 GB/s, which is 

indicated above DRXP1 and DRXP 2 in red in Figure 26. The theoretical one-side (receiving or 

transmitting) bandwidth of 16 lane PCIe3, 15.75 GB/s, is also indicated connections between CPUs 

and switches, and between switches and DRXPs or GPUs.   The theoretical bandwidths, 119 GiB/s 

and 20.8 GB/s, between CPU and memory and CPUs are also indicated, respectively. 

There are two processing cases; auto-correlation and cross-correlation.  For the auto-correlation, 

there is no cross-CPU data transfer.  Let’s assume that DRXP1 receives data streams from ANT1 

and ANT2 and DRXP2 does from ANT3 and ANT4.  CPU1 reads 3-bit data converted by DRXP1 

and writes to its memory. The required bandwidth for these operations is 6 GB/s.  At the same time, 

CPU1 sends 3-bit data from ANT1 to GPU1 and 3-bit data from ANT2 to GPU2.  Likewise, CPU2 

reads 3bit data converted by DRXP2 and writes to its memory.  CPU2 sends 3-bit data from ANT3 

to GPU3 and 3-bit data from ANT4 to GPU4.  Each GPU has 3-bit one baseband data from one 

antenna.  It can calculate auto-correlation of data within its memory.  The maximum required 

bandwidth is 6 GB/s from each DRXP to the corresponding CPU.  The 6 GB/s is about half of the 

measured bandwidth, 12.4 GB/s shown in Figure 25.  Therefore, the ASM has twice wider 

bandwidth than the required one for the auto-correlation. 

For the cross-correlation case, there is cross-CPU data transfer. Again, CPU1 (CPU2) reads 

baseband data from DRXP1 (DRXP2) and write the data to its memory.  The required bandwidth 

for these operations is 6 GB/s. Now, there are baseband data from ANT1 and ANT2 in CPU1’s 

memory and baseband data from ANT3 and ANT4 in CPU2’s memory.  CPU1 sends one quarter of 

each baseband data from ANT1 and ANT2 in its memory to GPU1, another quarter to GPU2.  

CPU2 sends one quarter of each baseband data from ANT3 and ANT4 in its memory to GPU1 and 

the other quarter to GPU2.  These steps generate cross-CPU communication. After finishing data 

transfer at this stage, GPU1, for example, has four one quarter of baseband data from four antennas, 

and is able to calculate the cross-antenna correlation.  Again, the maximum required bandwidth, 6 

GB/s, is from the reading stage of data from one DRXP by one CPU.  The ASM has twice wider 

bandwidth than the required one for the cross-correlation. 

We benchmarked data transfer time of 48ms data in CPU memory to four GPU memory following 

the data transfer method explained in the previous paragraph for the cross-correlation.  We first 

populated a set of four 48 ms long data in CPU memory, which simulate baseband data from the 

four TP antennas. Then we measured the transfer time of the data from CPU memory to four GPUs.  

We repeated the measurement 1000 times.  Table  shows the results of our measurement.  The 

second and four columns are results from our prototype and production ASMs. It takes at most 

15.08 ms in sending 48 ms data from CPU memory to GPUs.  In this measurement we didn’t 

include the reading time from DRXPs and writing time in ring buffers in memory by CPUs.  This is 

because the reading and writing steps, which are almost independent from GPUs, can be done 
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simultaneously with GPU communication and processing.  The 15.08 ms is almost 3 times smaller 

than 48 ms. Therefore, the production ASM has enough bandwidth in copying baseband data in 

CPU memory to GPUs. 

Table 7 Data transfer time of 48 ms data from CPU memory to four GPUs 

 SYS4028GR-TRT with 

Prototype DRXPs and four 

TITAN Vs 

SYS4029GP-TRT with 

Production DRXPs and four 

TITAN Vs 

Number of measurements 1000 1000 

Average 13.53 ms 12.08 ms 

Min 13.13 ms 12.04 ms 

Max 13.88 ms 15.08 ms 

Stdev 0.14 ms 0.13 ms 

 

 

 

Figure 26 Theoretical bandwidth and required data rate of the system memory and PCI 

Express 3. 

 

6.4 Performance of Fast Fourier Transform 

There are three calculation steps in each ASM.  The first step is to convert 3-bit baseband data into 

32-bit single precision floating-point data.  The second step is to take FFTs on the 32-bit data. The 

last step is to take multiplications and accumulations in order to get either an accumulated auto 

CPU1
Xeon Gold 6144

CPU2
Xeon Gold 6144

GPU1 GPU2DRXP1

PCIe Switch

Memory
192 GB

PCIe Switch

GPU3 GPU4DRXP2

PCIe Switch PCIe Switch

Memory
192 GB

119 GiB/s (*2) 119 GiB/s (*2)

UPI 10.4 GT/s (*1) = 20.8 GB/s 

UPI 10.4 GT/s (*1) = 20.8 GB/s 

Black: theoretical bandwidth

Red: required data rate

3 GB/s

3 GB/s

W
ri

te
 6

 M
B

/s
R

e
ad

 6
 M

B
/s

 +
 o

ve
rl

ap

W
ri

te
 6

 M
B

/s
R

e
ad

 6
 M

B
/s

 +
 o

ve
rl

ap

Required Data Rate

(TITAN V) (TITAN V) (TITAN V) (TITAN V)



 

 

ALMA Project: 
ACA Spectrometer Subsystem 

Design Description 

Doc #: CORL-64.00.00.00-0008-A-DSN 

Date:      2020-09-30 

Status:   Draft 

Page:  Page 49 of 62 

 

power spectrum or cross power spectrum. All the calculation steps are to be done using GPUs in the 

ASM. Of the three calculation steps, the FFT step is the most time-consuming one.  Here we show 

the performance test results of FFT using the production ASM. 

Again, we used the same ASM introduced in section 6.1.  Figure 27 shows the FFT performance of 

NVIDIA TITAN V in terms of Gsamples/s as a function of number of FFT points.  We used a 

routine, “cufftExecR2C”, in cuFFT library, which is the NVIDIA CUDA FFT product.  The total 

number of samples, 16*8*1024*1024, have been used for the calculation of FFTs irrespective of the 

number of FFT point.  For example, if we do FFTs with 1024*1024 FFT points, then there are 16*8 

FFT calculations.  Figure 27  shows that the FFT performance of TITAN V is about 37 Gsamples/s 

up to 16384 FFT points, and then drastically drops.  The FFT performance using 220 points is 18 

Gsamples/s, which is more than 2 times higher than 8 Gsamples/s.  In each ASM there are four 

GPU boards. For the auto-correlation mode, it is basically designed to process one baseband data 

using one GPU.  So, the 8 Gsamples/s (= 2 GHz x 2 (Nyquist sampling) x 2 (dual polarization)) is 

the performance requirement of one baseband data. 

6.5 Combined performance of all processing steps of auto-correlation in a GPU 

In order to judge whether NVIDIA TITAN V board has enough performance to process a series of 

tasks of data bit conversion, FFTs, and calculations of auto-power spectra within in a required time, 

we made a benchmark program for those tasks and measured the processing time.   Figure 28 shows 

the benchmark results, which were obtained using the GPU server introduced in section 6.1.  There 

are two curves; the blue color represents the performance for the case of dual polarization (XX*, 

YY*), and the red one does the performance for the case of full polarization (XX*, YY*, XY*, 

YX*). Both cases have the same workload at the stages of data bit conversion and FFTs.  However, 

the full polarization case has twice more workload at the stage of multiplications and 

accumulations.  The performance was measured in terms of Gsamples/s/pol. In each ASM there are 

Figure 27 FFT performance of NVIDIA TITAN V as a function of number of FFT points. 

Red and blue dots are performance without and with overlap of two consecutive FFT 

segments.  The black horizontal line represents the performance required to process one 

baseband d data with dual polarization.  The performances of FFT with 220 number of 

points are indicated.  
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four TITAN Vs.  The ASM software is designed to process one baseband data from one TP antenna 

by one GPU.  So, the requirement of processing time is 4 Gsamples/s/pol, which is drawn in the 

figure.  For the FDMs, we are going to do an FFT with 220 samples. Two numbers, 13.3 

Gsamples/s/pol and 6.5 Gsamples/s/pol, are measured performance using 220 samples for one FFT.  

The 6.5 Gsmaples/s/pol is larger than the performance requirement, 4 Gsamples/s and there is 50% 

margin.  One thing that we should mention here is that, when we measured performance, we didn’t 

take into account data transfer time from CPU memory to GPU memory.  This is because the 

communication between CPU and GPU (for example, data copy) can be done simultaneously with 

calculation in a GPU, which is a typical strategy of GPU programming to increase the efficiency of 

GPU calculations.  

 

Figure 28 Performance of TITAN V for the combined tasks of data bit conversion, FFTs, 

and calculations of auto-power spectra as a function of the number of FFT points 

 

6.6 Combined performance of F and X steps of cross-correlation in a GPU 

The ACA Spectrometer should implement a capability to process cross-correlation from four TP 

antennas only for calibration purpose.  The cross-correlation is required for observing modes, 81 

and 82, shown in Table 7 in [AD01]. We need four FFTs from four TP antennas and six antenna 

pair multiplications of Fourier-transformed data for a given FFT points. Figure 29 shows the 

performance results of cross-correlation using one NVIDIA TITAN V.  Red dots represent the 
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performance of F-step (four FFTs), blue dots the performance of X-step (6 multiplications), and 

green dots the performance of a combined F- and X-steps.  In these performance results we 

included fringe stopping based on polynomials.  The number of channels of observing modes 81 

and 82 are 64 and 128, respectively.  So, we are interested in the first two dots in each performance 

result.  The combined performance using one GPU card shown in first two green dots is around 3 

Gsamples/s/pol. We are now working to distribute the work load of cross-correlation to four GPUs 

in one ASM.  Once this is done, then the performance of cross-correlation of the ACA Spectreomter 

will be significantly larger than the required performance, 4 Gsamples/s/pol. 

 

 
Figure 29 Performance of FX steps using one NVIDIA TITAN X.   In this performance test, 

four TP antennas are assumed.  So, we need four FFTs and six pair multiplications of four TP 

antennas for a given FFT points. Red dots represent the performance of F-step (four FFTs), 

blue dots the performance of X-step (6 multiplications), and green dots the performance of a 

combined F- and X-steps.  In these performance results we included fringe stopping based on 

polynomials.   

 



 

 

ALMA Project: 
ACA Spectrometer Subsystem 

Design Description 

Doc #: CORL-64.00.00.00-0008-A-DSN 

Date:      2020-09-30 

Status:   Draft 

Page:  Page 52 of 62 

 

6.7 Increased sensitivity of overlapped FFTs 

In order to keep compatibility with the ACA Correlator, the ACA Spectrometer is designed to do 

overlapped FFTs with the same number of overlapping points. The ACA Correlator internally 

calculates FFTs with 220 points.   The 220 FFT points provides with not only the highest spectral 

resolution, 2 GHz / 219 = 3.8 kHz, but also an efficient way of an FFT calculation because it is a 

power of 2.  One disadvantage of 220 FFT points is that the remainder of a division of 4x109 (sample 

frequency) by 220 is not zero.  In order to circumvent this disadvantage, the ACA Correlator chose 

to have overlapping samples in two consecutive FFTs.  The number of overlapping samples is 

48576(=220-106).  An overlapping fraction is about 4.6% of 220.  One FFT effectively takes 106 

samples which correspond to 250 s, which can be well aligned in units of second. 

The origin of the 2.1% sensitivity loss of the ACA Spectrometer in [AD02] was due to the 4.6% 

overlapped FFTs.  However, we will demonstrate the reduction of the standard deviation of a 

Gaussian random noise as the overlapping fraction increases.  In fact, a method of overlapping 

FFTs has been used to improve signal detection [RD24] in dynamic spectrum.  The probability of 

signal detection has been increased as the overlapping faction increases.   

We wrote a MATLAB script to show the reduction of the standard deviation of a Gaussian random 

noise as a function of the overlapping fraction.  We generate noise samples which follow a 

Gaussian distribution with zero mean and unity standard deviation.  The total number of samples 

generated is 1.92x108, which corresponds to 48 ms samples with the ALMA sampling frequency of 

4x109 samples per second. The number of FFT points is 220. We selected eleven different 

overlapping fractions; ten from 0% to 90% with a step of 10%, and the additional one with 4.6%.  

The last one was selected to simulate the case for the overlapping fraction that the ACA 

Spectrometer has chosen.  For each case of an overlapping fraction, we calculated FFTs with 220 

points, accumulated PSDs over the 48 ms, and an accumulated PSD was normalized by dividing 

with a number of FFTs taken.  We finally measured a standard deviation of the final normalized 

PSD.  We used the same Gaussian random noise samples for the eleven different cases. All the 

calculations were done using the double floating-point precision.  

Blue open circles in Figure 30 show the decreasing trend of the standard deviations as a function of 

overlapping fraction.  The left vertical axis represents the standard deviations normalized with the 

standard deviation for the case of the 0% overlapping fraction.  Red open circles in Figure 30 show 

the number of FFTs as a function of overlapping function.  Again, the normalization was done with 

the number of FFTs for the case of the 0% overlapping fraction.  For the case of the 50% 

overlapping fraction, the normalized standard deviation and the normalized number of FFTs are 

0.87 and 2, respectively.  This case needs twice more FFT calculations but gains sensitivity by 13% 

compared with the case of the 0% overlapping fraction.  The case of the 4.6% overlapping fraction 

needs 4.3% more FFT calculations but gains 2% sensitivity compared with the case of the 0% 

overlapping. 
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Figure 30 Normalized standard deviation (blue open circles) and number of FFTs 

(red open circles) as a function of overlapping fraction. The left vertical axis 

represents standard deviations normalized with that for the 0% overlapping 

fraction case.  The right vertical axis represents number of FFTs normalized with 

that for the 0% overlapping fraction case. 

 

6.8 Power Spectra from test observations using Nobeyama 45m radio telescope 

After developing the prototype DRXP boards and the GPU software, we decided to do test 

observations using Nobeyama 45m radio telescope. Since the Nobeyama Radio Observatory has a 

back end system that is compatible with the ALMA frame, the test observations gave us to check 

whether the prototype DRXP boards and the GPU software were working properly.  The GPU 

server used in the test observations is “Test ASM”, Dell PowerEdge T630 server, in section 6.1 in 

which two prototype DRXP boards and two NVIDIA GeForce GTX TITAN X boards are installed 

at the PCIe3 slots in the server.  There were two observations on December 2017 and June 2018.  

We observed SiO maser lines at 42.8 GHz and 43.1 GHz toward T-Cephei, a Mira variable star in 

the constellation Cepheus.  Since the prototype DRXP board is designed to receive data streams 

from only one IF, we used two DRXP boards to detect the two maser lines at different IF bands.  

We used not only the GPU spectrometer but also the SAM45 spectrometer, simultaneously.  The 

latter one is the spectrometer that has been used in Nobeyama Radio Observatory.  The 

simultaneous use of both spectrometers for the test observations made us compare results from both 

spectrometers.  Figure 30 shows spectra obtained from the two spectrometers.  The vertical axis of 

each panel presents the antenna temperature at the outside of the atmosphere of the Earth and the 

horizontal axis does the velocity measured in the frame of the so-called “local standard of rest.”  

The blue spectra of the upper four panels are from the SAM45 spectrometer.  In the middle four 
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panels, the blue-colored spectra are over-plotted by the orange-colored spectra from the GPU 

spectrometer.  Each of the four bottom panels shows the difference of the two spectra from the two 

spectrometers.  In general, each pair of two spectra is quite similar to each other except line peaks.  

We haven’t investigated the difference at the peaks in detail.  From these observations, we 

confirmed that i) the prototype DRXP boards receive ALMA frames without any problems, ii) the 

performance of one NVIDIA TITAN X board is enough to process one baseband data for auto-

correlation.   

 
Figure 31 Spectra obtained from two spectrometers, GPU and SAM45 spectrometers, 

simultaneously from test observations using Nobeyama 45m radio telescope. 

7 Maintenance & Operation 

An ACA Spectrometer maintenance plan [RD 19] extensively describes the reliability and 

maintainability of the ACA Spectrometer design.  Here we summarize the contents of the 

document.  The ACA Spectrometer system has redundancy in various places at system level; power 

lines, network, important hardware components. etc. Thus, the way to secure such system 

redundancy is explained in detail. 

The good aspect of ACA Spectrometer design is that it is composed COTS products except for the 

production DRXP cards, and the COTS products can be replaced with similar products released in 

the future.  The document also describes regular monthly and annual maintenance, the requirement 

for the diagnostic program, maintenance tool, and software maintenance. 
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Major software components to be installed in each ASM are listed in the maintenance document.  

The basic strategy for the software provided by community and the vendor is that we are not going 

to upgrade them after the initial installation unless a serious bug is found. We put more emphasis on 

the stability of the software than the new features provided in the new versions. The same thing 

goes for the software developed in-house but may be upgraded from time to time to fix the bugs 

found during the operation and improve the operational efficiency. 

All software including FPGA of the Production DRXP can be upgraded remotely. Sometimes the 

software upgrade may need the reboot of the server. Especially, we need to reboot the server after 

upgrading FPGA, but that can be done quickly. ASMs and ASC are remotely accessible over IPMI. 

The standard IPMI allows remote power-down, power-up, or reboot. There is no particular 

shutdown or start-up sequence for servers in the ACA Spectrometer. The ASMs support booting 

from a local solid-state drive and from a network image. 

Any modification and upgrade on software will be tested in the ACA Spectrometer Test 

Environment in Mitaka before applying it to the ACA Spectrometer in operation. 

7.1 Safety Hazards 

An extensive ACA Spectrometer Safety Report [RD 20] was documented.  The report first provides 

a table on the hazard check list for the ACA Spectrometer based on ALMA Safe Risk Analysis 

Procedure [AD 03] and then analyzed result of each of the check list.  There are three hazards with 

ID numbers, HZ03, HZ04, and HZ13 in Table 6 of the report that are needed to be reviewed in 

CDMR. They are “hot metal surface of the rear side of ASM”, “airborne noise from the fans”, and 

“sharp edge of the inner part of the top cover of ASM”, respectively.  Mitigation strategies for 

HZ03 and HZ04 are described in Appendix B and E, respectively.  The report finally concludes 

with the safety compliance matrix, which shows whether the ACA Spectrometer design and the 

development plan are compliant with each safety requirement defined in ALMA System General 

Safety Design Specification [AD04]. 

7.2 Design Compliance with Requirements 

A document titled “ACA Spectrometer Subsystem Compliance Matrix” [RD 21] lists status of 

compliance with respect to each requirement.  There are four requirements which are marked as 

“Partially Compliant”. Out of those four requirements, the EMC requirement may need some 

discussion. The only non-COTS product is the production DRXP boards.  The DRXP boards are, 

however, unlikely to cause EMI problems. These low-power PCIe boards are installed and operated 

inside standard commercial server enclosures and receive data over optical links. They likely 

produce little electromagnetic emission. Potential egress and ingress EMI are expected to be well-

shielded by the server enclosure. If it is needed, we can do an EMC test of an ASM with two 

production DRXP boards and four GPU boards.   

7.3 Future Upgrades 

The ALMA Development Roadmap was released recently.  Potentially this includes an increase in 

baseband bandwidth to up to 32 GHz (twice wider than the current 16 GHz), and an increase in the 

number of spectral channels by a factor of 8. 

In terms of spectral channels, our benchmark in Figure 28 suggests NVIDIA TITAN V (Volta 

generation) GPU boards with no changes can produce 8 time more spectra channels than the default 

numbers of 512k per 2 GHz and 4096k-channel spectra of the ACA Correlator. 

https://almaobservatory.org/wp-content/uploads/2018/07/20180712-alma-development-roadmap.pdf
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ARCHIVE bandwidth available to store spectra in quasi real time is the key limitation to an 

increase in spectral channels. A longer integration time or fewer spectra windows may be necessary. 

In terms of the signal processing bandwidth of the ACA Spectrometer, TITAN V GPUs in Volta 

architecture handle one 2 GHz baseband for the full polarization case on a single GPU. NVIDIA’s 

roadmap shown in Figure 4 suggests the performance of GPUs should increase to 3-4 GHz per GPU 

in the upcoming architecture. A GPU server with 4 new generation of GPUs in the future could 

handle four basebands of 4-6 GHz or a single 18-24 GHz baseband, without any major change in 

total power consumption, cooling, or rack space needs. 

For antenna digitized signal bandwidth an upgrade to 32 GHz basebands translates to a data rate of 

384 Gbit/s (48 GB/s) per dual-polarized baseband, or 1.5 Tbit/s for four basebands. This requires a 

complete replacement for DTS, though fibers might be re-used. Transmit cards and receiver cards, 

including DRXP boards in the ASM, have to be replaced by another type of network card. Details 

depend on the technology eventually chosen for the ALMA Development Roadmap. In principle, 

two 200 GbE links would support one 32 GHz baseband. It can be received by a future ACA 

Spectrometer using two PCIe gen4 x16 (~25 GB/s) network cards.  

8 Risks related to high altitude 

Key risks are reduced cooling efficiency of GPUs and disturbances in spectral data due to cosmic 

rays. 

8.1 Data corruption induced by cosmic rays 

According to private communication the ACA Correlator nowadays operates for about 3 months 

between any detectable (i.e., not silent) faults. Whether these rare faults are caused by cosmic rays 

is not clear. An error rate projection for the ACA Spectrometer based on GPUs is not trivial. The 

FPGA devices in ACA Correlator (Xilinx Virtex-4 on 200 FFT boards with 8 FPGA per board) are 

in a 90 nm silicon process, compared to 12 nm of NVIDIA TITAN V GPUs. The smaller line width 

process combined with intrinsically lower operating voltages may make the GPU more susceptible 

to bit errors. On the other hand, ACA Correlator with ~1600 FPGA for FFT has notably more 

silicon die area than a total 16 GPUs in the ACA Spectrometer. The cosmic ray induced error rate 

for the ACA Spectrometer is quite probably lower than that of ACA Correlator. 

There are few studies of effects of particle flux on GPU silent and hard error rates. Two papers9 

studied statistics of GPU errors in sea-level Oak Ridge “Titan” supercomputer (18688 of Tesla 

K20x GPU in 28 nm silicon process) as well as GPU bombarded in a Los Alamos linear accelerator, 

and potential mitigation strategies. They find single-GPU error rates of 15 years when error 

correcting memory is disabled, and 150 years with ECC enabled.  

The papers find that the error rates depend on GPU temperature, and surprisingly also on the type of 

processing task, whereas GPU utilization (%) has no impact. 

We can attempt a projection of their results to an altitude of 5100m: particle flux is about 100 

higher than at sea level, and density of GPU silicon structure on Volta is (28 nm/12 nm)2 = 5.4 

times higher than on Tesla K20x, with these factored in there may be one error in a GPU board in 

the ACA Spectrometer on average every 10 days without ECC (as on consumer GPU) or every 

100 days with ECC (assuming enterprise GPU).  

 
9 Tiwari et al. (2015), ” Understanding GPU errors on large-scale HPC systems and the implications for system design 

and operation”,  http://ieeexplore.ieee.org/document/7056044/; de Oliveira et al. (2015), “Evaluation and Mitigation of 

Radiation-Induced Soft Errors in Graphics Processing Units”, http://ieeexplore.ieee.org/document/7122902/  

http://ieeexplore.ieee.org/document/7056044/
http://ieeexplore.ieee.org/document/7122902/
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This may be high, but, in spectral processing the errors in some signal samples or in spectra before 

averaging (the bulk of all data and memory area utilization) may remain undetected and are 

inconsequential to the output spectral data.  

As error rates also depend on the type of application being run on a particular GPU (and Oak Ridge 

tasks in the paper are simulations where the correctness of each data point is critical), it is not easy 

to estimate error rates specific to a spectral processing application. 

The best method is to evaluate the actual error rates in an actual single- or multi-GPU server that 

runs spectral processing at 5100 meter altitude. In February 2018 during the maintenance period, we 

brought a prototype GPU server in the ACA Correlator room in the AOS building.  The model of 

the GPU server is Supermicro SYS-4028GR-TRT, which is one generation earlier model than the 

GPU server, Supermicro SYS-4029GP-TRT, chosen as the production GPU server.  It contains two 

NVIDIA TITAN X GPUs, two GeForce GTX TITAN X GPUs, and two prototype DRXP boards. It 

was installed at the computer rack #1 shown in Figure 32. We put a function to detect SEU in the 

prototype DRXP board, made a CUDA program to check GPU memory, and “dstat” package to 

monitor the CPU memory.   No SEU has been detected for 208 hours in the configuration memory 

of two prototype DRXP boards, an average 79 hours in main and shared memory of four GPU 

boards, and 204 hours in CPU memory of the server.  Even though there is no detection of SEU in 

the memory of three devices, we think that the test duration is too short to have a reliable 

conclusion.   
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Figure 32 A prototype GPU server was installed at a computer rack #1 in the ACA 

Correlator room of the AOS building in February 2018.   

 

During the CDMR meeting, the panel recommended that the development team should focus on 

software corruption by cosmic rays. The software will be protected from cosmic rays due to the 

following two reasons.  First, all software including an operating system of the ASMs and ASCs 

will be loaded into their CPU memory from an archive server at the OSF.  A master software image 

will reside not in their local SSDs but in a local disk at OSF, which is current good practice to 

safely keep software.  Second, data corruption in CPU memory by cosmic rays can be protected to 

some degree by the ECC.  In fact, the ECC memory has been used for scientific and financial 

computing applications in order to protect data corruption.  There are many computing servers in 

the AOS building which do post processing of the Baseline and ACA Correlators.  Even though 

they are under the influence of cosmic rays, their daily operation has been successful.  With these 

considerations, we don’t think that the software corruption by cosmic rays is a major issue.   

We set up a monitoring plan of the key components of the ACA Spectrometer such as CPU, CPU 

memory, GPU, production DRXPs, and EDFAs.  As of writing this document, one engineer is 

dedicated to develop the monitoring functions.  We will keep monitoring the number of corrected 

memory errors right after the installation of ASMs and ASCs in the AOS building.  This 

information enables us to have daily, seasonal and even yearly variations of corrected memory 

errors.  This information will help us figure out a sudden crash of, for example, an ASM due to an 

unrecoverable memory error by cosmic rays. 
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8.2 Cooling and thermal throttling 

GPUs are typically cooled by forced air. Thus, the cooling efficiency of GPUs largely depend on 

the air flow and the air density. The ACA Correlator room at high site is not pressurized, so the air 

density there is lower than at sea level, which worsens the cooling efficiency of the GPUs. When a 

GPU is too heated, it typically increases its fan speed (if the GPU has a fan). If the fan reaches its 

speed limit or it does not have a fan, the GPU automatically regulates its frequency to suppress the 

power consumption and the temperature. Therefore, safety risks related to overheating is not an 

issue, but the calculation performance may be sacrificed. Actually, the cooing efficiency of the 

GPU has been identified as the main technical risk of the ACA Spectrometer at PDR. 

An extensive study on the GPU cooing efficiency of ACA Spectrometer at high site has been done 

and documented in [RD 22].  One important conclusion of the document is that an ASM with four 

TITAN V GPU cards can perform required calculation in real-time even at AOS where the cooling 

efficiency is poor for low air density.  
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Appendix A: Basics of GPU Acceleration 

Like the now ubiquitous multicore CPUs, modern GPU cards are excellent choice for tasks that 

need parallel processing. Where CPUs focus on general purpose serial computations with a lot of 

conditional branching, GPUs focus on highly parallel computation with identical instructions 

carried out on numerous data elements and with little or no branching. The GPUs are well suited for 

many types of massive parallel processing tasks thanks to GPU architecture and their thousands of 

parallel processing cores. Speed improvements of better than a factor of 10 are typically seen in 

GPU versus multi-core CPU for easily parallelized tasks such as Fourier transforms. In parallel 

computing programs typically a large fraction of application source code deals with interfacing, 

data input and output, data formatting, and bookkeeping, whereas the performance critical parts are 

located in only a fraction of the entire source code. To accelerate an application these performance 

critical tasks can be offloaded onto GPU, while the rest of the application remains on CPU, as 

sketched by NVIDIA in Figure 33. 

 

Figure 33 Certain applications can gain a notable performance increase relative to a threaded 

multi-core implementation on CPU (executing sequential code per core) by offloading the 

most compute-intensive functions onto a thousand-core GPU (executing parallel code per core 

or core-group). Figure by NVIDIA. 

In context of a spectrometer, the “5 % of code” of Figure 33, encompasses the computing and 

memory bandwidth intensive tasks of sample weighting (weighted-FX of PFB processing), Fourier 

transform, computation of spectra and cross-spectra and their time average, ALMA 3-bit sample to 

floating point conversion, and histogramming the distribution of 3-bit samples for each baseband 

signal. 

The hardware difference of GPUs versus CPUs is illustrated by the example silicon die shots of a 

shown in Figure 34. The GPU fits thousands of computing cores on the silicon die by omitting 

advanced CPU features that are costly in silicon area. As a consequence, GPU lack core 

independence, large multi-level low-latency caches, and smart optimizations such as automatic 

instruction-level parallelism, branch prediction, and out of order execution. On the other hand, GPU 

have many simple computing cores grouped into arrays of “streaming multiprocessors” with access 

to extremely fast memory, with small caches optimized for certain access patterns. 
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Figure 34 Computing cores in CPU vs. GPU (left), and example silicon dies of the 6 core Intel 

i7-4960X Ivy Bridge CPU (middle) and of the GK110 5 multiprocessor 2688 core GPU (right) 

on a Maxwell architecture NVIDIA GTX Titan card. Images references: Intel, NVIDIA. 

 

Each GPU streaming multiprocessor contains a set of physical “shader” computing cores that are 

capable of executing hundreds of “threads” concurrently. Threads here mean a shared binary 

program whose instructions are executed in lockstep on the many physical cores of a multiprocessor 

and only the input arguments differ between threads. Each multiprocessor further contains “special 

function unit(s)” with fast but reduced accuracy hardware implementations of useful mathematical 

functions such as sine and logarithm. An example of GPU internal structure is shown in Figure 35. 

 

Figure 35 Example of GPU internals: The system architecture of a NVIDIA Tesla GPU with 

7 streaming multiprocessors (“SM”), each with 8 processors (“SP”) and 2 special function 

units (“SFU”). The host interface is typically PCIe gen3 x16 with ≥ 10 GB/s throughput. 
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In order to offload tasks onto GPU one writes functions called “computing kernels”. These may be 

written in a variety of programming languages: OpenACC, OpenGL, OpenCL, or CUDA.  

Both OpenCL and CUDA are well established and have strong vendor commitments. They are 

unlikely to disappear any time soon. The key advantage of OpenCL is that it can run on any 

multicore platform (GPU, CPU, DSP, even FPGA) and is in theory portable across devices and 

vendors. CUDA is tied to one vendor and platform, but has been in the industry for longer with 

many freely optimized numerical libraries available, such as cuFFT, cuBLAS, cuSPARSE, cuDNN, 

and others10.  

While choosing CUDA leads to a vendor lock-in, CUDA remains highly attractive for 

spectrometers due to the NVDIA FFT library (“cuFFT”). Their library is pre-optimized for all 

GPUs. Custom FFT remain an option, but are not trivial to implement and performance boosts over 

cuFFT are uncertain; with the astronomical FX correlator by Clark et al. we did not get any speedup 

relative to cuFFT11. 

Both the cuFFT library and the CUDA development toolkit are available at no cost from NVIDIA 

and are widely used in academic non-commercial high-performance computing and research. 

 
10 See https://developer.nvidia.com/gpu-accelerated-libraries 
11 We ran the benchmark and custom FFTs included in the Clark et al. (2011) xGPU library on our GTX TITAN X 

board. The benchmark indicated NVIDIA cuFFT library FFTs to be as fast or faster than the custom FFTs of xGPU. 

Improving beyond the baseline performance of cuFFT by creating custom FFT implementations may be quite 

challenging. 

 

https://developer.nvidia.com/gpu-accelerated-libraries
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