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Abstract— We present our second generation of broadband Fas
Fourier Transform Spectrometer (FFTS), optimized fora wide
range of radio astronomical applications. The new djitizer and
analyzer boards make use of the latest versions GfHz analog-
to-digital converters and the most complex field ppgrammable
gate array chips commercially available today. Thesstate-of-
the-art chips have made possible to build digitalgectrometers
with instantaneous bandwidths up to 1.8 GHz and 80spectral
channels.

I. INTRODUCTION

The rapid increase in the sampling rate of comradyci
available analog-to-digital converters (ADCs) ahd perma-
nently increasing processing power of field prograble
gate array (FPGA) chips has led to the technicasibdity to
digitize the baseband mixed intermediate frequefhey of
heterodyne radio-receivers, and to transform theadisignal
stream into a power spectrum in real-time. At thaxM
Planck-Institut fur Radioastronomie (MPIfR), thexhnology
has been advanced over the last ~5 years: Beginmihga
bandwidth of just 2 50 MHz and 1024 (1k) channels in
2003 [1], we have now developed FFTSs with instaas

bandwidths up to 1.8 GHz and many thousands spect:

channels (Fig. 1). Based on the announcement of omare
faster ADCs and FPGAs with increasing processimpgboai-
ties, we are confident that FFTS’ bandwidths carpbshed
to ~3 GHz in the near future.
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Fig. 1 FFTS developments at the Max-Planck-InstituRadioastronomie.
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Il. THE1.5 GHz BANDWIDTH FFTSBOARD

At the APEX telescope in Chile [2], we are succalbgsf
operating FFT spectrometers for more than 3 ydats[4]).
They have proven extremely reliable and robust ewsther
the harsh environmental conditions of a sub-mmlifgct an
altitude of 5100-m. Based on this experience wddagcto
launch the development of a second generation repeeter
based on ADC/FPGA technologies. For this, a compact
FFTS-board has been designed at MPIfR which achieve
wide instantaneous bandwidths (1.5 — 1.8 GHz) wéheral
thousand spectral channels (up to 16k, dependinghen
bandwidth set-up). The board combines the latestioe of
GS/s ADC chips and the most complex FPGAs comnlircia
available today. The wide analogue input bandwidtthe 8-
bit ADC offers to sample the IF signals at baseb@»@ to
1.5 GHz) or in the second Nyquist zone (1.5 - 3DGA
block diagram of the new FFTS-board is presentdelgr?.

Clock
Generator
&

ext. Clock

Ethernet ——

interface |
Control 0

=

A

4 x 8-bits

100 MBit/s
Ethernet
interface

Input Data Processing Unit

FPGA

Fig. 2 Block diagram of the new MPIfR 1.5 GHz dizgr/analyzer board.
The board can be equipped with a single- or dyati\DC (ADC083000
or ADC08D1500). The optional GigaBit Ethernet ifdee allows high

speed data acquisition with transfer rates up tdvVBStes/s, which are
required for pulsar or transient searches.
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The compact FFTS-board (180160 mm) operates from a
single 5 Volt source and dissipates less than 2fi,Wa
depending on the actual configuration in terms aridwidth
and number of spectral channels. Precise time steygf
the processed spectra is realized by an on-boa&/IBF5-B
time decoder. Furthermore, the 10-layer boardsudela
programmable ADC clock synthesizer for a wide raonfe
configurations (bandwidth: 0.1 -1.8 GHz), makinge t
spectrometer flexible for different observationuegments.



lll. A-FFTS—AN ARRAY FFTSFORAPEX
To serve the requirements of today's and futureivec

IV. ADVANCED FPGASIGNAL PROCESSING
As already described in [3], the complete signatpssing

arrays (e.g., CHAMP LAsMA, [5]), the new FFTS-boards pipeline (conversion from time domain to an intégda

include a standard 100 MBits/s Ethernet interfaséijch
simplifies the combination of many boards into arra-
FFTS (A-FFTS), just by integrating of a common Etted
switch. For use at APEX, we have build a*82.5 GHz A-
FFTS in four 19" FFTS-crates (Fig. 3). Up to ei§iTS-
boards can be housed in one FFTS-crate togethemweiver

supplies (4x 5 Volt / 20 Amperes) and one FFTS-controller.

Fig. 3 Photograph of our 19 inch FFTS-crate, epeipwith eight FFTS-
boards and one FFTS-controller unit. The modulancept allows
combining multiple crates to build large FFTS astay

The FFTS-controller is responsible for the disttibni of glo-
bal synchronize signals, e.g., the reference cfockhe on-
board ADC synthesizer or the GPS/IRIG-B timing imi@-
tion. In addition, the FFTS-controller displays Bekeeping
information on the four lines LCD, like board IP mbers,

temperatures of the ADC and FPGA chips as wellhas t

power level of the IF inputs.

The APEX A-FFTS has been successfully commissianed

spring 2008 [5]. In the current configuration, itopides a
total bandwidth of 32 1.5 GHz = 48 GHz and 256k (3
8k) spectral channels. If requested, the A-FFTS lmarex-

tended to 58 GHz (3% 1.8 GHz) total bandwidth by up-
loading a new FPGA processing core and a new ADEC sy

thesizer setting. A first light spectrum of the BbWFTS-
board towards Orion-KL is displayed in Fig. 4.
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Fig. 4 First light spectrum of the new MPIfR-base® GHz bandwidth
FFTS board towards the hot core Orion-KL. The héghitation CO(#6)
transition at 806 GHz was observed with the cergietl of the CHAMP
array at APEX (24. October 2007).

power spectrum) fits in one complex FPGA (Xilinxriéix-4
SX55) on the board. The spectrometer core for theéS-
board is an in-house development by MPIfR and ethas a
generic VHDL approach — without the use of comnarci
libraries. Unlike the usually applied window in ffitoof the
FFT to control the frequency response, a more ieffic
polyphase pre-processing algorithm has been desélajth
significantly reduced frequency scallop loss, faside lobe
fall-off, and less noise bandwidth expansion. Biglustrates
the FPGA signal processing: After the polyphaseeril
which we have implemented as a pipelined versiorhef
Weighted Overlap-Add (WOLA) method, the FFT is read
using a highly parallel architecture in order tdiiawe the
very high data rate of 3 GBytes/s or more. The s#sp of
the processing contains the conversion of the &aqy spec-
trum to a power density representation and sucgessicu-
mulation of these results. This accumulation steg the
effect of averaging a number of power spectra etmerredu-
cing the background noise and improving the dedactf
weak signals. In addition, this step also redudes huge
amount of data produced by the prior stages andseaisy
subsequent interfacing for the data analysis. e 6tep is
the conversion from 64-bit integer representation32-bit
floating-point format.
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Fig. 5 Block diagram of the polyphase signal pssagg pipeline.

We have optimized our polyphase filter coefficiefaisspec-
troscopic observations. The goal was to find a goade-off
between the frequency resolution and an optimalaighe
limited FPGA resources. The equivalent noise badthwi
(ENBW) is generally used to characterize the fregyeeso-
lution. The ENBW is the width of a fictitious reagular
filter such that the power in that rectangular bandqual to
the (integrated) response of the actual filter. GMBW is
adjusted to 1.16¢< the channel spacing, which is the total
bandwidth divided by the number of spectral chann€he
frequency response of three adjacent frequency dndsthe
corresponding ENBW for the central bin is illustétin
Fig. 6. Following the above definition, the spektesolution
of our standard FFTS-board with 1.5 GHz bandwiditi 8k
channels is 212 kHz.



This wideband high-resolution FFT spectrometer tgve
ment aims at operational readiness for SOFIA's/esience
flights with GREAT [6] in summer 2009.
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Fig. 7 Currently in development: The 2.5 GHz baiuithvFFTS.
Fig. 6 Frequency response of the optimized FFadigrocessing pipeline. The board makes use of a first sample of E2V's 5 8%it ADC.
The diagram shows three adjacent frequency bins dished lines illustrate
the equivalent noise bandwidth for the correspamdjpectral bin.

Based on our generic approach, we have generased af VI. CONCLUSION AND OUTLOOK

difierent FPGA cores for the new FFTS-board: The potential advantages of our next generatiomFof
- 1x 1.5GHz bandwidth, % 8192 spectral channels, Spectrometers are summarized:
ENBW: 212 kHz (default core) 3
- 1x1.8 GHz bandwidth, % 8192 spectral channels,
ENBW: 225 kHz
- 1x 750 MHz bandwidth, k 16382 spectral channels,

They provide high instantaneous bandwidth (up to
1.8 GHz; 2.5 GHz currently in development) with man
thousands frequency channels, thus offering widelba
observations with high spectral resolution without

ENBW: 53 kHz " -
, additional IF processing.
- EIES\(/)VO gASHlngandW'dth’ ¥ 16382 spectral channels, _ The new polyphase FFT signal processing pipelime pr

vides a nearly loss-free time to frequency tramaédion
with significantly reduced frequency scallop, lessse
bandwidth expansion, and faster sidelobe fall-off.

FFTS provide very high stability by exclusive daiit
signal processing. Allan-Variance stability time$ o
several 1000 seconds have been demonstrated dgutine
Low space and power requirements — thus safe tatuse
high altitude (e.g., APEX at 5100-m) as well ast¢pe
tially) on spacecrafts (e.g., SOFIA) and satellites

V. THE 2.5GHz BANDWIDTH FFT SDEVELOPMENT - Production costs are low compared to traditionatsjo-

With the availability of first samples of E2V's 556 8-bit ;nne(;elgzlﬂz;ﬂ;?g]g;if‘;ifuﬁ; only commercial companent
g.

ADC, we start the d_evelo_pme_nt of a new qqyancedSZFT_ The superior performance, high sensitivity andatslity
boz_;lrd._The goal of this project is to d_evelop atiier bof’”‘i of our FFTS have been demonstrated at many telescop
WhICh is able to analyse 2.5 GHz of instantane@mitvidth world-wide, including APEX (Chile), CSO (Hawaiihe
in 32k spectral channels (ENBW: < 100 kHz). E2V&S/s IRAM 30-m telescope (Spain) and the 100 meter
ADC incorporates 4 ADCs at 1.25 GHz which can leifl Effelsberg observatory (Germany).
bly interleaved to a 2.5GS/s or a ¥ 5 GS/s virtual
ADC. The large analogue input bandwidth of the krand-
hold amplifier of this ADC offers the ability to e@she full
Nyquist bandwidth of 2.5 GHz. The ADC provides $a&e
rate low-voltage differential data busses to trangfie huge
amount of data (5 GBytes per seconds) to one orem
FPGA. In Fig. 7 we show a photo of our test boarduding
the 5 GS/s ADC and a Virtex-4 SX55 FPGA. To redu t o ; ;
final number of 32k spectral channels, the Virtex#l be Due to the high interest from the astronomical camny,
replaced by two or more powerful Virtex-5 devices.

- 1x100 MHz bandwidth, k 16384 spectral channels,
ENBW: 7 kHz (in lab test)

- 2x500 MHz bandwidth, % 8192 spectral channels, _
ENBW: 71 kHz (in lab test)

- 2x 250 MHz bandwidth, 8-tap polyphase filter bank,
512 channels, high speed data dumping, application:
pulsar search

The announcement of new ADCs with higher sampléssra
and wider analogue input bandwidths together whth gtill
increasing processing power of future FPGA chipedghé's
Law), makes it very likely that FFTS can be furtpesshed to
%roader bandwidths in the next years.

from universities and from the industry, we haveided to
outsource the production and distribution of ou Fpectro-
meter: the standard FFTS (1.5 GHz bandwidth wit®281



spectral channel) is manufactured now in licenceRglio-

meter Physics GmbH, Germany. For further infornmtio

visit:

http://www.radiometer-physics.de
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