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ABSTRACT

We have designed and tested a digital spectromatitble for analyzing 8 GHz baseband signals Hased on a 16-
Gsps, 5-bit ADC from e2v and a Stratix-IV FPGA eoydd for later filtering and signal processing. iDigd data is
received and synchronized via twenty high-speedgs@ransceivers integrated in the FPGA. A 64-cbhpalyphase
filter bank separates the input signal into 250-Mitib-bands, allowing subsequent high-resolutiotyaisa To obtain
continuous spectral information over the input haidth, we have implemented a 50% overlapping aechitre
solution. Subsequently these sub-bands are pratesseg Fast Fourier Transform modules.

This system meets present-day demands on highdatesowideband digital back-ends for millimeter-veatelescopes.
This technology will be part of the next generatisideband correlator for the future upgrade of RAM Plateau de
Bure interferometer (NOEMA project).
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1. INTRODUCTION

Current digital back-ends for millimeter-wave astwmy are able to analyze wideband signals, whileriofy a flexible
range of spectral resolutions. These back-enddased on high-speed analog-to-digital convertei3G#) and high-
density field-programmable gate arrays (FPGA) dewicThe present sampling rate of the ADCs and timepating
power of the FPGAs make it possible to directlyititg analog signals of a few GHz of instantanebasdwidth, and
later to analyze them at high spectral resolutignto a few tens of kHz.

In this paper, we describe the implementation digital spectrometer that performs digitization amdhlysis of 8 GHz
bandwidth signals. This development is done inftamework of the NOEMA (Northern Extended Millimetarray)

project, which is a major upgrade of the IRAM Ilfiégometer on the Plateau de Bure (France). The puofll5 meters
antennas will be doubled from 6 to 12, the EastiWeseline extended to 1.6 km, and the total |Fdbédlth per
receiver increased from 8 GHz to 32 GHz. This pthiF bandwidth comprises 4 IF bands of 8 GHz, esitie
receivers are implemented using an 8 GHz dual-alton side-band separating (2SB) mixers.

After giving an overview of our spectrometer (SewtR), we describe in Section 3 the analog-to-digibnversion and
the data synchronization with the FPGA. Also, weline in Section 4 the signal processing architectisection 5
presents recent measurement results.
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2. SYSTEM OVERVIEW

The digital spectrometer is based on a prototyp&€Afdm e2v working at 16 Giga samples per-secorgbgpand an
Altera Stratix IV GX FPGA (EP4SGX230KF40C3 devic&his ADC is connected to the FPGA via 20 differ@nines
at a bit rate of 4 Gbps. To achieve a proper syrihation between both chips, the digitized datacimmbled before
being transmitted using a pseudo-random binaryesempi (PRBS). In addition, a pre-defined alignmeattepn is sent
during an initialization period.

Inside the FPGA logic, the data bits are alignesscdambled and converted into two’s complement &brihhis data is
then filtered and demultiplexed into 64 overlappmg-bands, which after selection are processegdifisline FFT
engines in order to reach high spectral resoluttégure 1 presents the system block diagram ofgppéstrometer.

The spectrometer hardware is composed of two ptiefecuit boards (PCB). We first built a 10-laye€CP that
integrates the ADC and the FPGA. The goal was tweotrate our design effort on the ADC-FPGA synolration
and the signal processing architecture. Later,carsk board was built in order to include a broadbRf front-end,
which performs both signal amplification and sintpedifferential conversion. Figure 2 shows a pietof these boards.

In a future version of the system, both circuitdl e integrated in a single board. Some additigpaats will also be
included to synchronize multiple boards, allowingperate them in an interferometer system. Sirfeafl high-speed
digital domains must co-exist, this board will barefully designed in order to overcome several giesihallenges.
Impedance matching over the 8 GHz input bandwidtstrbe achieved. The selected low-loss materialt rhas
compatible with the manufacturing constraints & BCB stack-up. The complexity of the PCB can alscease due to
the high routing density, pin count and supply entrof the high-speed digital parts. Thermal cogrsitions should be
taken into account as well.
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Figure 1. System block diagram.

3. ANALOG TO DIGITAL CONVERSION AND DATA SYNCHRONIZATION
3.1 E2V chip

We used an industrial prototype ADC chip providgoe?\'. This chip (EV5AS210) is a 5-bit resolution, 4-edime-
interleaved ADC. It is specified to work up to 2@8@3. However, as the full power input analog badtw{-3dB) of
this ADC and the IF bandwidth of the NOEMA receare specified to 8 GHz, the sampling rate ofpratotype was
set to 16 Gsps.

The 5-bit 4-core ADC results in twenty 4-Gbps diéfetial lines connected to the FPGA device, oneefmh output bit.
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Figure 2. Picture of the spectrometer boards.

3.2 ADC-FPGA interconnection and data synchronization

Ensuring a reliable chip-to-chip data transmissabma high data rate of several Gbps is a techuitallenge. As data
rate increases, the classical “source synchronasimission scheme (data transmitted with itslsyemous clock on a
separate line) demands a very tight control orP@@8 wiring and on the chip routing to minimize thagth differences
between the parallel data paths. This control enewore difficult if the data transmission mustgeeformed between
chips located on different boards in a larger syste

A different approach has been adopted by FPGA dessgwhose high-speed devices are often implemémteetwork
switching systems, where data is transmitted iassmchronous way (without any reference clock)rdaeive multiple
asynchronous lanes at several Gbps, current FP@Agle embedded transceivers. A transceiver islea@ed circuitry
that includes configurable analog and digital btk implement standard and proprietary protocpkrating from 600
Mbps up to 28 Ghps.

In our design, twenty 4-Gbps lines coming from &i2C are received by twenty FPGA transceivers. Haigh-speed
transceiver is composed of a clock and data regoueit (CDR), a deserializer, a word aligner andolzase-
compensation FIFO memdrgFigure 3).

To achieve a proper clock recovery by the CDR uthié incoming data stream must contain frequentsttians.
Otherwise a long stream of consecutive “0”s or “fransmitted by the ADC can produce a loss of syomiaation of

the CDR unit at the bit level. For this reason, &2 ADC includes an internal PRBS generator tlcadmables the
digitized data before being transmitted to the FPG#is PRBS generator uses & “21” polynomial. At the same time,
this scrambling produces DC-balanced data streahterefore an AC-coupled transmission scheme can be
implemented, allowing to interconnect ADCs and FRG#hose differential ports have mismatching commuue
voltages.

Later, the deserializer converts the input seti@dasn into 16 parallel ones. The word aligner thégns the received
data using a known pattern hardwired into the AD@ aent during a synchronization procedure (irtidby request
from the FPGA). This alignment pattern is simultaumgy inserted into each data stream, which caretbe be
transmitted through completely independent pathmsth@ receiver side, each word aligner seeks femghttern that will
serve as a timestamp for the later lane alignment.



Finally, the FIFO memory compensates the phaserdifice between each recovered parallel clocks lead-PGA
fabric clock. This 250 MHz clock is a global clodlstributed over the entire device and is the madtek for the later
signal processing performed inside the FPGA logic.

Already in the internal programmable logic of thBGA, a lane aligner module performs a global aligninto
compensate the different latency between the 28 fitatvs coming from the transceivers. The aim ipttovide a fully
synchronized set of parallel data.

The data is then descrambled using the same PRB®see as the ADC, but regenerated inside the FieeA and

initialized when the FPGA sends a synchronizatequest towards the ADC. A bit-reordering and a eosion to two’s
complement fixed-point format complete the datau&ition procedure. Thus, each 4ns, 64 sampleshifsbare ready
to be processed at the input of the polyphase fikkak.
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Figure 3. ADC-FPGA synchronization scheme for oifferntial line.

3.3 ADC calibration procedure

The ADC chip is implemented using a time-interlehagchitecture in order to achieve the high sangplirquency of
16 Gsps. It integrates 4 fast ADC cores that warkarallel at a reduced sampling rate of 4 Gspse. A'kkores convert
the same input analog signal but taking samplefteshby one fourth of the effective sampling periddus, the
interleaved ADC offers an aggregate sampling fraquéhat is 4 times higher than the individual cate.

To obtain a good performance, the individual cagponses must be as similar as possible. Othetlésmterleaved
signal suffers from distortion which is traducedoimndesired spurious components along its spectifiamminimize
these spurious components, the gain, the DC o#fisdtthe sampling delay of each ADC core must basteljl by a
calibration procedure. Then, the values for themeupeters are written in specific digital registefghe ADC after
power-up or a hardware reset. These registersdairessed via digital Serial Peripheral Interfadel}S

Sinusoidal signals are usually used as test signatslibrate interleaved ADC. However, by usingu€sian noise as
test signals, we obtain cleaner spectra, redudiegcomplexity of the calibration procedure. Funthere, Gaussian
noise signals emulate radio-astronomical signadispgmmit to test the ADC under more realistic ctinds.

Thus, the calibration procedure is based on thienasbn of the statistics and the power spectruomfrrecords of
consecutive digital samples coming from every AD&ec This estimation is performed by computer safew The
samples are transmitted from the FPGA to the coerpi& an USB interface.

By estimating the variance and the mean of the Eanegords, the gain and DC offset parameters @celated. These
parameters are tuned until the statistical estisnate as similar as possible between the diffed®€ cores. As the
time-interleaving must be adjusted over the eritequency band, wideband Gaussian noise (from DEG#z) is used
as test signal.

To tune the delay parameters, we used a band-pesed Gaussian noise. To achieve more accurdmy,center
frequency of the band-pass filter must be as higpossible, close the Nyquist frequency. Then atsgleanalysis of the
interleaved response is calculated, and the dsléynied to minimize the spurious images that apgearto the phase
mismatch.



4. DIGITAL SIGNAL PROCESSING
4.1 Overlapping polyphasefilter bank

We designed a polyphase multirate filter bank (barmelizer) that separates the digitized real sighe8 GHz
bandwidth into 64 complex sub-bands. These outpbtb&nds are complex-valued baseband signals avel ha
bandwidth of 250 MHz each.

A polyphase filter bank (PFB) is a very efficientplementation of a uniform multirate filter bankng a Fast Fourier
Transform (FFT9%. A classical uniform multirate filter bank is amray of digital baseband down converters with
equally-spaced center frequencies and identicatiwalth (Figure 4(a)). Each down converter perforanfequency
down conversion, shifting the sub-band of intetedbaseband; a low-pass filtering to select thisIsand and a down-
sampling to reduce the sampling frequency but raaiimtg the Nyquist-Shannon theorem. The samplieguency is
reduced by a factor equal to the number of charofdlse multirate filter bank. Since 250 MHz isem$ible rate for the
FPGA logic, 64 is the number of channels chosemtorfilter bank.

Figure 4(b) shows the block diagram of a standdrdt@annel polyphase filter bank. The digitized inpignal is first

demultiplexed by a factor of 64, represented bgmrautator in the figure. This commutator is follaMey an array of
digital filters, which are decimated-by-64 versiarighe original low-pass filter used in the eqiérda uniform multirate

filter bank. This means that the original FIR loasp filter ofN coefficients is partitioned into 64 all-pass Fl&yphase

filters of N/64 coefficients. These filters are known as polygehéilters because they present different lineasph
responses. Finally, the filtered signals are preegvia a parallel FFT engine to obtain the ouspibtbands.

This polyphase architecture offers increased eificy in both speed and area, which are key asfirgtsogrammable
systems based on FPGAs. Note the logic saving du¢he polyphase partition in the filtering staged atme
computational efficiency of the FFT algorithm. lddiion, all the data processing is performed atrégduced sampling
rate. Because of all these benefits, the polypHagl filter banks are well suited for being tfilest processing stage of
a digital spectrometer or correlator. This firsbgassing stage is generally known as digital receiv
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Figure 4. (a) Classical 64-channel uniform mutériiter bank. (b) Equivalent efficient polyphasgpresentation.

In radio-astronomy observations, the goal is t@wbtontinuous spectral information over a widedwaidth. However,
the spectral response of the standard polyphase lfiiinks presents discontinuities at the edgéseo$ub-bands (Figure
5). To overcome this drawback, a 50% overlappingive’® of the polyphase filter bank is implemented.

This overlapping polyphase filter bank (OvPFB) dam considered as two polyphase filter banks wha=gec
frequencies are shifted by half of the channel badith (Fig. 5). The first filter bank is a standgrdlyphase filter bank



(as described above), whose first sub-band is whtat the zero frequency (known as even type aiastacking
arrangement). The second filter bank is a polypHidter bank based on an odd Fast Fourier Trangferhere the first
channel is centered at a frequency equal to hal€tannel spacing (odd type channel stacking agraegt).

A careful design of this overlapping version pesi reduce the logical resources used. In faesethwo filter banks
can share the multipliers in the filtering stage,their coefficients have the same absolute vdtuethermore, the
required number of filter coefficients is reducddce, due to the overlapping approach, the spetifins of the
prototype filter are less stringent. As the inpigittzed signal is real-valued, symmetry properttes be applied in
order to use a single parallel FFT. This single Ridrks on complex-valued input samples that areinbtl via
arithmetic operations over the real-valued sampbtesing from the filtering stage. For our designs ttomplex FFT is
implemented using a radix-4, decimation-in-frequefialF) fully-parallel architecture.
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Figure 5. Overlapping filter bank concept, impleteehto obtain continuous spectral information.

4.2 High resolution spectral analysis

Following the digital filter bank, FFT engines areed to perform a high resolution spectral analysé&&h FFT engine
processes a 250-MHz complex-valued signal corretipgnto an output sub-band of the OvPFB. For cantm or

extragalatic millimeter-wave astronomy, resolutiohs few megahertz are often required. Insteaghdri resolutions up
to a few tens of kilohertz are demanded for gataotiservations, where extremely narrow lines mustédsolved.
Present back-ends must therefore provide spetasability.

This flexibility was obtained by using two diffettetypes of FFT engines. In our design, 128-poinT $kere used to
achieve a low spectral resolution (~ 2 MHz of ctelrspacing), and 4096-point FFTs to obtain a higgolution of 50
kHz.

A full spectral coverage (64 sub-bands analyzed)dcaot be achieved due to a limitation in the togésources of the
selected FPGA device. For this reason, a maximumiben of 32 FFT engines of 128 points or a maximtirh6oFFTs
of 4096 points could be implemented. However, FP@#%ices doubling the number of logic elements dready
available, at the expense of an additional cost.

We are currently designing a future back-end, basethis prototype, to provide an entire spectralgsis at a low
frequency resolution and to offer a finite numbé&fazmom windows” or sub-bands analyzed at high hasan. In our
opinion, a ratio of 1/4 should be a good compromitdetter spectral resolution is demanded, FFTih & higher
number of points could be utilized, but decreasimgnumber of available zoom windows.

Figure 6 shows the block diagram of the signal gssing pipeline applied to one complex-valued satdbcoming
from the filter bank. A FFT engine, preceded byragsammable windowing operation, transforms the-lsaihd to the
frequency domain. This FFT engine is based on #E MegaCore Function, which is a highly-paramebieaFFT
processor developed by Altérarhe FFT MegaCore Function uses a radipielined architecture, whose butterfly
structure is the same of the radix-2 architectome the multiplicative complexity is equivalentaaadix-4 architectufe



The FFT engine is followed by a frequency clippmgdule, which discards half of the frequency binscleannels
computed by the FFT. These discarded bins arerths that are close to the sub-band edges. Noteltieato the 50%
overlapping approach, only the central region ef sob-band around the zero-frequency must be pexbéo obtain a
perfect frequency stitching. Thereby, the followiblpcks process only useful data and the clockueeqy can be
halved, optimizing the power consumption. Finalhge squared absolute value of this clipped spectsucomputed to
obtain the power spectrum. Then, successive popetts are averaged via a synchronous accumulagedbon a

RAM memory. This accumulation reduces the systemmenfiuctuations, improving the detection of weakr@anomical
signals.
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Figure 6. Signal processing architecture to anatymeoverlapping sub-band at a high spectral résalfrom a few MHz up to
a few tens of kHz).

5. RESULTS

The spectrometer was tested in the laboratory deroto evaluate its performance. Figure 7 shows @éweimples of
measured spectrum at a resolution of approxim&éhHz, for a total 4065 frequency points (the fssb-band is real-
valued and its spectrum is therefore symmetric ufeig5-). 128-point FFT engines were utilized to lgr® the

overlapping sub-bands. Each spectrum was genefiatedtwo consecutive measurements in order to ctverentire
input bandwidth.

The integration time is 33.55 ms, which correspaind85536 FFTs accumulated for each sub-band. 8stesignals are
filtered Gaussian noise. For the spectrum in Fi@)7a 2-4 GHz band-pass filter was used. Thikaesdigitizer filter for
the current IRAM and ALMA correlators. For the plotFig. 7(b), a 3.5-7.5 GHz band-pass filter wakzed. This plot
shows the ADC roll-off at high frequencies (close8tGHz).
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Figure 7. Measured spectra for filtered Gaussiasensignals. (a) 2-4 GHz band-pass filter. (b) B%GHz band-pass filter.



6. CONCLUSIONS

We have outlined the design and presented somksea digital spectrometer that addresses thegmt-day demands
on analysis of broadband signals at a flexible eanfyspectral resolutions. This spectrometer caitizié signals of an
instantaneous bandwidth 4 times wider than thestageneration of digital back-ends currently invesr at IRAM or
ALMA. It is characterized by a uniform and contiusospectral response and also can achieve higlralpessolutions
up to a few tens of kHz. With a speed of 16 Gspis tlesign is an interesting step in the developroérdigital
spectrometers for radio-astronomy.

The purpose of this work was to acquire experienicerecent digital technology, in view of the desigha new
correlator for the coming upgrade of the IRAM P#atale Bure interferometer (NOEMA project). Thisuiet correlator,
whose digitizer board will be largely inspired frahre spectrometer described here, will include @éhglevices, plus
the corresponding baseline processing.
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