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ABSTRACT The SERENDIP program is an ongoing search for nar-
row band radio signals from extraterrestrial civilizations. In this paper
we discuss the hardware design of the SERENDIP III and IV instru-
ments.

INTRODUCTION

SERENDIP III is a four million channel FFT-based spectrum analyzer
that has been operating in a sky survey mode at NAIC’s 305 m radio tele-
scope in Arecibo, Puerto Rico since April, 1992. The spectrum analyzer
covers a 2.5 MHz instantaneous bandwidth with 0.6 Hz resolution.

SERENDIP IV is the next generation of SERENDIP instruments,
which we hope to deploy in mid-1995. Building on the SERENDIP III de-
sign, SERENDIP 1V is a 167 million channel spectrum analyzer, covering a
96 MHz bandwidth. It also has 0.6 Hz resolution and a 1.7 second integra-
tion time. SERENDIP IV incorporates a bank of digital mixers and filters
to separate the 96 MHz band into forty 2.4 MHz sub-bands. Each 2.4 MHz
sub-band is further broken down into 0.6 Hz bins by means of a four mil-
lion point fast Fourier Transform. The resulting power spectra are analyzed
by 40 high speed signal processors. Narrow band signals having power sig-
nificantly above background noise levels are recorded, along with telescope
coordinates, time, and frequency. The data are then sent to Berkeley for
subsequent analysis and appropriate follow up observations.

SERENDIP HARDWARE - PAST AND FUTURE

The tremendous growth rate in SETT instrumentation is illustrated in Fig-
ure 1. The first generation SERENDIP instrument had 100 channels

(Bowyer et al. 1983); it was surpassed a few years later by SERENDIP II'’s
65,536 channels (Werthimer et al. 1984). Thereafter it was quickly eclipsed
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by the 4,194,304 channel SERENDIP III machine, which will be followed by
the 167,772,160 channel SERENDIP IV in 1995. Each generation
SERENDIP instrument has, on average, been about 35 times more power-
ful than its predecessor, with a growth factor of about 2.7 per year. This
growth rate is higher than that of any industry, even surpassing the growth
in computer speed or weaponry capabilities. This growth is driven largely
by the commercial development of digital signal processing and the avail-
ability of inexpensive FF'T and high density dynamic RAM chips.
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Figure 1. The number of channels in SERENDIP instrumentation in-
creases by a factor of 2.7 every year.

These rapid technological improvements make it worthwhile to spend
a considerable fraction of total effort in SETI developing new instrumenta-
tion, since observations with new equipment usually catch up to the previ-
ous generation’s observations in a few weeks.

It will be interesting to see if this growth rate can be maintained.
There are no physical constraints that limit the speed and scale of electron-
ics until another factor of 1 million is reached (when gates will be the size
of protein molecules). However, the current generation SETI instrumenta-
tion is already close to analyzing the total bandwidth available from typical
radio telescope receivers. After this limit is reached, the growth rate can
only continue by building very wide bandwidth receivers, or conducting the
search at higher frequencies (where wide bandwidth receivers become eas-
ier to build), or by developing multiple beam radio telescopes (Dixon, this
volume).

During this million-fold increase in the capabilities of SERENDIP in-
strumentation, the size of the instrument has remained roughly constant.
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All generations of SERENDIP have fit into a few suitcases; they have been
relatively easy to check onto flights to observatories. Also during this factor
of a million increase, the development effort for a new generation instrument
has remained constant — a few person-years of software and hardware.

About half of our instrumentation efforts go into hardware — the bal-
ance goes into software for both real time data acquisition and off-line data
analysis (Donnelly et al. al., this volume). This paper will concentrate on
the hardware design of SERENDIP III and IV.

SERENDIP III

SERENDIP III is a real-time, 4,194,304 channel fast Fourier Transform-
based spectrum analyzer. Each channel is 0.6 Hz wide, yielding a total in-
stantaneous bandwidth coverage of 2.5 MHz in a 1.7 second integration
time. SERENDIP III has been operating continuously at NAIC’s Arecibo
Observatory since April 15, 1992. Almost all observations have utilized the
telescope’s 430 MHz (70 cm) receiver.

Although the 70 cm wavelength is not one of the traditional bands for
SETI observations, it has several advantages. The 430 MHz receiver has by
far the highest gain of all the Arecibo receivers (averaging about 15 K Jy™!)
providing a sensitivity of 4.10725 W m~2. The long wavelength provides a
wide beam, allowing us to cover the sky quickly (every 6 months). Although
some additional noise is contributed by synchrotron radiation at this low
frequency, this noise does not contribute substantially to the overall system
temperature. The 430 MHz band has not been explored by any other SETI
effort to date.

The hardware consists of four major components (see Figure 2): the
front end electronics, the FFT board, the post-processor board, and the
data logging and system-management host computer.

The front-end system converts a 2.5 MHz portion of the intermedi-
ate frequency (IF) signal to baseband, and digitizes it for processing by the
FFT board. Figure 3 shows a block diagram of the front-end system. Be-
fore digitizing, the IF signal is fed through an automatic gain control (AGC)
amplifier to maintain a constant power level. Power levels are also moni-
tored and logged by the SERENDIP host computer. The IF signal is then
split into quadrature components by a pair of mixers. The down-mix fre-
quency comes from a low phase noise programmable frequency synthesizer
(Wavetek 5130A) and a quadrature phase splitter. For accurate frequency
generation, the synthesizer is phase locked to the observatory’s maser. After
each integration period, the host computer steps the down-mix frequency by
2.4 MHz cyclically scanning the entire 12 MHz IF band every 8.4 seconds.

- The quadrature baseband signals from the mixers are sent through a
carefully matched pair of 1.23 MHz nine pole Cauer elliptic low-pass filters,
and digitized by a pair of six-bit flash analog to digital converters (ADCs).
Four bits from each ADC are utilized by the FFT board. Studies show that
four bit quantization introduces only a 1% degradation in signal-to-noise
ratio for signals dominated by noise. To enhance image rejection, special
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Figure 2. Block Diagram of SERENDIP III.
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Figure 3. Block Diagram of the SERENDIP III Front End Downcon-
verter.

attention was given to phase and amplitude matching of the low pass filters
and power splitters.

A programmable “birdie generator” and wide-band noise source are
built into the front-end electronics for system testing and calibration. As
a test mechanism, the birdie generator injects a weak narrow-band signal
through a directional coupler into the IF band to simulate an extraterres-
trial transmission. This signal is left on during all observations as a con-
stant test of the system.

Data pass from the front end system to the FFT processing board.
The FFT board computes a four-million point Fourier Transform every
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1.68 seconds on the complex input signal. The frequency resolution of the
Fourier power spectrum is 0.596 Hz for a total band coverage of 2.5 MHz.
In real time, the FF'T board executes about 1,000 million instructions per
second (MIPS), computing large FFTs an order of magnitude faster than
the Cray XMP supercomputer, yet the parts cost of the FFT board is only
$3,000 (less than 0.1 cents per channel).

The FFT board is based on four Austek A41102 FFT chips selected in
1989 after extensive review of several chip manufacturers including Austek,
Plessey, TRW, and Zoran. The Austek chips are no longer fabricated by
Austek, but are now produced and sold by AWA Microelectronics. Each
chip can compute FFTs up to 256 points in length and can perform cal-
culations with 16, 20 or 24 bit precision. We chose the 16 bit mode in our
design to save memory costs and improve speed. The 16 bit arithmetic pro-
vides sufficient dynamic range (16 bits of real and 16 bits of imaginary yield
32 bits of power), but we have had to be careful to scale the vectors at vari-
ous stages throughout the computation.

In the SERENDIP III FFT board (Figure 4), the four-million point
transformation is computed as a square 2048 by 2048 point FFT with the
appropriate roots of unity (twiddle factors) multiplied with each data ele-
ment between the column and row operations. The 2048-point transforms
are similarly computed as 64 by 32 point square FFTs with twiddle-factor
multiplies between the column and row operations. We conducted extensive
computer simulations of this technique in order to verify our algorithms and
architecture, and also to analyze the degradation effects of finite precision
arithmetic. We find no significant degradation, and are able to detect weak
signals in the presence of strong RFI.
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Figure 4. Block Diagram of the Serendip III FFT Board.
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Almost all of the addressing, control, and “glue logic” for the FFT
board has been designed into four Xilinx 3042 programmable gate array
chips. Each chip contains the equivalent of 4,200 gates; the gate arrays are
configured by SERENDIP’s host computer during the power up sequence.
For testing and debugging, the gate arrays can be reconfigured and pro-
grammed to inject test patterns at almost any place in the FFT board data
flow.

On the FFT board, the complex samples from the ADC’s are first re-
ordered by a four mega-sample address permuter transforming the data in
2048 point segments. The samples are then multiplied by a Parzen window
to increase sensitivity to narrow-band signals falling between adjacent spec-
tral bins. Next, 2048 2K-point FFTs are performed by two Austek chips
and associated circuitry. The resulting data is re-ordered by another per-
muter and multiplied by the twiddle factors. After the twiddle-factor mul-
tiply operation, another set of 2048 2K-point transforms is computed. Fi-
nally, the power spectrum is calculated from the complex data set by a
multiplier-accumulator chip, and the data are unscrambled by a final per-
muter into a frequency ordered spectrum. Each of the three 4 million point
permutes are done in a single DRAM buffer, which is automatically re-
freshed by means of clever address mapping. The entire FFT operation is
computed in 1.68 seconds; however, the pipeline architecture produces a la-
tency through the whole FFT board of about five seconds.

The FFT board also computes local averages of the power spectrum
for each 1024 points and delays the spectral data by 4096 points to make
the post processor addressing simpler. This hardware addition eases the
computation load off the post processor.

The SERENDIP III post processing system is based on an Intel
EV80960CA evaluation board driven by an 80960-CA microprocessor op-
erating at 33 MHz and executing instructions at a sustained rate of about
45 MIPS. The high processing rate of the i80960-CA is needed to support
a continued real-time throughput and analysis of the 2.5 million point per
second 16-bit power spectrum from the FFT board. The post processing
board performs the baseline normalization and searches for peaks above
the threshold (the threshold for the narrow resolution bins is usually set
to around 16 times the mean power). To improve sensitivity to wider band-
width signals (e.g., modulated signals), the post processor also forms coarse
resolution spectra by adding adjacent bins together and performs threshold
operations on spectra with successively coarser binwidths of 0.6, 1.2, 2.4, 5,
10, 20, 40, 80, ...., up to 640 Hz.

Data logging, control, and system synchronization is conducted by an
80386 PC. The computer logs information on strong signals along with co-
ordinate and frequency information from the observatory computer, as well
as controlling the front-end, FF'T board, and post processor. Besides inter-
facing to the the FFT board and post processor board, the computer re-
ceives time code information every millisecond via a custom designed IRIG
receiver board and receives the telescope’s azimuth and zenith angle every
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10 seconds via an RS232 link. The PC controls the front end frequency syn-
thesizer and frequency counter over an IEEE488 link and utilizes an ether-
net transceiver to transmit its data and receive new parameters, software,
and commands.

SERENDIP IV

SERENDIP IV, a 167,772,160 million channel spectrum analyzer, is the
next generation of SERENDIP instruments. We are constructing the instru-
ment now, and expect to have it operating at Arecibo in mid-1995. Build-
ing on the SERENDIP III design, SERENDIP IV contains a bank of 40
SERENDIP III-like FFT boards. When combined together, these boards
cover a 96 MHz bandwidth at 0.6 Hz resolution and a 1.7 second integra-
tion time. Since the system is modular, it can be split up in two sections to
process two polarizations of 48 MHz each. Alternatively, it can be split into
two or four separate instruments in order to process signals from separate
antennas.

SERENDIP 1V first utilizes conventional analog mixers and filters to
break the band down into 36 MHz pieces. A block diagram of the system
is shown in Figure 5. Each 36 MHz band is then further broken down into
fifteen 2.4 MHz sub-bands by a bank of digital mixers and filters. Finally,
each 2.4 MHz sub-band is further broken down into 0.6 Hz bins by means
of a four million point fast Fourier Transform similar to that used in the
SERENDIP III system.
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Figure 5. Block Diagram of a 60 million channel section of
SERENDIP 1V.

A block diagram of SERENDIP IV’s digital filter board is shown in
Figure 6. The complex digital down mix is performed by a high speed
SRAM lookup table. The digital low pass filters employed are 256-tap FIR
filters (Harris HSP43168) which also decimate the data by 16. The digital
filter bank provides very low phase noise, excellent image rejection and very
sharp filter cutoffs. Each digital filter board can drive eight
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Figure 6. Block Diagram of the SERENDIP IV Digital Filter Bank
Board.

FFT-postprocessor boards. The digital filter board can also generate test
patterns to test itself and the subsequent FFT-postprocessor boards.

SERENDIP IV’s FFT boards are very similar to those used in
SERENDIP III, except that we added the postprocessor onboard, and in-
stead of decomposing the 222 point FFT into 64:32:64:32 point transforms,
it is broken up into 128:128:256 point transforms. We also used larger (and
thus fewer) Xilinx gate arrays.

Perhaps the highest compliment to SERENDIP has come from other
SETI researcher’s utilization of SERENDIP designs and instruments. NASA
used a SERENDIP II system for RFI studies and preliminary SETI
searches. The SERENDIP III/IV FFT design was adopted for the Har-
vard/Planetary Society’s BETA project. BETA will replace the current
META systems now used at Harvard and Argentina. The SERENDIP IV
digital filter boards are utilized by the pulsar timing program at Berkeley
and will soon used for a pulsar search at the Naval Research Labs. Addi-
tionally, we are currently building a 4 million channel system for the Ohio
State University SETI program (author’s note: this system is now up and
running at the OSU Radio Observatory).

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System



Werthimer et al: SERENDIP IIT and IV Instrumentation 301

ACKNOWLEDGEMENTS

The SERENDIP project was supported by NASA grant NAGW-526 and by
donations from private individuals and corporations. Most of the parts for
SERENDIP III and IV were donated by Harris, Intel, Toshiba, Xilinx and
a grant from Mrs. Elizabeth Bowyer. Austek, AWA, and Harris provided
substantial discounts on their chips. The authors would also like to thank
the considerable efforts of Walter Fielek, Matt Dexter and the Arecibo staff
who have worked to make the SERENDIP project a success.

REFERENCES

Bowyer, S., Zeitland, G. M., Tarter, J., Lampton, M., and Welch, W. J.
1983, “The Berkeley Parasitic Seti Program,” Icarus, 53, 147-155

Werthimer, D., Tarter, J. and Bowyer, S. 1984, “The Serendip II Design,”
The Search for Extraterrestrial Life: Recent Developments, ed. M. D.
Papagiannis, IAU Symposium 112, 421-424

Donnelly, C., Werthimer, D., Bowyer, S., and Cobb J. “The Serendip Inter-
ference Rejection and Signal Detection System,” these proceedings

Dixon, R. “Argus: A Future SETI Telescope,” this volume

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System



302

Donnelly et al: SERENDIP Interference Rejection System

Chuck Donnelly refuses to accept everything.
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