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Abstr act

The Al en Tel escope Array of 350 6-neter antennas
wi |l provide four independently tuned |IF processor
out put ports from each antenna. Emergi ng from each
out put port will be two polarizations of 100 MHz
bandw dth extracted fromthe .5 - 11.2 GHz RF band
of the tel escope front end. The IF processor wll
provi de each output port with quantization to 8 bits
and i ndependent tracking of delay and phase for as
many as 4 beans. Each beam may support a different
“back-end”. Different “back-ends” wll be produced
so that different experinents may take pl ace
si mul t aneously. An imagi ng “back-end” is descri bed.
The imager will rely on an FX correl ator
architecture. The signal fromeach antenna will be
separated into as many as 1024 frequency channel s
and then all correlations for each channel will be
measured. The channel separation of the FFT will be
i nproved by using a nodern pol yphase techni que. The
pol ari zations of the 100 Mz baseband will pass to a
pair of FFT based pol yphase filterbanks, which wll
split the signal into 1024 channels. Fromthe
pol yphase filter banks, the signals will proceed to
a bank of correlators. Each correlator conputes al
61425 baselines for each of the frequency channel s.
A serious problemexists in getting the signals from
t he pol yphase filterbanks to the correlators. Using
the innovation of a nmenoryless corner turner solves
this problem The corner turner converts the 350
streans of 1024 frequency channels into 350 streans
of antennas of 3 frequency channels each. Each
correl ator sees a sequential streamof all of the
antennas and can easily conpute all of the baselines
as the data enters.



We have consi dered several approaches to the inmaging
problem W considered the XF (cross correlation before
frequency anal ysis) approach. XF offers the advant age of
coarse quantization with its sinplified arithnetic, but in
a nodern situation where high levels of interference wll
be encountered, coarse quantization can be overwhel ned. XF
has a serious disadvantage conpared to FX in the presence
of interference. The nodern techni que of using a pol yphase
filter bank in place of the FFT used in ol der designs, has
t he advantage of extending the wdth of the weighting
function applied to the signal. In an XF design the
wei ghting function is limted to the width of the sum of
the lags. In order to gain wi ndow ng characteristics that
are anyway near acceptable a factor of two nore lags in an
XF machine is required to achieve the sane resolution in a
FX machi ne using a pol yphase filter bank. A proper
wei ghting function is absolutely necessary in order to
i nsure good channel separation. XF also offers the
advant age of very regul ar sinple design making the design
process nmuch quicker. The availability of pretested,
predesi gned cores for both customchips and field
programmabl e gate arrays elimnates this advant age.
Finally, XF offers the advantage over FX (frequency
anal ysis before cross correlation) of sinpler
i nt erconnection between the antennas and the correl ators?.
We offer the innovation of a corner turner that solves the
i nt erconnection problem

We have al so considered an FF (frequency anal ysis
foll owed by Fourier beamform ng or direct inmaging)
approach?. Direct imaging is a very prom sing idea for radio
astronony in that beans are formed on the sky rather than
an i mage whi ch consists of the power in each bean?. The
beans may be used for SETI searches or pul sar experinents
as well as image creation. The problemw th direct inmaging
is the fact that the conputational cost of Fourier beam
formng with a sparse antenna array becones quite high. A
sparse antenna array is required for high resolution
i magi ng.

We propose using an FX architecture. Although the
concept has been known for 20 years* the |argest such
correlator previously built is the VLBA s, which handles 20
antennas at 128 MHz total bandw dth and 8192 total spectral
channels. Qur correlator with 61425 basel i nes as opposed to



210 w Il have a larger capacity by nore than two orders of
magni t ude.
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System

The system consists of three basic elenents. The
pol yphase filter bank can use as many as 4 independently
tuned conpl ex 100 MHz bandwi dth streans of 8 bit real and 8
bit imginary sanples. It can separate a 100 MHz stream
into as many as 1024 conpl ex channels of 4 bits real and 4
bits imagi nary. Each antenna provides two pol arizations.
There are two filter banks per antenna. The next elenent is
the corner turner. The corner turner converts the data from
frequency channel order to antenna order. The third el enent
of the systemis the correlator. There are 350 signal paths
fromthe corner turner to the correlator. Each correl ator
conputes all 61425 baselines for each of the frequency
channels. In order to keep the data rate fromthe antennas
approximately the sane as the data rate entering the
correlators, each correlator unit will accommodate 3
frequency channel s.

Fil ter Bank

A problem associated with the FX approach is the poor
performance of the fast Fourier transformas a filter bank®.
Thi s probl em of channel separation is also true of |ag
correlators as well. W propose to precede the FFT with a
pol yphase structure forming a pol yphase filter bank® The
pol yphase filter bank enables us to provide superior
channel separation with very | ow sidel obes and very | ow
al i asi ng’.



The Fourier transform by itself, makes a terrible
filter bank. If no windowing is applied (a square w ndow)
then there is severe | eakage between the channels. Strong
interference in one channel can mask signal appearing in
ot her channel s. Many authors have studied the problem of
using a nore favorable input window to inprove its
per f or mance®, however performance inprovenment usually
requi res overl apping the input sanple vectors® to avoid
signal loss. The limted window width also inplies a | oss
in resolution. The result is at least a factor of two | oss
in throughput speed as well as resolution. A relatively new
approach of placing a polyphase structure in front of an
FFT in order to extend the input wi ndow can result in a
filter bank with very good properties?'®

The discrete Fourier transformis usually witten as
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The w(i) termis a wi ndowi ng function that determ nes the
pass- band shape of each of the bins. Since the exponenti al
termis periodic in N, a nore general discrete Fourier
transformmay be witten
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Any nunber of input sanples may be used in the construction
of S(f) and the wi ndow nmay be unlimted in extent. An

i npl enentation of this schene for b=1 is shown bel ow where
the shift rate of the silicon is the N quest rate of the
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In order to window the sanples of x(i) as they cone in, they
must be nmultiplied by the sanpled wi ndow function w(i). The
wi ndow function sanples are stored in a | ook-up table and
mul tiply the input sanples as they go by. The result is
entered into a pipeline Fourier transformin sequence. This
arithmetic is needed if any windowng is required. In order
to expand the size of the input wi ndow, the input sequence
is passed to an N stage shift register which delays the

i nput sequence by N, the period of the Fourier transform
Anot her | ook-up table is used containing the sanples of the
ext ended wi ndow. A second nultiplier multiplies the del ayed
i nput and an adder adds the result to the result of the
first multiplier. The sumthen enters the Fourier transform
i n sequence. Any degree of expansion may be added by addi ng
as many shift registers and nultipliers as are needed. A
factor of two increase in window wi dth requires only two
mul tipliers.

Extending the window is not an option with an XF
machi ne. If the correlation nmeasurenent is done first, then
you are stuck wth the nunber of |ags the machi ne produces.
Any wei ghting nust be applied to the | ags that have been
measured. The result is loss in resolution and hi gher side
| obes in the spectrum In order to equal the performance of
a pol yphase filterbank, a |lag correl ator nust have as many
| ags as the wi ndow wi dth of the pol yphase filter bank. FFT
cores are available for field programmabl e gate arrays, as
are polyphase filters nmaking the design time required for
such a systemvery short. Prelimnary design results
indicate that a filter bank using 8-bit arithnmetic can
achi eve side | obes that are 60 db down.

Cor ner Turner

The design of an imging systemw th 350 antennas w ||
serve as a proving ground for ideas that are necessary for
the future devel opnment of even larger arrays. There is, for
i nstance, the problem of connecting 350 antennas to 61425
correlators. Wi le the speed and density of |ogic continues
to accelerate naking large antenna arrays feasible in terns
of arithnetic capabilities, the task of interconnecting the
el ectronics remains a problem Indeed the cost of
i nterconnections nmay dom nate the cost of the machine. In



order to cross-correlate all of the antennas, each of the
350 antennas nust go to 349 other places where the
correlations are done. 122150 i ndependent w de band si gnal
pat hs (neglecting auto-correlations) are required for an XF
machi ne. The situation becones worse when a FX machine is
consi dered since each of the separate frequency channel s
must be independently correlated. Critical attention nust
be paid to timng, crosstal k, ground-loops and reflections
in each one of these lines. The arrival time of each sanple
fromw dely separated sources nust be carefully controll ed.
The assenbly of even a nodest 10-antenna systemis a
chal | engi ng bal anci ng act.

Any i magi ng system nust have access to all of the
antennas. Qur basic interconnection strategy is to break up
t he hi gh bandw dth signal enmerging fromthe each of the
antennas into several parallel |ower bandwi dth slices. A
transformation is applied to the data. A stream of
frequency slices for each antenna is converted into a
stream of antennas for each frequency slice. The slices are
then routed to independent inmagers'* that work on all of the
antennas for each slice. The device that perforns this
transformation is a corner turner.

A corner turner is a device that perforns a matrix
transpose'®. Data is read into the rows of an array and,
once it is filled, the sane data is read out of the
colums. Corner turners are usually inplenmented using
menory. Al of the frequency slices are read into the
menory in frequency sequence fromall of the antennas. As
soon as all of the frequency slices have been read in, the
menory is reconfigured to read out. Another nenory
continues to read in the next batch of frequency slices so
that no data is lost. The order of the read out is changed
so that the data is in antenna sequence. Al of the antenna
informati on can now be directed to a single correl ator that
can calculate all of the baselines for a single frequency
slice. A separate correlator can be provided for each
slice. Notice that once the sanples have been placed in
proper order by the corner turner, their arrival tinme at
the correlator is no |onger inportant so that each of the
correlators is independent. A serious flaw of other
correlator schenmes is the fact that all of the correl ation
el emrents nust be in exact synchronism

The use of a corner turner applied to a correlator
systemis unique and the use of a nenory to acconplish the
turn woul d be adequate to produce an econom c system W
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have devel oped a corner turner that requires no nenory and
uses only swtches. It promses to provide a systemthat is
| ess costly and nore versatile than one using nmenory.

The configuration has the appearance of a nodulo 2 fast
Fourier transformbutterfly arrangenent. At the right end
of each butterfly, a switch is |ocated rather than the
phase rotation and add of the fast Fourier transform Wen
the switch is in the upper position it will be called the
zero position. Wien it is in the lower position it wll be
call ed the one position. The data enters the array fromthe
left in the diagram The switches all change position after
t he passage of one cell tine. In order for the schene to
wor k, the data nust be skewed in tine or order from one
antenna to the next. \Wen the data energes from each port,
at the right, the order of the antennas will be the sane
but they will be skewed in tine or order. This data skew ng
shoul d not, in general, present a problem It takes eight
cell times, t=0-7, for the data to conplete one turn. The
switch positions for each cell tinme are indicated in the
follow ng table. The nunbers across the top of the table
represent the cell tinmes. The letters to the left represent
the antenna row. The pattern of ones and zeros represents
the switch state for each of the switch |ocations.

0 1 2 3 4 5 6 7
aj0/0/j0)12/142j2|2/0}2/0|12j1/0(0}j0|1|1}j012|0)0(0 |12
bjoj0j2,0/0/0}j12j12|2y12|2/0}2/042,1/0/0}j0}1/2)011210
c,0/2/0)0/042}j0|0}0})2/2|2}j1}12/0}j2|0|12}j1/0|0)0|1 |12
d{ojz2/20f42/0j0;042)j0/0/0y2;1242,1/2|0}j2/042)1/010
e|j12/0/0)0}142}j0(2;0y0/0|2}0;0(0}J2|12|2}j1/2|0)1|0|12
ffrjo0/1y1;0/0)0|2j2j0(2|0)0|0O2}0|0O|0O}2|2|2}j2|21|O0
gj12/2/0)12,042}j2|0;0y0y2|2}j0}1(0}j0|0|1}j0|0O|0)1 1|12
hj12;1/2,12/2/0}j12/0|2y12|0(0}0}1/2,0/2/0}J0]012)0/010




Li ke the FFT, the above switch techni que may be used with
any radi x. Aradix three switch stage woul d consi st of
three position swtches each position |abeled fromtop to
bottom 0, 1 and 2. One can al so construct a m xed radix
corner turner.

The Correl at or

After the data | eaves the corner turner it passes to
the correlator back end. Each correl ator processes one
slice of the frequency information fromeach of the
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antennas. The data enters the correlator as a stream of 350
antenna data points. It is necessary to nmultiply al

conbi nati ons of antenna pairs together and accunul ate the
results for each pair. The figure illustrates a nmethod for
doing this for 8 antennas. The configuration |ooks very
much like a lag correlator except that the sanples are in
ant enna sequence rather than time sequence. The antennas



may be visualized as being in a circle and all spacings
nmust be nmeasured. Each of the squares represents a stage of
shift register that is |arge enough to hold one frequency
slice. (Possibly an 8 bit conplex nunber with 4 bits real
and 4 bits imaginary) The first conjugate multiplier is set
up to multiply the frequency sanple fromeach antenna as it
conmes in by itself. The second multiplies sanples from

adj acent antennas. The third, nmultiplies antennas that are
spaced one antenna apart and so on. Each nmultiplier sends
its result to a drum accunul ator that advances to the next
nunber as each product is generated.

At the start of the integration, the shift register
and drum nenories hold all zeros. As the shift register
fills, the multiplies proceed until all eight stages are
full. On the ninth clock pulse the nultipliers all switch
to multiplying the | ast stage of the shift register except
for the first and last multiplier. The shift register |oads
the next streamof 8 data points while the first streamis
finishing. The nmultiplier switches return to their nornma
positions as the second streamenters the shift register.
The second nultiplier switch returns at the 10'" pul se, the
third at the 11'" and so on. At the end of the integration,
zeros are |loaded into the shift register so that the | ast
streammay finish its contribution to the result. The
mul ti ply/accunul ates continue until the | ast data point
| eaves the shift register. If continuous integration is
required, it is only necessary to read out the drum
accunul ators in the proper order in a zero after read
oper ati on.

This architecture mnimzes the nunber of
i nterconnections between chips. If there isn't sufficient
space in one FPGA, the circuit can be easily extended by
cutting it at the dotted |line as indicated on the diagram

The Use of Field Programmable Gate Arrays

The traditional approach to aperture synthesis array
design is to develop a custom VLS| integrated circuit,
which is then produced in |arge quantity. In the five-year
pl us design cycle for designing such a system the
integrated circuit technol ogy becones obsolete. At the tine
the array cones on |line, faster, denser, |ess expensive
chi ps becone avail able. W propose an investnent in
har dwar e description software. By using programmble |ogic
the software can be conpiled and run in the nost recent



t echnol ogy avoiding tinme consum ng foundry runs. Software
beconmes a capital cost while hardware becones an operating
cost of our instrunment.

Usi ng programmuabl e | ogic, configuration changes can be
made nore efficiently. A customchip nmust have all possible
configurations designed into it. A field programmabl e gate
array can be optim zed for one configuration. New
configurations consist of conpletely new prograns with new
optim zati ons.

OBSERVI NG MODES

Bandwi dt h Channel s Pol ari zation Bits Pol yphase
product s
400 Mz 256 2 1 No
200 MHz 512 2 2 yes
100 MHz 1024 2 4 yes
200 M 256 4 1 Yes
100 Mz 512 4 2 Yes
50 MHz 512 4 4 yes

The above sanpl e of observing nodes represents just a
smal | sanple of the possibilities. At the input to the
pol yphase filterbank there will be four independently tuned
100 MHz passbands. By changing the programm ng of the FPGA
we can choose to use all or just one of those bands
produci ng 400, 200 or 100 MHz bandw dt hs. The smal |l er
bandw dt h of 50 MHz can be introduced by preceding the
pol yphase filterbank within the sane chip with a finite
i npul se response half band decimation filter. The logic
follow ng the decimation filter continues to operate at 100
MHz on data that is now sanpled at a 50 MHz rate so that
tw ce as many operations may be perforned on the sanpl es
with the sanme logic. Sone of these nodes will be stored in
menory on the pol yphase filterbank card so that the nodes
may be changed relatively quickly. A nore extensive
collection of nodes will be avail able by reprogranm ng the
menories fromthe control conputer

Traditionally, when a system cones online,
i nprovenents or nodifications are very difficult because
the system nust come down interrupting observing until the
new hardware is bolted into place. Field programmable | ogic
lends itself to ongoing system devel opnent. |ndeed, the
system can cone on |ine before all of the software is



devel oped. A system upgrade takes no | onger than rel oadi ng
the chips with new code.

Field programabl e gate arrays are off the shelf
items. They have withstood the tests of many consuners. Any
hi dden flaws are likely to have been found and elim nated.
A custom chip, while | ess expensive, has not been tested as
extensively. There could easily be a problemthat doesn’t
show up until nuch |ater causing the systemto be
unrel i abl e.
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