
 

Radio Astronomy FX Correlator  
on Reconfigurable Hardware 

Introduction 
In order to improve sensitivity, telescopes require additional collecting 
area. Instead of using a single, large dish which is expensive to 
construct and complicated to maneuver, modern radio telescopes use an 
array of smaller dishes. The signals from these are processed in real-
time in order for the multiple dishes to appear to astronomers as if the 
signal was received from a single dish (beam forming). It also allows a 
larger area of the sky to be viewed simultaneously. This arrangement is 
cheaper, more flexible and simpler to construct. 

  

However, it requires that the antennas’ signals be summed together to 
form a coherent picture of the sky. This process is called correlation and 
involves multiplying each antenna’s signal with every other antenna’s. 
The complexity of this calculation scales with the number of antennas 
squared. Furthermore, it is a difficult signal routing problem. 

  

Traditionally, the solution has been complicated, using custom 
application-specific ICs. This project aims to use reconfigurable 
hardware and commercial, off the shelf network switches to perform the 
same function. Furthermore, we aim to simplify and reduce typical 
development time of a correlator from 10 years to one year. 

  

These goals are in line with the University of California, Berkeley’s 
Center for Astronomy Signal Processing and Electronics Research 
(CASPER) group. In a collaborative arrangement, I will continue the 
work of Aaron Parsons in developing these packetized correlators. 

IBOBs 
Internet Break-out Boards 

• High performance 2GSa/s digitizers 

• 200Mhz band extracted digitally 

• Filtering and 2048 channel FFT 

• Data is reformatted for Ethernet 
network 

10Gbps Ethernet 
Switches 
• Commercial, off-the-shelf switches 

• Currently CX-4 connectors 

• Viable 10G base-T coming soon 

BEE2s 
Berkeley Emulation Engines 

• Performs correlations of all baselines 

• Integrates data 

• Outputs over standard Ethernet 

Signal 
Flow 
And 

Hardware 

Antennas 
The signals from multiple high 
bandwidth dishes are amplified and 
routed directly to the digitizers. 

Goals 
Produce a working, ready-to-deploy, 32 antenna 
correlator with 200MHz bandwidth and 2048 channel FFT 
by the end of 2008. 

  

Deploy a correlator in the field. 

  

Obtain integration periods in the order of 1 second. 

  

Progress to date 
Successfully compiled a 32 antenna correlator with 2k 
channels and 150MHz bandwidth onto 16 IBOBs and 4 
BEEs using a 16 port switch. 

  

Verification is currently underway 

  

Integration times are currently ~16 seconds. 
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fft_shift: bits 0-15
sync_rst: bit 16
arm_rst: bit 17

use_fft_tvg: bit 18
use_sram_tvg: bit 19
input_sel: bits 20-21

eq_coeff: bits 0-16
coeff_en: bit 17

coeff_addr: bits 20-30

This circuit implements a scheme for synchronizing
multiple IBOBs to within a 200 MHz clock.  "arm_rst"
comes from the "ctrl" register, and indicates that the
next "sync_rst" should reset the sync pulse generated

in "sync_gen".  "sync_rst" may be generated from
the "ctrl" register, but more often, a 1PPS signal is

supplied to the "sync" input of an ADC for this
purpose.  Once a reset occurs, "sync_gen" generates
a single pulse every 2^27 clocks.  LEDs provide visual
confirmation that an arm and reset occur, and "mrst"

is passed over XAUI for the purpose of informing
downstream logic in a packetized correlator that

a "master reset" has occurred.

"sw_override" (which defaults to 0 on startup)
controls whether "eq_coeff" and "ctrl" are taken

from the XAUI input (if = 0) or from software
registers (if = 1).  When operating as the stand-alone
"Pocket Correlator" this should be set to 1.  Otherwise
these registers are programmable from the XAUI for

when this design is operating as  an F Engine
in a packetized correlator.

Four parallel time samples (acquired at 4x the 
FPGA clk rate) are passed from the ADC to the

Digital Down Converter, where the signal is mixed
at 1/4 of the ADC clock rate (200 MHz if sampling

at 800 Msps), and then low-pass filtered to a
bandwidth of 1/4 the ADC clock rate, and decimated 

to a sample rate of 1/4 the ADC clock rate.  The 
resultant signal is 8 bits I, 8 bits Q, representing the

band of signals from 1/8 the ADC clock rate to
3/8 the ADC clock rate (100 MHz to 300 MHz at

800 Msps).

The "pfb_fir" and "fft" blocks together implement a 2048 point,
4 tap Polyphase Filter Bank.  Between the two blocks, a "downshift"
divides the output of the "pfb_fir" by 8 so that the first 2 stages of

the FFT cannot overflow (see FFT documenation for details on why
this is necessary).  Because the effective signal resolution out of

the "pfb_fir" is 8 bits, we are free to choose the placement of
these 8 bits within the 18 bits of the FFT without adversely affecting
our signal.  However, one should avoid placing the signal in the LSB

of the FFT word because of rounding effects.  Thus, we downshift
only 3 bits.

Next, we reduce the bitwidth out of the FFT to 4 bits to save resources.
This must be done very carefully to avoid losing too much information.
Firstly, this conversion is done using "Round to Even" and saturation

logic to avoid introducing DC offsets, wrapping, and other ugly quantizaton
effects.  Secondly, the "equalizer" allows each frequency channel of the
FFT to be scaled by a different number.  This allows passbands which are
not flat to be flattened digitally to allow for optimal quantization to 4 bits.

These coefficients can also be updated dynamically for gain control.

This portion is specific to being an "F Engine" in a packetized correlator.
A matrix transpose is performed in SRAM so that 128 samples of frequency
channel 0 are output, followed by 128 samples of channel 1, and so forth.

These blocks of samples for a single channel are turned into 10 GbE packets
on the BEE2, and are then routed through a swittch.  "one_ant_a_time"
outputs 128 samples for channel 0 (both polarizations) of one antenna,
and then 128 samples for channel 0 of the other antenna, followed by 

channel 1 of the first antenna, and so on.  This allows the BEE2 design to
pass data directly from the XAUI into a packet containing 128 time samples

for 1 frequency from 1 antenna.

This, the "control" portion of the design, uses
32 bits of "eq_coeff" to program the equalization
coefficients, and 32 bits of "ctrl" to set fft shifting,
synchronize IBOBs, swap in test-vector generators,

and choose which ADC to use for calculating
input power (see "adc_sum_sq").

"ctrl_out" allows one to read what the
value of "ctrl" is.  If "sw_override" is

1, this will be equal to "ctrl_sw".  Otherwise,
it will read what the XAUI input has set

it to be.
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Software and Firmware 
Existing software and scripts originally written by Aaron Parsons in Python are being rewritten in C in order to increase 
system performance. 

The firmware programming language makes use of CASPER’s open-source MATLAB Simulink library for IBOB and BEE 
boards. It is a graphical language that compiles logic operations on data streams into FPGA firmware. 

Below is an excerpt from the IBOB design in Simulink. 

Jason Manley 

University of 
Cape Town 
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