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Abstract— Radio astronomy correlator shows its significance in
astronomical measurements. However, computational cost
presents a barrier because of the increasing of the array size as
well as the number of antennas. So the correators which deal
with signals coming from all the antennas are extremely
computationally intensive process. Efficient usage of hardware
should be explored in order to meet this computational challenge.
This paper focus on the most computationally expensive partsin
radio astronomy correlator and accelerate it using single FPGA.
Results shows that the proposed har dware designs speed up the
computation by at least 150 times compared with single thread
CPU implementation, and at least 4 times compared with FPGA
design without optimization. The throughput of our design isalso
higher than fully parallel CPU solution for at least 10 times, and
defeats FPGA implementation without optimization in most
cases.

Keywords—radio astronomy, FPGA, High Level Synthesis,
hardwar e acceler ation

I. INTRODUCTION

In recent years, radio astronomy has been widely used for
astronomical imaging as well as other astronomical
measurements. It is one of the best tools astronomers have to
reveal the structure and formation of the Universe. In order to
improve the resolution, multiple antennas are always get
together to form alarge radio telescope. And correlator is used
for extracting useful information from data received from
multiple antennas. So it usualy tends to be computational
expensive and required hardware acceleration [1].

In this paper, we analyse the correlators and propose a
hardware architecture for the implementation of the most
compute intensive section of correlators. Field Programmable
Gate Array (FPGA) which shows superiority for its
customizable and high energy efficiency, is employed here.
And adjustments are taken for the algorithm to get lower
latency and higher throughput. The project is implemented
with the aid of High Level Synthesis (HLS), so optimization
can be configured in HLS. We analyse the configuration we
used here and introduce the structure of the implementation
for the configuration.

The contributions of this paper are asfollows:

« Methods to adjust the correlator algorithm in many
aspects to get better performance. We not only reshape
the process data but also use many HLS optimization
according to the features of the correlator.
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« A fixed point, pipelined implementation of simplified
radio astronomy correlator.

e A comparison of the performance of different
implementations on FPGA and on central processing
unit (CPU). To the best of our knowledge, our fina
FPGA implementation has much higher throughput and
lower power consumption than CPU implementation.

The paper is organized as follows: section |1 describes the

basic procedure for radio astronomy correlator and
summarizes previous works, section |1l describes our
proposed architecture of our implementation; section IV
describes the performance and makes a comparison; finaly,
conclusions are drown in section V.

I1. BACKGROUND

In this section, the basic calculation procedure of radio
astronomy collator is described along with a brief introduction
of prior works.

A. Radio astronomy correlator

There are two ways in which the correlators process data
Oneisthe "XF" fashion. In this way, the data is multiplied to
combine together, followed by Fourier transform, which
converts data to frequency domain. The other is"FX" fashion.
In this way, the Fourier transform is followed by
multiplication. In this paper, we only discussed FX correlator,
which is often adopted by other implementation. Like DiFX,
which isawidely used software correlator. More specifically:

1) The first stage is to unpack the data. The time-series
signals from each antenna are blocked into fix-length
segments. And then the time-series fix-length samples, are
aligned with station-based delay and phase. The output of
each sample is typically 5-8 bits. The number of time dicesis
set to be A here, which is the size of the accumulation and
derived from the telescope.

2) The second stage is the FFT stage. It aims to transform
the time sample signals into low bandwidth spectral channels
using Fourier transform. For the ki, antenna signals in the an
time dlice, the output of the vin frequency channels is as
followed:

S[aVv]= f‘lxk[a,l]e‘iz’””L 1)

The output of the FFT istypically 8-12 bits per point.
3) The last stage is multiplication stage. The output of each
antenna is correlated by multiplied with each other and
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accumul ated the output from different time slices. As equation
(2) shows, the results G, [a,v] for agiven two input signals i

and j are conjugate multiplied and accumulated across A.
a=0
Cij[v] =za[aav]sj[aiv] (2)
A-1
FFT should be performed for every antenna, so the second
stage has complexity of O(N, IgN, * N,), where N, is the

number of frequency channel and N, is the number of

antennas. And the computation of the Equation (2) are
processed by N_(N,+1)/2 pairs, including self-correlation.

So the complexity for the third stageis O(N2* N, ) .

The second and the third stage are the dominant parts as the
number of antennas or the number of frequency channels
increases. So the optimization of these stages thus have alarge
impact on the performance of the overall algorithm for
applications with more than a few signals. For this reason the
optimization of these stages are the focus in this paper.

B. Related work

In [2], DiFX-2 correlator was introduced by Deller A T. It
is a parallel, open-source, software implementation of a fully
functional radio astronomy correlator and was chosen to be
used as production correlation by a number of observatories
and research groups worldwide. However, CPU is not
competitive as an accelerator in many aspects. DiFX aways
run on clusters of computer.

In [5], Graphics Processing Unit (GPU) was used for
optimization by Harris C. It compared severa ways for
parallelism to get best performance. But only multiplication
stage was i mplemented.

In [3] and [4], FPGA was discussed on implementation of
a correlator by Woods A. But it is same that only the
multiplication stage is implemented because of the limit of the
resources at that time. And the input datais in floating format,
which was a waste of time and resources. There were aso
efforts on implementing fully function correlator on FPGA.
But several FPGA boards were needed. The communication
between each board brought waste on logic resources and
extradelay [6][7].

I11.FPGA IMPLEMENTATION

A In this paper, only a single FPGA is applied, saving the
time for communication as well as the logic resources for
protocol. Xilinx VC707 Evaluation Kit with Virtex-7
XC7VX485T and 1GB DDR3 Memory is chosen here.

The project is completed with the aid of HLS. Xilinx
Complex Multiplier (6.0) IP and Fast Fourier Transform (9.0)
IP are used here. Some adjustment has been made to improve
the performance. For the reason that data between different
time slice is independent, it is easy for paralelism. We only
discuss the implementation under the condition that the
number of time slicesis one. But we fulfil the implementation
with several time dlices to test the highest throughput.

The structure of our proposed design as well as the
optimization we used are discussed below.
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A. Fixed point

For the computation in FPGA, floating format will
consume much more logic resources in both calculation and
storage than fixed point. Both the DSP48E and BRAM are
precious resources. The multiplication of two floating point
complex data uses 12 DSP48E. So according to the need of
the correlator, the complex multiplier is configured to be 8x8
bits, which only consumes 3 DSP48E. Besides, it will greatly
reduce the storage pressure.

So for the whole system, the input width as well as the
output width of FFT stage are 8 bits, which is the smallest
FFT size that the FFT IP can be configured. And the output
width of the complex multiplication stageis 16 bits.

Algorithm 1: Original algorithm for multiplication stage

for each ' € [OK-1] go
for each 1€ [HK-1 4o
Cij+ =§S* S; ;
end for
end for

B. Array reshape

For the multiplication stage, the original loop
implementation for the triangular correlator calculation will
introduces unnecessary stalls to the system. The pseudo-code
used to describe this triangular kernel is shown above in
Algorithm 1, with 'K representing the number of antennas, i’
indexing the row antenna, 'j' the column. And it is only
multiplication stage for single time slice:

For the original agorithm, under the condition that the
number of antennas is 32, FFT length is 256 and the number
of time dlice is 10, the minimize latency is 992,268 cycles,
while the maximize latency is 8,630,668 cycles. For different
row index 'i', the computational complex is different, making
the processing time too long for some data. And it will bring
penalties for pipeline.

Figure 1 shows the implementation for an ordinary
algorithm which have no optimization. Nearly half of storage
resources is waste. Pipelineis not an optimal choice under this
condition so that we unroll the loop for row. When the number
of antennasis large, the unroll factor is set to be 64.

Algorithm 2: Algorithm adjustment for multiplication stage

N=K*(K+1)/2.

for each € [ON-1] 44
j =a%k .

i =(a+alk)%k.
C.+=§*S

end for

To avoid the situation, the loop for column and the loop for
row are merged together. So the count of the new loop is
K*(K+1)/2. However, 'i* index and 'j' index should be specific
in the new loop to load related data. But for a given number a
in [0, K*(K+1)/2], and at this sSituationa=(2* K - 1 -i)* i/2
+ j. So an adjustment of the original algorithm was taken here
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to specific the connection between K and (i, j) [4]. The left
side of the Figure 2 represents origina algorithm in the
condition that k=5. The number in each box shows the order
of computation. The right side of the Figure 2 shows the
adjustment that we made. Based on the features that in the
multiplication stage, (i=0, j = 4) is the same as (i=4, j=0), the
movement as the Figure 2 shown does not change the results.
After the adjustment, the 'i' and 'j' index can be calculated by
Algorithm 2.

This is the situation that the number of antennas is odd. So
the reshape can be complete. But in the situation that the
number is even, the movement till fits the algorithm.

C. HLSoptimization

To get better performance, some optimization in HLS are
employed.

|

0 1

Switch 2

A B
Complex Multiplier 0 Complex Multiplier 2

A*B

T =1: Switch 1 =0; Switch 2 =0

Figure 1. An ordinary implementation on FPGA.

1) Unroll: Loopsin HLS can be unrolled for parallelism.
And the factor of unrolling represents the division that
unrolling takes. We unroll both the FFT stage and the compl ex
multiplication stage. Considering that unrolling aways
followed by partition of the output array, unrolling completely
may cause waste on too much port. And it may restrict the
parallelism for time slice, causing the reduction of throughpuit.
So the factor for unrolling is limited. We divide multiplication
stage into 128 parts and FFT stage into 2 parts here.

o 1 2 3 4 o 1 2 3 4
0| o o| o 131 9
11| s 1] s |1 14
2] 2 | 6 | 9 —_— 2] 10| 6 | 2
3/ 3|7 |10 12 3 1n| 7| 3
i
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Figure 2. The reshape of array for the condition that K=5
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2) Array partition: For the paralelism parts, ‘load'
operation for the input array and 'store’ operation for the
output array may bring conflicts and stalls. So array partition
is needed to maximize the acceleration. And the partition for
the array is based on the factor of unrolling. As Figure 3
shows, the input and output array for multiplication stage is
cyclically divided into 128 parts, making parallelism efficient.
And the both array are configured to have dual-ports.
However, as the output of FFT stage is dual-port, there is no
need to partite the array for this stage.

| 0 | 1 | 2 128|129|130

N-3 | N-2 | N-1 |

N-128

0 |128] e

N-126

ol > -

Z
~

127

Figure 3. The partition of the input and output array of multiplication stage

3) Pipdines To maximize the performance, pipeline
strategy should not be ignored. Both of the stage employ
pipeline. The multiplication stage is pipelined. The 'out' array
in the figure is dual-ports ram so pipelineisn't stalled here. As
for the FFT stage, the reshape of input data uses pipeline.

The architecture of the implementation is shown in Figure 4.
After receiving the data, FFT stage converts it to frequency
channel domain, and send it to BRAM. If the output data of
FFT stage is too huge for BRAM, which can be 37,080 kb at
most. DDR3 will be used for buffering. However, because the
access to the data in DDR3 is sequentia, it does not need
much cycles to store and load the data. After that, the data
transformed to multiplication stage and calculated with
parallelism and pipeline.

s FFT - MUL
o —  FFT —  MUL
5 Buf Buf
(%)
b3 :
]
—{ FFT MUL
[}
! l
DDR3 Ctrl
L) [
: |
DDR3

Figure 4. The basic structure of the implementation.

IV.RESULTSAND DISCUSSION

The optimized FPGA implementation for algorithm 2 as
well as ordinary FPGA implementation for original Algorithm
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1 are compared to the realization on single thread CPU. The
code for CPU is compile by icc, which is Intedl commercial
compiler, and run on Intel 32 cores Xeon E5-2667 v3
@3.20GHz. And FFTW3.4 was used for FFT stage. And the
FPGA we use is Xilinx Virtex-7 with 1GB DDR3 Memory.
And all the data coming from FFT stage is transferred to
BRAM instead of DDR3 in the experiments. So DDR3 is only
used to store the output data here. Besides, only single time
slice was implemented in the speedup experiment. And the
FFT length is 1024.

Set the speed of CPU solution as one, the speedup of FPGA
implementation is shown in Figure 5. The optimized FPGA
implementation speed up CPU results for at least 150 times,

88

and defeat ordinary FPGA implementation for at least 4 times.
Our work includes both ‘F and ‘X’ stage, so cannot with
other acceleration work referred in related work.

The data between each time dlice is independently, so we
can easily parale the calculation of each time dlice. Here we
implement time slices as much as possible to make full use of
resources. The resource utilization for single time dlice is
shown in Table 1 for CPU, 32 threads was implemented to
calculate 32 time slice. For FPGA, different times dices was
implemented depending on the resource utilization. The
throughput are shown in Figure 6.

TABLE 1. RESOURCESUTILIZATION FOR FPGA IMPLEMENTATION
num ordinary FPGA implementation optimized FPGA implementation
BRAM DSP FF LUT BRAM DSP FF LUT

16 23( 0%) 15(0%) | 8592(1%) 8677(2%) 263(12%) | 405(14%) | 17410(2%) | 14243(4%)

64 71(3%) 15(0%) | 14601(2%) 20324(6%) 263(12%) | 405(14%) | 18470(3%) | 15325(5%)
128 135(6%) 15(0%) | 27268(4%) | 37430(12%) 263(12%) | 405(14%) | 19000(3%) | 15864(5%)
256 | 263(12%) | 15(0%) | 48576(8%) | 72864(24%) 263(12%) | 405(14%) | 19530(3%) | 16406(5%)
512 | 519(25%) | 15(0%) | 36432(6%) | 51612(17%) 519(25%) | 405(14%) | 20036(3%) | 22325(7%)
1024 | 1031(50%) | 15(0%) | 37947(6%) | 53194(17%) | 1031(50%) | 405(14%) | 20564(3%) | 23377(7%)

Higher antenna bandwidths should be processed off-line
instead to be performed in real-time. Considering that the
DDR3 can transform at most 64 bits per cycle, it is obviously

throughput does not stalls the pipeline in these implementation.

——CPU - (optimized) FPGA (oridinary)FPGA
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Figure 5. The speedup of different implementations

When the number of antennas is small, the throughput of
optimized FPGA implementation is restricted by the resources
of DSP48E. Both the FFT stage and multiplication stage has
been paralleled to some extent. So there are 405 DSPA8E was
occupied in optimized FPGA implementation for single time
slice, while only 15 DSP48E was occupied in ordinary FPGA
implementation. When the number of antennas is above 512,
the throughput is restricted by the BRAM resources on FPGA.
Experiment shows that for single time slice, BRAM resources
will be fully used when the number of antenna is above 1800,
which is always enough for practical application. However, to
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improve the throughput, for large number of antennas, the
output for ‘F’ stage can be stored in DDR3.
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Figure 6. The throughput of different implementations

V. CONCLUSION AND FUTURE WORK

In this work, we implemented the most computational
intensive parts on FPGA. To maximize the performance, we
have also introduced methods to adjust the origina algorithm
for optimization from the perspective of High Level Synthesis.
FPGA enables great speedup over CPU for asingle time slice.
And Results shows that optimized FPGA implementation also
defeat the origind FPGA and fully paraleled CPU
implementation in throughput. The proportion to divided the
resources for FFT stage and multiplication stage to get the
maximize throughput will be an important part of the future
work.
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