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Abstract—Future space missions require reliable architectures 
with higher performance and lower power consumption. 
Exploring new architectures worthy of undergoing the expensive 
and time-consuming process of radiation hardening is critical for 
this endeavor. Two such architectures are the Texas Instruments 
KeyStone II octal-core processor and the ARM® Cortex®-A53 
(ARMv8) quad-core CPU. DSPs have been proven in prior space 
applications, and the KeyStone II has eight high-performance DSP 
cores and is under consideration for potential hardening for space. 
Meanwhile, a radiation-hardened quad-core ARM Cortex-A53 
CPU is under development at Boeing under the NASA/AFRL 
High-Performance Spaceflight Computing initiative. In this 
paper, we optimize and evaluate the performance of batched 1D-
FFTs, 2D-FFTs, and the Complex Ambiguity Function (CAF). We 
developed a direct memory-access scheme to take advantage of the 
complex KeyStone architecture for FFTs. Our results for batched 
1D-FFTs show that the performance per Watt of KeyStone II is 
4.5 times better than the ARM Cortex-A53. For CAF, our results 
show that the KeyStone II is 1.7 times better. 

I. INTRODUCTION 

On-board processing is a major requirement and challenge 
for space missions. Sensor technology has become so advanced 
that sending the mass amount of data gathered to Earth for 
processing has become infeasible. Therefore, space processors 
need to be able to run the complex applications previously run 
on ground systems. Creating a radiation-hardened (rad-hard) 
processor, capable of withstanding the extremes of space, is a 
lengthy and costly process mandating extensive research prior 
to choosing a candidate architecture. Two potential 
architectures are the TI KeyStone II (KS2) and a quad-core 
ARM Cortex-A53. The KS2 is a multi-core processor with four 
ARM cores and eight DSP cores. The DSP cores are more 
suited for computing the functions considered in this paper so 
the ARM cores were only used to dispatch the code to the DSP 
cores as further explained in the methodology. DSPs can 
achieve efficient solutions to many complex space applications. 
The European Space Agency has used DSPs on their missions 
for many years. In 2009, they established the Next-Generation 
DSP (NGDSP) project in search of an architecture to meet their 
projected needs and replace their current rad-hard DSP [1]. In a 
similar effort, NASA and AFRL launched the High-
Performance Spaceflight Computing (HPSC) initiative to 
investigate a new multi-core processor for future space 
missions [2]. Recently it was revealed that the main component 
of this architecture will be a quad-core ARM A53 processor, 
and hence our interest in it.  

Our methodology for examining these architectures is by 
studying a key space kernel and a key space app on both 
devices. The kernel chosen is the Fast Fourier Transform (FFT), 
specifically the batched 1D and 2D-FFT. FFTs are prevalent in 
almost every signal-processing app today. The FFT transforms 
a signal from the time domain to the frequency domain which 
is useful in a wide variety of applications. FFTs are known to 
be memory bound functions so the memory bandwidth of each 
device will play a large factor in their performance.  

The app chosen is the complex ambiguity function (CAF). 
CAF is a radar signal-processing app that can be used for 
geolocation. Many global positioning systems calculate the 
time difference of arrival (TDOA) and frequency difference of 
arrival (FDOA) of the same signal received at two different 
locations to pinpoint the origin of the signal. CAF can be 
employed to jointly calculate these values. Mathematically, 
CAF is defined as (1). 

 CAF(τ,f) = 1(t)S2*(t+τ)e-j2πft dt  (1) 

S1 and S2 are continuous-time signals in analytic signal 
format., T is the integration period, τ is the time delay between 
the two signals, and f is the frequency offset between the 
signals. The * symbol denotes the complex conjugate of the 
variable. In discrete time the function becomes similar to the 
definition of a Discrete Fourier Transform (DFT) which is 
always applied in software via an FFT. Equation (1) can be 
rewritten as (2). 

 CAF(τ,k) = FFT[S1(n)S2*(n+τ)] (1) 

The magnitude of the CAF surface produced will peak when 
τ and k/N (the fractional frequency difference) are equal to the 
TDOA and FDOA. The final step in computation is to find the 
maximum of the absolute value of the CAF surface. CAF 
contains complex computations and is highly parallelizable, 
making it a good function to evaluate the computational ability 
and memory management of the candidate architectures.  

 As previously noted, CAF requires that the S1 and S2 signals 
are in analytic signal format. Signals typically include both 
positive and negative frequencies. An analytic signal has only 
positive frequency components. This alteration can be 
accomplished using a Hilbert Transform.  

This paper’s contributions are twofold. The first stems from 
the new direct memory-access (DMA) transfer scheme we 
created that is tailored to the KS2 architecture. Our scheme 
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takes advantage of the L2 and L1 on-chip memories in the DSP 
cores that can be partially configured as scratchpad. Pre-
fetching data into these locations can accelerate execution time 
for batched processes. The second contribution is the 
benchmarking of FFTs and CAF on the KS2 architecture and 
on a quad-core ARM A53 architecture. For comparison, we 
examined the performance and performance per Watt for each 
system.  

Section II of this paper details the KS2 and quad-core ARM 
A53 architectures evaluated in this research. Section III gives 
background information on research related to the KS2 and the 
complex ambiguity function. Section IV describes the 
methodology for mapping the functions onto each architecture 
and how the power consumption data was collected. Section V 
reviews the results collected and analyzes the key trends 
observed in the data. Section VI concludes the paper and 
summarizes the results and insights gained from this research.   

II. ARCHITECTURE OVERVIEW 

The TI KeyStone II architecture examined in this paper is 
part of the K2EVM-HK board seen in Figure 1. This system has 
four ARM Cortex-A15 MPCore processors with eight 
TMS320C66x high-performance DSPs. The DSPs are housed 
within the C66x CorePacs which also include 32 KB of L1 and 
1 MB of L2 on-chip memory. These memories can be 
configured to be entirely cache or part cache, part scratchpad. 
The EDMA peripherals enable the device to perform DMA 
transfers between DDR3 memory and the L1 and L2 memory 
space on the C66x cores. These DMA transfers do not involve 
the CPU so computation can run in parallel with DMA transfers 
without consuming extra cycles. This gives developers 
flexibility in tuning the architecture to their app [3].  

The other architecture examined in this paper is a quad-core 
ARM Cortex-A53. The board chosen to examine this structure 
is the ODROID-C2. The ODROID-C2 is a 64-bit quad-core 

single board computer using an Amlogic S905 ARM Cortex-
A53 (ARMv8) 1.5GHz quad-core processor whose functional 
block diagram is shown in Figure 2. It is self-described as one 
of the most cost-effective 64bit development boards available 
for ARM and the most advanced architecture for embedded 
computing. As a result, the ODROID-C2 is less expensive than 
the K2EVM-HK and consumes less power [4].  

Our NSF Center for High-Performance Reconfigurable 
Computing (CHREC) has previously conducted metric studies 
of the K2EVM-HK and another device with quad-core A53s, 
the Samsung Exynos 5433 [5]. Metrics demonstrate the 
maximum theoretical performance in different areas of a 
device. Metrics for the ODROID-C2 were derived from the 
Exynos by changing the clock speed in the calculations and 
finding the DDR3 memory bandwidth in the Amlogic S905 
datasheet [6].  

Table I shows the Computational Density (CD), 
Computational Density per Watt (CD/W), Internal Memory 
Bandwidth (IMB), and External Memory Bandwidth (EMB) of 
the K2EVM-HK and ODROID-C2 boards. CD is a 
representation of a processor’s raw performance and CD/W is 
this factor normalized by power used. IMB and EMB represent 
how fast a processor can send information between internal 
units (IMB) and to attached memory (EMB). CD and CD/W are 
calculated here for single-precision floating point datatypes. 
IMB for the K2EVM-HK is calculated only for the DSP cores, 
since those were the focus of this paper. Table I also presents 
the power used for CD/W calculations on each board for these 
metrics. 21.69 W was used for the K2EVM-HK in [5]. 8W was 
used for the ODROID-C2 because that was the maximum 
power seen used by the board with our power meter during 
performance data collection. The K2EVM-HK scores higher in 
all metrics compared to the ODROID-C2, even in CD/W, 
despite consuming more power. 

 
Fig 1. K2EVM-HK functional block diagram [3] 

 
Fig 2. Amlogic S905 quad-core processor functional block diagram [4] 

TABLE I.      K2EVM-HK AND ODROID-C2 METRICS

BOARD CD 
(GFLOPS) 

CD/W 
(GFLOPS/W) 

IMB 
(GB/S) 

EMB 
(GB/S) 

POWER 
(W) 

K2EVM-
HK 198.40 9.15 1075.2 28.80 21.69 

ODROID-
C2 16.00 2.00 416.00 1.87 8.00 
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III. RELATED RESEARCH 

There has been previous research on CAF on different rad-
hard space processors such as the Boeing Maestro many-core 
CPU [7] and the BAE RADSPEED™ DSP [8]. Direct 
comparisons between results of these papers are difficult. 
Maestro data only reveals iteration time for CAF rather than 
operations per second as considered in this paper. The 
RADSPEED paper did not include the preprocessing techniques 
to turn the signal into analytic format presented in this paper in 
software and instead did the techniques on their signal generator. 
Additionally, input parameters for these papers were not well 
defined and could have been much larger than our inputs. 
However, the Maestro paper did present FFTW performance for 
1K point FFTs which had lower performance than the 
architectures described in this paper. It is important to note that 
rad-hard processors naturally have slower clock rates and other 
hardware limitations to deal with the harshness of space, so 
comparing the KS2 and quad-core ARM to the Maestro and 
RADSPEED requires data about the former after hardening. 

Previous research has also been conducted on optimizing 
other functions on the KS2 architecture using the L1 and L2 
space such as [9]. This paper details the complex tradeoffs in 
using part of the SRAM as scratchpad. However, this paper did 
not attempt to perform computations as transfers were 
happening as ours does. [10] applied radar pulse compression on 
this architecture using the L2 scratchpad. However, the authors 
left the L1 space as all cache and did not attempt to use the 
complex transfer scheme described in our paper.   

IV. METHODOLOGY 

This section describes the method in which FFTs and CAF 
were executed on the KS2 and the quad-core ARM A53 
architectures.  The DMA scheme created for batched FFTs for 
the KS2 is described in this section. Additionally, the method 
of evaluating CAF on both architectures is detailed here.  

A. FFT Mapping on KS2 

TI provides several libraries that perform FFT functions. 
The DSPLIB and FFTLIB libraries were investigated to deliver 
a baseline performance on the KS2. The functions under 
investigation were complex-to-complex single-precision 
batched 1D-FFT and 2D-FFTs. All functions were verified with 
MATLAB generated inputs and outputs. These functions were 
dispatched from a single ARM core to a single DSP core using 
OpenCL. Then OpenMP was called on the single DSP core to 
parallelize across other DSP cores. FFTLIB was found to be the 
faster library, as seen in Figure 5, and thus was chosen to build 
a new scheme upon. A custom DMA transfer scheme, seen in 
Figure 3, was made to accelerate batched FFT computations 
using the FFTLIB FFT function.  This scheme was nicknamed 
the “ping-pong” scheme and was built upon the FFTLIB 
scheme. While the FFTLIB batched functions can take 
advantage of the L2 SRAM space, using L1 SRAM on top of 
that is a new approach.  

The idea behind our scheme is to accelerate computation by 
manually pre-fetching data into the L1 SRAM which can save 
cycles. The L1 memory is closest memory space to the C66x 
core. Placing data here enables the core to access the input data 
faster and reduces overall execution time by effectively 

increasing the bandwidth. Four buffers are set in the L2 SRAM 
space (two input and two output buffers) and two buffers (both 
input buffers) in the L1 SRAM space along with additional 
room for the twiddle factors. Batched 1D-FFTs are performed 
in the following way. The first FFT input is loaded into the input 
ping buffer in L1 from DDR3 memory along with the second 
FFT input into L2 input pong buffer. Then the first FFT is 
computed from L1 ping buffer while at the same time the 
second input set is loaded into the L1 pong buffer from L2 pong 
buffer. The third FFT set is also loaded into L2 ping at this time. 
This scheme can be useful because the EDMA peripherals 
operate separate from the CPU. The FFT result is stored into 
the L2 output ping buffer which is then transferred back to 
DDR3 memory.  This process repeats until all FFTs have been 
computed as the DMA managers ping-pong between buffers.  

Since the L2 space is much larger than the L1 space the 
program could load, for example, 10 sets of FFTs and then 10 
L1 DMA transfers and FFT computations would occur before 
transferring the data back from L2 to DDR3 memory. 
Balancing the transfer time and computation time of the data is 
critical to achieving maximum performance. Ideally the time it 
takes to transfer to the L1 and L2 space would be the same as 
the FFT computation time since both operations can occur 
simultaneously. For the final results, these transfer sizes were 
tuned for each problem size to obtain maximum performance.  

The problem is broken up across DSP cores by having each 
core work on a different part of the batch of FFTs to be 
computed. 2D-FFTs are performed in the same way. However, 
there is an additional transpose that happens in the L2 SRAM 
space before being transferred back to DDR3 memory. This 
batched 1D-FFT with transpose is then computed twice to 
compute the 2D-FFT. The maximum FFT size studied was 1K 
because of the size limitation of L1 SRAM. To fit two input 
buffers and the twiddle factors for a 1K FFT requires 24KB of 
space using single precision. Note the L1 space is only 32KB 
so FFTs any larger would not be feasible with this scheme.  

B. FFT Mapping on ODROID-C2 

The FFTW3 library was used to calculate the FFTs. FFTW 
is a free software library that can perform a variety of FFT 
functions but the same functions described earlier were tested 
here. FFTW was chosen because of its wide use, high 

 

Fig 3. DMA transfer scheme for batched computations on TI KeyStone II 
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performance, and simplicity to realize in software. FFTW 
detects the number of OpenMP cores, so the problem was easily 
parallelized across the four ARM cores available [11-12].  
Overall, programming for the ODROID-C2 was a much faster 
process because we could not access the L1 and L2 memory 
spaces and most optimization was done by the FFTW library.  

C. CAF Mapping  

CAF is computed in a similar fashion on both the KS2 and 
Cortex-A53 cores. The input data is based on a boat emitting a 
pure sine wave as it moves away from a receiver in a ship port 
tower. X1 is a pure sine wave at 9GHz and X2 is the same sine 
with a frequency offset of 4kHz and time offset of 100us and 
both had 16K samples.  This input ideology was chosen in 
conjunction with our partners at Harris Corporation. The format 
of CAF was based off MATLAB code from [13]. The fine 
computation described in the paper is not used in our function 
because the computation needed for a nearly negligible 
improvement in output was deemed unnecessary. Figure 4 
shows the flow diagram for CAF. The input data is real and 
turned into analytic format for correct computation in the pre-
processing box in Figure 4. This process is composed of a 
Hilbert Transform, a lowpass finite response filter (FIR), and 
decimation by 2. This process also mimics the quadrature 
demodulation that would need to happen in a real system. The 
Hilbert and FIR have been optimized using OpenMP and the 
decimation with SIMD instructions. The ODROID-C2 did not 
have this SIMD optimization. Next, FFTs of that output are 
performed along with a SIMD-optimized version of 
MATLAB’s fftshift function to create the S1 and S2 signals for 
the next block as denoted in Figure 4. Again, the ODROID-C2 
did not have the SIMD optimization. For the K2EVM-HK, 
these signals are DMA-transferred to the L2 space, but not for 
the ODROID-C2, since it lacks that functionality. 

Next, S1 is shifted by a certain amount and then multiplied 
by the complex conjugate of S2. The FFT of the product of these 
signals is performed and the maximum value of the FFT, index 
of this value, and value at that index of the S1 / S2 product 
determine the TDOA and FDOA. A for loop surrounds this 
procedure as S1 is shifted by different amounts with each 
iteration of the loop with the shift ranging from the negative to 
positive maximum possible frequency, which is app specific. 

This loop is parallelized with OpenMP by having different 
cores work on different shifted S1 signals. The final results are 
compared to MATLAB results for verification.  

The optimized batched FFT method described above was 
not applicable for CAF on K2EVM-HK, since the same data set 
is computed in the for loop rather than loading new data every 
time. Attempts were made to ping-pong the data to L1 and back, 
but this step resulted in slower performance. The transfer of S1 
and S2 to L2 SRAM did result in positive speedup however 
(2.3x). Additionally, the pre-processing did not occur in the L2 
space because the gain in computation speed was too small to 
offset the additional transfer time for these functions due to the 
small problem size.  

D. Power Measurements 

Power for the apps was measured using a Watts Up? Pro 
power meter. A baseline power reading was taken before 
beginning any computation. For the K2EVM-HK, this resting 
power was 23W and for the ODROID-C2 it was 5.5W. Then 
the function under testing was run many times in succession so 
that the power would come to a steady-state value.  The power 
used for calculating the performance per Watt is this steady-
state value during computation minus the baseline power 
reading. In this way, we try to specify the power used solely for 
the computation of the function and eliminate any peripherals 
on the boards that are drawing power.   

V. RESULTS 

This section describes the results and accomplishments of 
the research described in methodology, starting with the FFT 
results. Performance here is described with units of giga 
floating-point operations (GFLOPS) and mega floating-point 
operations (MFLOPS).   

A. FFT Results 

Figure 5 shows the performance of DSPLIB, FFTLIB, and 
FFTLIB with the ping-pong scheme for batched 1D-FFTs on a 
single core. Across the problem sizes investigated, FFTLIB 
outperformed DSPLIB which is why we chose it for a baseline 
library. Further, the FFTLIB with ping-pong scheme also 
outperformed FFTLIB across all problem sizes for single-core, 
1D-batched FFTs.  

 
Fig 4. CAF flow diagram 
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Interesting trends are revealed as more cores are exploited 
for the FFTs. Figure 6 shows the performance for 1K × 1K 
batched 1D-FFTs. The performance benefit for both schemes 
decreases as the number of cores increases. This dip occurs 
because the FFT is a memory bound computation. The 
bandwidth becomes increasingly limited as more cores are 
used. Transfers take longer because of the limited bandwidth 
and the program stalls waiting for them to finish. For our ping-
pong scheme, this effect is augmented since even more transfers 
occur resulting in a dip in performance moving from four to 
eight cores. Using L1 as partially SRAM also limits how much 
L1 cache is available which gives the cache controller less 
flexibility with memory management. This trend of dips in 
performance from four to eight cores follows for all batched 
1D-FFTs. For 2D-FFTs, this trend only occurs on smaller sizes 
but there is still minimal gain from four to eight cores. The extra 
transposes at larger sizes may hide some of the transfer time 
behind them leading to minimal gain rather than a dip. Another 
trend seen in this graph is that the ping-pong scheme performs 
better than the base FFTLIB scheme with fewer cores. Again, 
this trend continues for all batched 1D-FFTs. When enough 
bandwidth is available the ping-pong scheme provides an 
advantage over the FFTLIB scheme for batched 1D-FFTs.  

Figure 7 shows the maximum performance for 2D-FFTs. 
The ping-pong scheme leads to better performance than the 
FFTLIB scheme at larger problem sizes. As previously 
mentioned, as the transpose size increases more of the transfer 
time could be hidden. Figure 8 shows the performance and 
power usage for 1D batched FFTs on the K2EVM-HK and 
ODROID-C2. The power and performance follow the same 
trends on both processors, including the dip at eight cores on 
the K2EVM-HK. In general, as more cores are used more 

power is consumed. The dip in power for four to eight cores on 
the K2EVM-HK happens for the same reason as the 
aforementioned dip in performance. When the stalls occur, 
there are fewer computations performed, thereby consuming 
less power.  

B. CAF Results 

Table II describes the number of operations each 
computation contributes to CAF. FFTs comprise the majority 
of operations which is a large reason that CAF was chosen as a 

TABLE II.      CAF COMPUTATION OPERATIONS AND CYCLES ON KS2

Computation Number of 
Operations 

Number of Cycles at 
Runtime (single core) 

Hilbert Transform 8,192 76,255 

FIR 395,328 356,898 

FFTs 1,075,200 110,984 

Complex Conjugate 
Multiplication 

116,736 63,689 

Absolute Value 
Multiplicaiton 

58,368 42,818 

Other 0 187,167 

 

Fig 5. DSPLIB vs FFTLIB vs FFTLIB with pingpong DMA scheme for 
single precision batched 1D-FFTs on single core  
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Fig 6. 1K × 1K 1D-FFT on TI K2EVM-HK 
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Fig 7. Maximum performance of 2D-FFTs with FFTLIB and FFTLIB 
with L1 transfers 
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Fig 8. (a) 1K × 1K 1D batched FFT on K2EVM-HK performance and 
power usage, and (b) 1K × 1K 1D batched FFT on ODROID-C2, 

illustrating both performance and power usage 
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case study. At runtime, the K2EVM-HK can quickly compute 
these FFTs, as evidenced by the nearly 10× drop between 
operations and cycles. DSPs in general are specially built for 
FFTs by including a large amount of multiplier-accumulator 
(MAC) units. Additionally, it is important to note in Table II 
that cycles allocated to other operations, such as memory 
management, encompass roughly 22% of the cycle count of the 
app. This high percentage of cycles devoted to non-
computation actions is indicative of the memory-intensive 
nature of the CAF app.   

Figure 9 shows CAF performance on both the K2EVM-HK 
and ODROID-C2. K2EVM-HK outperforms the ODROID-C2 
here for a variety of reasons. The first is that the K2EVM-HK 
has a much larger IMB and EMB than the ODROID-C2 as seen 
in Table I. Since the FFT is a memory bound function having a 
larger memory bandwidth will lead to greater performance. 
Also, the KS2 architecture allows for more flexibility in its 
memory transfer scheme and has DSP units to handle FFTs 
efficiently.  A summary of all benchmarks considered in this 
paper is presented in Figure 10. For the reasons stated above, 
the K2EVM-HK shows superior performance. Even though the 
ODROID-C2 consumed less power the lack of performance led 

to it still having poorer performance per Watt. It is notable that, 
overall, the ODROID-C2 does use less board power than the 
K2EVM-HK and that it was significantly easier to program the 
device for these functions. The difference between 
performances for CAF is likely smaller than the other 
benchmarks because the KS2 architecture was unable to use the 
ping-pong scheme for CAF as previously discussed in Section 
IV.  

VI. CONCLUSIONS 

In this paper, we examined the TI K2EVM-HK, which 
features the KS2 processor and DSP, and the ODROID-C2, a 
quad-core ARM Cortex-A53 CPU, to examine how well these 
architectures might serve future space missions. We created a 
custom DMA transfer scheme for the KS2 that accelerated 
batched FFTs. It performed particularly well when using a 
single core with 44% speedup over the base method for batched 
1D-FFTs. This decreased to on average 6% at eight cores used. 
It is less successful for 2D-FFTs but once the problem size is 
large enough it gave positive speedup with 32% speedup for 1K 
× 1K 2D-FFTs. We observed that memory bandwidth plays a 
large part in the efficacy of this function with performance 
occasionally dipping from four to eight cores. This technique 
could be applied to other batched computations with the caveat 
that some manual tuning is needed with transfer sizes to attain 
the best performance. The FFT performance on the ODROID-
C2 is always less than on the K2EVM-HKwith 9.8× worse 
performance for 1K × 1K batched 1D-FFTs. It also fell behind 
in performance per Watt by 4.5×.  

Additionally, CAF was benchmarked on each device. The 
K2EVM-HK had a 3× faster performance and 1.7× better 
performance per Watt than the ODROID-C2. The performance 
margin between processors seen in FFT studies was smaller 
with CAF. There are several possible reasons for this outcome. 
While the K2EVM-HK has a much better EMB than the 
ODROID-C2, the IMB of the two devices is more comparable, 
with the K2EVM-HK only having 2.6× the IMB of the 
ODROID-C2. The CAF might require more IMB than EMB as 
compared to the FFTs. Additionally, the CAF input size was 
smaller than the 1K × 1K FFT which might have been a factor 
in saturating the memory of the devices.  Nevertheless, the 
K2EVM-HK proved to be a more powerful device, but the 
ODROID-C2 had lower total power usage, is cheaper, and is 
easier to program. Additionally, the ODROID-C2 had better 
parallelization and did not experience the drastic reduction in 
performance gained as more cores were used. These factors, 
along with NASA and DOD goals to use multiple ARM 
processors together, suggest ARM processor performance can 
scale well in the future. 
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Fig 10.  Maximum performance (a) and performance per Watt (b) of 
different benchmarks on K2EVM-HK and ODROID-C2 
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Fig 9.  Complex Ambiguity Function on K2EVM-HKand ODROID-C2 
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