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ESA IP core extensions for LEON2FT

• Budget: 156363 EUR (GSTP) + CCN 10000 EUR

• Duration: 2.5 years including CCN

• Prime: daiteq s.r.o., Prague, Czech Republic (CZ)

• Extensions will be available with the LEON2-FT ESA IP core

• Main Objectives:

1. Develop a new versatile FPU for LEON2-FT;

2. Specify and implement custom instructions for LEON2-FT;

● SWAR: Multiple simultaneous operations of reduced bit-width

● Apply new instructions on a GNSS SW receiver tracking loop

3. CCN work: Port LEON2-FT and extensions to BRAVE-Medium

• Future work: evaluation of and extensions for the NOEL-V RISC-V IP core
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Based in Prague, the Czech Republic
Founded in 2013

Focus on
Embedded systems, HW and low-level SW design
FPGA acceleration for image processing and AI
Processor architecture

Floating-point processing
Customized configurable datapaths
Dataflow processing, microthreading

Independent technical reviews

Background: 15+ years of experience in digital design, FPGA
technology, processor architecture, algorithm design, control.

Company overview
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Overview of the activity
Application domain: GNSS
Performance evaluation: tracking loop
LEON2FT extensions: daiFPU, SWAR
Resource requirements: daiFPU, SWAR
Performance evaluation: Whetstone
Software support: binutils, llvm, SoftFloat
Experience/Summary

Agenda
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= SIMD-within-a-register
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Objectives:
Custom instruction set extensions: main focus on GNSS
receivers, but support also generic interface to enable
users to add their own instructions. Consider eFPGA
instead of hard-coded instructions.
FPU: design a highly configurable unit, allow users to
enable/disable individual instructions to trade-off
accuracy, resolution, speed, area. Design/extend
existing llvm/binutils to support all FPU configurations.
FPU survey: compare performance and complexity of
different existing FPUs, also including the influence of
different compilers.
Validation: VHDL simulation and FPGA prototyping.

Overview of the activity
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Tasks

Reports:
• D01 – ISE specification
• D02 – FPU specification
• D03 – FPU survey report
• D04 – ISE design document
• D05 – FPU design document
• D06 – SDE design report and user manual
• Benchmarking framework document
• Tracking loop README and analysis
• CCN-1 – NG-Medium techmap
• LEON daiFPU/SWAR user manual

SW:
• leon2ft w/ daiFPU w/ SWAR
• leon2ft techmaps: XC6S, XC7V, MPF, NGM
• binutils w/ new FP and SWAR opcodes
• llvm & SoftFloat for daiFPU and SWAR
• Reference tracking loop w/ SWAR
• Benchmarking framework
• Test sets
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Domain: SDR for GNSS in LEON2
The main focus is on the tracking loop.

Precise orbit determination with Galileo or GPS without
customized ASIC solutions

Requirements: low cost, high availability
Implementation targets: FPGA, ASIC
FPU+SWAR: Moderate increase in resource
requirements
SWAR: Generic design, help users implement custom
ISE for LEON (both VHDL and llvm/binutils)
SWAR: Allow for implementation in eFPGAs (ASIC
target) integrated in the LEON2FT integer pipeline

Application domain
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Case study: GNSS tracking loop
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Source: Springer Handbook on GNSS
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Case study: GNSS tracking loop
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Source: Springer Handbook on GNSS

Demodulation

Correlation

Lookup

SWAR

I/F ACC
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Structure of the code

Initialization
Main processing loop:
at each epoch 1 ms of data is read and processed  =  1 I/Q pair
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Tracking loop code adopted from Borre et al.: A Software-Defined
GPS and Galileo Receiver. A Single-Frequency Approach
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Sample I/Q decoding

The figure shows 2 seconds of navigation data.
1 point is computed from approx. 25000 complex samples (50000 values)
1 sample = 2x 16b words (w/o quantization) – but 2x 32b processing
1 sample = 2x 2b words (w/ quantization)
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GNSS dataset provided by ESA

Fs=25MHz, IF=4MHz
2x 16b complex signal

= 2 samples in one 32b word

In-phase
Quadrature
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Start of the activity: leon2ft_2015.3_nomeiko
No FPU
SPARCv8 integer arithmetic only
25MHz processor clock

End of the activity: leon2ft_2020.5_daifpu_swar
Blocking (serial) FPU
SIMD-within-a-register integer arithmetic
25MHz processor clock

Execution platforms
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Computation of 1 ms
of data

Blksize – time to
compute [s]

One value – time to
compute [s]

One value –
Exec cycles  [1]

Signal input (FIFO) 0.001653400 6.6136e-8 1.65

Signal unpacking 0.06228932 2.49157e-6 62.29

One spreading code 1.40639172 5.62557e-5 1406.40

Sampling times 3.26883952 1.30754e-4 3268.85

All sine waves 6.488456840 2.59538e-4 6488.45

One sine wave point 1.29769e-4 3244.23

All demodulation 0.05603316 2.24133e-6 56.03

One signal value 1.12066e-6 28.02

All correlations 0.10813604 4.32544e-6 108.14

One correlation pt 7.20907e-7 18.03

TOTAL 14.86242812 219’106’131

Tracking loop profiling – start – execution time
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1. Original code in C (octave-equivalent), w/o FPU
Stages communicate via buffers

2. +Samples quantized to 2b values (input, carrier)
3. +Integer argument for PRN code expansion and carrier generation, no

SWAR, buffers
4. +SWAR for demodulation
5. +SWAR for correlation
6. +SWAR for sine/cosine lookup
7. +fused carrier generation and demodulation
8. +fused correlation
9. +just one PRN code expanded for all E,P,L
10. +HW support for PRN code expansion
11. +downsampling 1:3
12. and 1:10
-----------------------------------
13. Like 10, but with 4-bit samples

Code (and processor) evolution
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Tracking loop profiling – end -
Execution time after each optimization step

Time to process 1ms of samples

2 – 2b quantization

5 – SWAR for demod and correl

6 – SWAR for sin/cos lookup, demod,
correl

7 – fused carrier gen and demod

8 – fused carrier gen, demod, correl, no
buffer for input samples

9 – just one PRN code expanded

10 – HW code expansion

11 – separate PRN codes,
downsampling 1:3

12 – downsampling 1:10

13 – like 10 but 4-bit samples
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Start of the activity:
1 ms real-time = 14.87 s @ 25MHz
LEON2 ~15000x slower than real signal

End of the activity:
1ms real-time = 38.45 ms @ 25MHz
LEON2 ~39x slower than real signal
But:

9.6 ms @ 100MHz
0.96 ms @ 100MHz w/ downsampling 10:1

Speedup through code optimization, FPU and SWAR
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Improve FP performance⇓ HW FPU instead of
SoftFloat

Improve IPC⇓ packed floating-point formats,
SWAR integer formats, other HW acceleration

Customized instruction extensions – SWAR:
Arithmetic instructions, e.g. correlation and demodulation
Table lookup, e.g. sine and cosine

Customized interfaces, e.g. support for PRN code
expansion

LEON2 - where can we gain performance?
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daiFPU – family of daiteq floating-point units
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daiFPU configurations
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daiFPU flavours
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daiFPU datapath
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daiFPU: resource requirements

LEON2FT: XC7V: non-TMR @ 100MHz, TMR @ 75MHz. MPF: non-TMR @ 100MHz.
daiFPU: XC7V (non-TMR): 541 – 3665 slices. MPF (non-TMR): 1924 – 14528 4LUTs.
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SP605 ddr
50MHz, SP: 13.99 MWIPS, DP: 12.22 MWIPS

VC707: ddr
50MHz, SP: 14.74 MWIPS, DP: 12.43 MWIPS
100MHz, SP: 27.40 MWIPS, DP: 23.30 MWIPS

AT697F sdram
40MHz WS0: SP: 11.73 MWIPS, DP:   9.95 MWIPS
60MHz WS0: SP: 17.65 MWIPS, DP: 14.95 MWIPS

AT697F sram
40MHz WS1: SP: 11.65 MWIPS, DP:   9.65 MWIPS
60MHz WS1: SP: 17.54 MWIPS, DP: 14.51 MWIPS
100MHz WS2: SP: 27.43 MWIPS, DP: 22.32 MWIPS
100MHz WS3: SP: 25.89 MWIPS, DP: 21.62 MWIPS

Performance: fpu_daiteq_dp vs. Meiko
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SWAR – SIMD-within-a-register
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SWAR: application view
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SWAR: register partitioning
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SWAR architecture: module interfaces
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SWAR architecture: generic ALU
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Oper: ADD, SUB, MUL
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SWAR architecture: correlation
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SWAR architecture: demodulation
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Only complex mode shown. Real mode not shown.
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SWAR architecture: sine/cosine lookup
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SWAR architecture: accumulator
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SWAR architecture: SWAR unit
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Targeted applications:

• GNSS
16x 2b words
10x 3b words
8x 4b words

• Audio
2x 16b words

• Video/image
4x 8b words
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SWAR operations and configuration
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Signed / unsigned
Saturated / non-saturated
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SWAR: resource requirements
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Audio = 2x 16b
Video = 4x 8b
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Software Development Environment
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Floating point:
Half precision, including compile-time constants
Packed floating-point types for single and half
precision
Data conversions

SWAR:
User-defined packed integer types
Data conversions

SDE: new data types
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#include <stdint.h>
volatile half a,b,r;
volatile int i,j;
void test_half(void)
{

r = a + b;
r = a - b;
r = a * b;
r = a / b;
a = (half)i;
j = (int)r;

}

Sample code with the new half type
int main(void)
{

volatile half cf = 1.234567H;
volatile half df = 3.1415926H;
volatile half ef = cf + df;
test_half();
return 0;

}
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typedef half half2 __attribute__((ext_vector_type(2)));

half2 p = {3.1415h, 2.718h};
volatile half2 q,r;

void test(void)
{

r = p + q;
r = p - q;
r = p * q;
r = p ^ q;
r = p / q;

}

Sample code with the new packed half type

int main(void)
{

p.x = 1.234h;
test();
return p.y;

}
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/* handle swar types for systems without swar extension */
#if USE_SWAR

typedef unsigned int subU4b  __attribute__((__subword(4)));
typedef unsigned int sub8U4b  __attribute__((__subword__(4, 8)));

#else
typedef unsigned int subU4b[1];
typedef unsigned int sub8U4b[8];

#endif

#if USE_SWAR
typedef unsigned int subU4b  __attribute__((__subword(4)));
typedef unsigned int sub8U4b  __attribute__((__subword__(4, 8)));

#else
typedef unsigned char subU4b[1];
typedef unsigned char sub8U4b[8];

#endif

Definition of SWAR types – compatibility
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/* two ways how to define vector with 1 item (size = 2bit)  */
typedef unsigned int s1x2b __attribute__((subword(2)));
typedef unsigned int s1x2b_alter __attribute__((subword(2, 1)));

/* define type of swar vector of two-bit items in one U32 word */
typedef unsigned int s16x2b __attribute__((subword(2, 16)));

/* define type of swar vector of one-bit items */
typedef unsigned int s16x1b __attribute__((subword(1, 16)));

/* define type of long swar vector (vector with 50 two-bits items organized in
* unsigned int (U32) words - it occupies 4 U32 words */

typedef unsigned int s50x2b __attribute__((subword(2, 50)));

/* define another swar type with one-bit items */
typedef unsigned int s50x1b __attribute__((subword(1, 50)));

Definition of SWAR types – more examples
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/* vectors, each fits in one 32-bit word */
s1x2b sitem;
s16x2b svecA, svecB;
s16x1b svecC;

/* long vectors that are stored in several 32-bit words */
s50x2b lvecL, lvecM, lvecN;

/* reduction variable */
unsigned int rvec;

Declaration of SWAR variables
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int main(void){
/* set item in a vector */
svecA[2] = 3;

// svecA[3] = 4; /* compiler returns compilation error – value too big */

/* direct operations - SWADD, SWSUB, SWMUL - variables have to contain
* the same number of items and fit in one 32-bit word */

//svecA = svecB + sitem; /* compiler returns compilation error - operands do
* not have the save number of elements */

svecA = svecB + svecC;
svecA = svecB - svecC;
svecA = svecB * svecC;  /* element-wise multiplication */

… (listing continues on the following slide)

Sample code with SWAR operations
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/* for-loop is used for long vectors and vectors with different lengths */
unsigned int accum = 0;
for (int i=0;i<50;i++)

accum += lvecL[i];
/* element-wise product - operands have the same width */
for (int i=0;i<16;i++)

svecA[i] = svecA[i]*svecB[i];
/* map-reduce */
rvec = 0;
for (int j=0;j<50;j++)

rvec += lvecM[j]*lvecN[j];
/* get item from a vector */
int o = svecA[5];
return 0;

}

Sample code with SWAR operations (cont’d)
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Compilation and linking: daiFPU and SWAR

E.g. HW support for one selected precision only,
and/or selected operations.
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LLVM IR: as new 'subword' subtypes of vector integer types for
<1-32 x i1 in i32>,<1-16 x i2 in i32>,<1-10 x i3 in i32>,
<1-8 x i4 in i32>,<1-4 x i8 in i32>,<1-2 x i16 in i32>
e.g. %a = alloca <subword 1 x i2 in i32>, align 4

%z = alloca <subword 4 x i8 in i32>, align 4

SoftFloat library built using John
Hauser’s SoftFloat version 3e
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Benchmarking framework
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1 test app = 22 configurations per board
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Precise computation always in the floating-point
domain.
Iterations within one data batch in the integer
domain.
Impact of instruction set extensions:
speedup per instruction * instruction frequency.
Just fusing very simple operations often achieves
significant speedup (e.g. code expansion).
LEON2FT w/ daiFPU w/ SWAR has an interesting
potential for the space domain – GNSS, image
processing.

Experience / Summary
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Thank you
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