C12 Alternatives to DSP Processors
for Digital Signal Processing

FPGA ¢ Microcontrollers © GPU ¢ ASIC ¢ SoC ¢ Heterogeneous Platforms



Outline

. 1. Introduction to DSP & Traditional Processors
&%, 2.FPGA-Based Signal Processing

3. Microcontroller DSP Capabilities

4. GPU Computing for DSP

5. ASIC Solutions

6. SoC & Heterogeneous Platforms

& ce (0 0 B

7. Comparative Analysis & Selection Guide

8. Emerging Trends & Conclusions



What is Digital Signal Processing?

na' The mathematical manipulation of discrete-time signals to extract information, enhance quality, or transform
@ data for specific applications.

Filtering Transform Analysis

FIR, IIR filters FFT/DFT Spectral estimation
Low-pass, High-pass DCT, Wavelet Correlation
Band-pass, Notch Hilbert Transform Statistical analysis
Modulation Compression Detection

AM, FM, QAM Audio: MP3, AAC Pattern recognition
OFDM, Spread spectrum Image: JPEG, HEVC Edge detection

PDM, Sigma-Delta Data coding Radar / Sonar



DSP Application Domains

Telecommunications: 5G baseband, channel
coding, beamforming

Audio/Video: noise cancellation, echo removal,
codecs

Medical: ECG/EEG filtering, ultrasound imaging,
MRI

Automotive: radar processing, ADAS, active
noise control

Industrial: vibration analysis, motor control, PLC
Military: radar/sonar, electronic warfare, SIGINT

loT/Edge: sensor fusion, keyword spotting,
anomaly detection



Traditional DSP Processor Architecture

Harvard Architecture: Separate program & data buses for parallel access

Program Memory
(ROM / Flash)

Data Memory
(SRAM)

A 4 A

v v

DSP Core
MAC Unit | ALU | Barrel Shifter | Accumulators

Peripheral / Internal Bus

| | | | |

DMA SPI/12S/ Timers / Interrupt
Controller ADC/DAC UART PWM




Key Features of Dedicated DSP Processors

Q Single-Cycle MAC Multiply Accumulate in one clock cycle — the fundamental DSP
operation (y += a*x)

Q Harvard Architecture Separate program and data memory buses enable simultaneous
instruction fetch + data access

Q Hardware Looping Zero-overhead loop execution — no branch penalty for tight inner loops

O Circular Buffering Hardware-supported modulo addressing for delay lines and FIR tap
buffers

O Bit-Reversed Addressing  Native support for FFT butterfly memory access patterns

Q Saturating Arithmetic Prevents wrap-around overflow — critical for real-time audio/control



Major DSP Processor Families

Vendor / Family | Architecture m MACs/cyc Key Application

TI C6678 (C6000) VLIW 8-way 1250 Telecom, radar, MIL

TI1 C7000 (C7x) VLIW+SIMD 512-bit 1000 64* ADAS, radar, deep learning
TI C5500 Dual MAC 300 2 Audio, portable, low-power
ADI Blackfin+ RISC-like DSP 600 2 Audio, video, industrial

ADI SHARC (SC5xx) SIMD, 32/40-bit FP 1000 8 Pro audio, MIL, automotive
NXP SC3900 StarCore VLIW 1000 16 LTE/5G baseband
Qualcomm Hexagon VLIW+HVX SIMD 1800 32+ Mobile modem, Al
Cadence HiFi 5 VLIW 5-slot config. 8 (32b) Audio, voice Al, loT

CEVA-XC VLIW+vector 1200 64 5G PHY, baseband



Why Look Beyond Dedicated DSP Processors?

Cost Pressure
General-purpose MCUs now include DSP instructions at a fraction of the cost

Integration

SoCs combine CPU + DSP + accelerators — separate DSP chips add board complexity
Flexibility

FPGAs & GPUs offer reconfigurability and massive parallelism beyond fixed DSP architectures

Software Ecosystem
ARM/RISC-V tool ecosystems dwarf legacy DSP toolchains (TI CCS, VDSP++)

Performance Scaling
Modern FPGAs exceed 10 TMAC/s; GPUs deliver TFLOPS — orders of magnitude beyond DSPs

Al Convergence
ML inference at the edge blurs the line between DSP and neural network accelerators



DSP Alternatives — Technology Landscape

< FPGA iJJJ; Microcontrolter CJcru/crepu
Massively parallel Low cost, integrated SIMD/SIMT cores
Hardware-level DSP extensions TFLOPS compute
Reconfigurable Small footprint Batch processing
<o RISC-V +

SZ AsIC ﬁ SoC Platform (I > Extensions
Maximum efficiency CPU+DSP+FPGA Open ISA

Fixed function Heterogeneous Vector/DSP ext.

High NRE cost Integrated solution Customizable



FPGA-Based
Signal Processing

Field-Programmable Gate Arrays for Real-Time DSP



FPGA Architecture Overview
/O Ring

I
r

I

I

I

I

I

I

I

I CLB
| -+
I

I

I

I

I

I

I

I

* Configurable Logic Blocks (CLBs) contain * Dedicated DSP slices (e.g. Xilinx DSP48E2)
Look-Up Tables (LUTs) and Flip-Flops provide hardware multiply accumulate



These are the two fundamental building blocks inside an FPGA's Configurable Logic Block (CLB):

LUT — Look-Up Table is a small truth table stored in SRAM that implements any combinational logic function.
A 6-input LUT (like Xilinx's LUT6) can compute any Boolean function of 6 variables — AND, OR, XOR,
multiplexer, adder bit, whatever you need. It works by storing all 2° = 64 possible output values in memory,
then using the 6 inputs as an address to look up the result. So instead of wiring physical gates, the FPGA just
"looks up" the answer. This is what makes FPGAs reconfigurable — you reprogram the LUT contents, not the
hardware.

FF — Flip-Flop (a D-type flip-flop) is a 1-bit storage element clocked by the system clock. It captures the
LUT's output on each clock edge and holds it stable until the next edge. This provides sequential logic —
registers, pipelines, state machines, counters.

Together they form a complete logic cell: the LUT computes a result (combinational), the FF stores it
(sequential). A typical modern FPGA CLB contains 8 of these LUT+FF pairs (called "slices"), and a large FPGA
has hundreds of thousands to millions of them. When you write VHDL or Verilog, the synthesis tool maps your
design into these LUT+FF cells plus the dedicated hard blocks (DSP slices, Block RAM) shown on that same
slide.

For DSP context: a simple multiply might consume dozens of LUTs if built from logic, which is why FPGAs
include dedicated DSP slices (like the DSP48E2) — those do MAC operations far more efficiently than LUT-
based implementations.



FPGA DSP Slice Architecture (Xilinx DSP48E2)
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Each DSP48E2 performs: P=(D £ A) x B + C in a single clock cycle PCIN

cascade
Cascade: P > adjacent slice for FIR chains

C[47:0]
(48-bit)




<

True hardware parallelism — hundreds of MACs executing in parallel, not time-multiplexed
Deterministic latency — no cache misses, no OS jitter, no pipeline stalls
Dedicated DSP slices (e.g. 6840 in Xilinx VU13P) for native multiply accumulate

Reconfigurable — update processing algorithm without hardware change (partial
reconfiguration)

High-speed I/0: multi-gigabit SerDes (up to 32 Gbps), LVDS, JESD204B for direct ADC/DAC
connection

Clock rates 500-900 MHz with DSP slices; effective throughput multiplied by parallelism
Integrated hard blocks: PCle Gen4, 100G Ethernet, HBM2 memory controllers

|deal for streaming data: continuous sample processing with pipelined architectures



FPGA Vendors and Families for DSP

AMD/Xilinx ~ Versal Al Core 1,968 1 GHz Al Engines + DSP
AMD/Xilinx ~ UltraScale+ 6,840 891 MHz DSP48E2, HBM2
AMD/Xilinx  Artix-7 740 628 MHz Low-cost DSP
Intel/Altera Agilex 7 3,456 1 GHz eASIC, HBM2e
Intel/Altera Stratix 10 5,760 1 GHz 20-bit hard FP
Lattice CrossLink-NX 56 300 MHz Low-power edge
Microchip PolarFire 1,480 400 MHz Low-power, rad-tol

* DSP slice counts represent maximum available in the largest device of each family



FIR Filter Implementation on FPGA
Direct-Form FIR: y[n] =2 h[k] - x[n—K]

X[n] —
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* Each tap maps to one DSP48 slice — all taps compute in parallel > throughput = 1 sample/clock

y[n]



FFT Implementation on FPGA

Butterfly Processing Element (Radix-2 DIT) FFT Size Latency Throughput
(us)
A+ W-B
N + 256-pt 0.51 500 MSPS
\ ”

\ 1024-pt 24 2.05 500 MSPS
27N 4096-pt 36 8.19 500 MSPS
Ve N\ 16K-pt 48 38.6 425 MSPS

o > -
._' Xilinx FFT IP Core on UltraScale+ @ 500 MHz

Pipelined streaming architecture: continuous input at full clock rate
Radix-2/4 hybrid reduces butterfly count by ~25%
Bit-reversed or natural output order selectable

Block RAM stores twiddle factors — no external memory needed



FPGA DSP Performance — MAC Throughput Comparison
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Versal Al includes 400 Al Engine tiles — each with vector MAC units



FPGA Real-World DSP Applications

5G Baseband Processing Software-Defined Radio (SDR)
Massive MIMO beamforming with 64+ antennas Reconfigurable front-end: DDC, channelizer,
elements requires parallel processing of FFTs demod in reconfigurable fabric
Real-Time Video Processing Medical Ultrasound
4K/8K pixel pipelines: debayer, color 128-256 channel beamforming + envelope
correction, scaling, encode — all at line rate detection + scan conversion
High-Frequency Trading Radar Signal Processing
FPGA on NIC: ticker-to-order <1 s Pulse compression, MTI, CFAR, Doppler FFT

latency — DSP for signal detection at multi-GSPS sample rates



FPGA Limitations and Challenges Q

Long development cycles — HDL design, simulation, synthesis, timing closure can take months

Steep learning curve — requires hardware design expertise (VHDL/Verilog, timing, resource
planning)

Higher per-unit cost than MCUs for low-volume production
Power consumption can be significant in large devices (10-50W for high-end FPGAS)

Clock frequencies range from 200-500 MHz — lower than CPUs/DSPs (though parallelism
compensates).

Limited floating-point: native support is fixed-point; soft FP uses many resources

Debugging is harder — no printf, no breakpoints; requires ILA/SignalTap logic analyzers



FPGA for DSP — Summary

Feaurs ——Rang Mo

Throughput 2.8.8.8.8 ¢ Massively parallel MAC arrays
Latency 2. 8.0.80.8 ¢ Deterministic, pipeline-stage level
Power Efficiency . 8.0.0 0% Better than GPU, worse than ASIC
Flexibility 2. 8. 8.8 8¢ Reconfigurable in the field
Development Time * K Tex HDL, simulation, P&R, timing

Unit Cost 2. 0.8 8% G%¢ Mid-range; costly for high-end
Ecosystem * %k YK Vivado/Quartus, IP cores, HLS

* Best for: High-throughput, low-latency streaming DSP — telecom, radar, video, HFT



Microcontroller-Based
Signal Processing

ARM Cortex-M, ESP32, and DSP-Extended MCUs



ARM Cortex-M4/M7 DSP Architecture

ARM Core Single-Cycle SIMD

FPU
(Cortex-M4/M7) 32x32 MAC (2x16, 4x8)

(SP / DP*)

Instruction Data Bus Matrix

Cache/TCM Cache/TCM (AHB/AXI)
SPI/ Timer
QSPI PWM

ADC DAC 12S /

(12-16 bit) (12 bit) SAl

*DP (double-precision FPU) available on Cortex-M7 only
e DSP extensions: SMLAD, SMUAD, QADD, QSUB, SSAT — single-cycle dual 16x16 MAC

e Cortex-M7: 6-stage super scalar pipeline, dual-issue, branch prediction

e Tightly Coupled Memory (TCM): zero-wait-state access for DSP inner loops



CMSIS-DSP Library — ARM's DSP Ecosystem </>

Filtering Transforms Statistics

arm_fir_q15(), arm_cfft_f32(), arm_mean_f32(),

arm_biquad_f32() arm_rfft_qg31() arm_rms_qg15()

FIR, lIR, LMS adaptive filters FFT/IFFT: 16 to 4096 points Mean, variance, RMS,
power

Matrix Ops Controllers ML/NN

arm_mat_mult_f32() arm_pid_f32() arm_nn_conv_q7()

Multiply, add, transpose, PID controller, sin/cos Convolution, pooling layers

inverse tables

CMSIS-DSP = Cortex Microcontroller Software Interface Standard — DSP Library. It's ARM's
official, royalty-free, open-source library of optimized signal processing functions that run on
any Cortex-M processor.



Microcontroller DSP Capabilities Comparison

GU Famly | Coro Mz |FPU_ DSPEL_ MMAGI Price=5)

STM32H7 CM7+CM4 480 DP+SP SIMD, MAC ~960 5-12
STM32F4 CM4 168 SP DSP, MAC ~336 2-6
NXP i.MX RT CM7 1000 DP SIMD, MAC ~2000 4-10
ESP32-S3 LX7 x2 240 SP SIMD PIE ~200 1-3
RP2350 CM33 x2 150 SP Basic ~100 0.80
TI C2000 C28x 200 TMU MAC, CLA ~400 3-8
Renesas RA6 CM33 200 SP DSP, Helium* ~200 3-7

*Helium (MVE) is the M-Profile Vector Extension available in Cortex-M55/M85



MCU Audio DSP Pipeline — Block Diagram

HPF FIR/IIR AGC/
(DC Block) Filter Compressor

Speaker / Limiter / Noise
12S Out SoftClip Reduction

Typical MCU audio pipeline: 48 kHz, 16/24-bit, <5 ms latency — all on a $3 Cortex-M4



ESP32-S3 for DSP — Wi-Fi + Dual-Core + SIMD

 ESP-DSP library provides optimized FFT, FIR, lIR, matrix, and windowing functions

Architecture DSP Peripherals

Dual Xtensa LX7 cores @ 240 MHz 2x 12S with DMA, 2x ADC (12-bit, 2 MSPS)
SIMD (PIE): 128-bit vector operations LCD cam interface, USB OTG

16-bit MAC: 4 ops/cycle per core 512 KB SRAM, ext. PSRAM up to 32 MB

Use Cases Performance

Wake-word detection (keyword spotting) FFT 1024-pt (float): ~0.8 ms

Audio effects processing FIR 128-tap: ~1.5 MSPS

loT sensor fusion with Wi-Fi upload Neural net: 300K inferences/s (small model)
Edge Al inference (ESP-NN) Power: ~80 mA @ 240 MHz

PIE = Processor Instruction Extensions — it's Cadence/Tensilica's name for the SIMD vector
extension added to the Xtensa LX7 cores inside the ESP32-S3.



Next-Gen: ARM Cortex-M55 with Helium (MVE)

128-bit vector registers — process 8x int16 or 4x float32 per instruction
Predicated execution: per-lane masking eliminates scalar loop tails

Fused MAC instructions: VMLA (vector multiply-accumulate) in single cycle
Up to 15x speedup for DSP kernels vs. scalar Cortex-M4

Hardware loop support: zero-overhead vector loops (WLSTP/LETP)

Tail predication: handles non-power-of-2 vector lengths without scalar cleanup
Combined with Ethos-U55 NPU: DSP + ML in single SoC under 100 mW

Speedup (normalized to Cortex-M4 = 1.0x)
M-Profile Vector Extension (MVE / Helium) 11

15

4
1 1 1 1

FIR-256 FFT-256 CFFT-1024 MatMul 32x32
m Cortex-M4 W Cortex-M55 (Helium)



X

Limited computational throughput: single-core MCU maxes out at ~1-2 GMAC/s
No true hardware parallelism — sequential execution with SIMD acceleration only
Small memory: typical 512 KB-2 MB SRAM limits FFT size and buffer depth

ADC resolution and speed: MCU ADCs rarely exceed 16-bit / 5 MSPS
Floating-point: SP only on M4; DP on M7 at reduced throughput

Interrupt jitter can affect deterministic timing (mitigated with DMA and TCM)

Not suitable for wideband signals (>50 MHz band-width) or multi-channel processing



Microcontroller for DSP — Summary

T

Throughput 2. 8. B 0% B¢
Latency . 8. 8.8 §*¢
Power Efficiency 1. 8. 8.8.8 ¢
Flexibility 180,88 ¢
Development Time k% k%
Unit Cost 180,88 ¢
Ecosystem Y Sk Kk

~1-2 GMAC/s max (Cortex-M7 class)
Sub-ms with DMA+TCM; OS jitter possible
<1 mW/MHz — bestin class

C/C++ software, easy to update OTA
Familiar tools (Keil, IAR, GCC, STM32Cube)
$0.50-$10 — lowest of all alternatives
CMSIS-DSP, HAL, RTOS, huge community

e Bestfor: Low-cost, low-power embedded DSP — audio, sensors, loT, control systems



GPU / GPGPU-Based
Signal Processing

Leveraging Massively Parallel Graphics Hardware for DSP



GPU Architecture for DSP

SIMT: Single Instruction, Multiple Threads — each SM executes 32 threads (warp) in lockstep

Host CPU — PCle Bus —

GPU

SM

32 CUDA Cores
SFU, Tensor

SM SM
32 Cores 32 Cores
SM SM SM
32 Cores 32 Cores 32 Cores

Global Memory
HBM2/GDDR6
(8-80 GB)

L2 Cache

(4-60 MB)

* CUDA stands for Compute Unified Device Architecture — it's NVIDIA's programming platform that lets
you run general-purpose computations on their GPUs instead of just graphics.




GPU DSP Capabilities

CUDA TFLOPS Memory BW Use Case
Cores (FP32)

NVIDIA A100 6912 19.5 2TB/s HPC, radar

NVIDIA RTX 4090 16384 82.6 1TB/s 450 Research

NVIDIA Jetson Orin 2048 5.3 204 GB/s 15-60 Edge Al+DSP

AMD MI300X 19456 163.4 5.2 TB/s 750 HPC

Intel Arc A770 4096 19.7 560 GB/s 225 Cost-effective
Key Libraries:

e cuFFT: GPU-accelerated FFT — up to 100x faster than CPU FFTW for large transforms
e cuBLAS: matrix operations for beamforming, covariance estimation

e cuSignal (RAPIDS): Python GPU signal processing (filtering, spectral analysis)

e ArrayFire: cross-platform GPU DSP (NVIDIA, AMD, Intel)



GPU FFT Performance — cuFFT vs CPU FFTW
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GPU advantage grows with transform size — crossover at ~4K points; 40x speedup at 4M points



GPU DSP Applications

Radar / SIGINT

Batch FFT of thousands of pulses
Doppler processing, STAP
Real-time wideband spectrum analysis

Seismic Processing

3D wave-equation migration
Noise attenuation
Reverse-time migration (RTM)

Medical Imaging

CT reconstruction (filtered back-projection)
MRI: NUFFT, SENSE/GRAPPA

Software-Defined Radio

Massive channelization (polyphase)
Real-time modulation/demodulation
GNU Radio + GPU acceleration

Audio / Speech

Real-time convolution reverb
Beamforming (microphone arrays)
Speech enhancement (DNN-based)

Financial DSP

Tick-by-tick signal analysis
High-frequency trading feature extraction



High latency overhead: PCle transfer (CPU->GPU->CPU) adds 50-200 ps per batch

Not suitable for single-sample, low-latency DSP (< 10 ps) — batch processing only
Power consumption: 150-400W for desktop GPUs — impractical for embedded/portable
Memory limited: complex algorithms need careful management of GPU global memory
Programming model: CUDA is vendor-locked (NVIDIA); Open CL has lower performance
Deterministic timing not guaranteed — kernel launch jitter, memory arbitration

No direct analog I/0 — requires host CPU for ADC/DAC interface

Overkill for simple filtering tasks — setup overhead exceeds processing time



GPU for DSP — Summary
Fouro atng News

Throughput
Latency

Power
Efficiency

Flexibility

Development
Time

Unit Cost

Ecosystem

1. 8. 8.8, 8 ¢
1. 8. 820" ¢
1. 8. 820" ¢

1.8, 8.8.8 ¢
1.8, 8.8 8¢

1.8 8. 80"
18,888

TFLOPS-class; best for batch processing
PCle overhead; kernel launch jitter

150-400W; improving with edge GPUs

CUDA/OpenCL — full software control
Python + cuSignal; CUDA for custom

$200-$10K; Jetson from $200
cuFFT, cuBLAS, RAPIDS, PyTorch DSP

* Best for: Large-batch, high-throughput DSP — radar, seismic, SDR, ML-based signal processing



ASIC Solutions for DSP

Application-Specific Integrated Circuits — Maximum Efficiency



ASIC for DSP — Architecture & Design Flow

Spec & RTL Synthesis & Tape-Out Test &
Algorithm Design P&R & Fab Package

NRE: $1M-$100M+ | Timeline: 12-24 months | Volume: > 100K units for ROI

Hardwired signal processing paths — no instruction fetch overhead, no wasted silicon
10-100x better power efficiency than FPGA/GPU for equivalent throughput

Clock rates up to 2+ GHz in advanced nodes (7nm, 5nm)

Examples: Qualcomm Hexagon DSP (in Snapdragon), Apple Neural Engine, Google TPU

Common in: smartphone modems, Wi-Fi chipsets, hearing aids, Bluetooth audio codecs



ASIC vs FPGA vs DSP Processor — Trade-off Matrix

Unit Cost (high vol.) Lowest Medium Low-Medium
NRE Cost $1M-$100M+ $0 (dev tools) $0 (dev tools)
Power Efficiency Best (10-100x) Good Moderate
Performance Highest Very High Moderate
Flexibility None (fixed) High (reconfig.) Full (software)
Time to Market 12-24 months 3-6 months 1-3 months
Algorithm Change New tapeout Reprogram Software update
Risk Highest Medium Lowest

ASIC makes sense when: algorithm is frozen, volume is high, power/cost are critical



Notable DSP ASICs in Production

Qualcomm Hexagon DSP Apple Neural Engine

In every Snapdragon SoC — handles audio, 16-core NPU for ML inference — also used
sensor hub, always-on voice detection for audio enhancement, computational photo
Bluetooth Audio Codecs Wi-Fi 6/7 Baseband

Qualcomm QCC5100: aptX HD decode, Broadcom BCM4389: OFDMA DSP,

ANC, EQ—allin<10 mW beamforming, MU-MIMO processing
Hearing Aid DSP Automotive Radar ASIC

ON Semi Ezairo: 24-bit audio, <1 mW, NXP S32R: 4x Cortex-R52 + radar DSP

feedback cancellation, noise reduction accel. for 77 GHz FMCW processing



SoC & Heterogeneous
Platforms

Combining CPU + FPGA + DSP + Accelerators on a Single Chip



Heterogeneous SoC — The Modern Approach

System-on-Chip (SoC)

Application CPU Real-Time CPU FPGA Fabric Hardware
(Cortex-A / RISC-V) (Cortex-R / M) (Programmable Accelerators
Linux, control DSP loops, I/0 Logic) (NPU, DSP, GPU)

High-Performance Interconnect (AXI / NoC)

High-Speed 1/0 Analog Front-End Security
PCle, Ethernet ADC, DAC Crypto Engine
SerDes PLL, SerDes Secure Boot

DDR4/5
Controller




AMD/Xilinx Zynqg UltraScale+ MPSoC

Processing System (PS) Programmable Logic (PL)

4x Cortex-A53 @ 1.5 GHz (Linux) Up to 930K LUT, 2520 DSP slices
2x Cortex-R5 (real-time) UltraRAM + Block RAM (36 Mb)
Mali-400 GPU GTH transceivers (32.75 Gbps)
256 KB OCM, DDR4 controller PCle Gen3/4, 100G Ethernet

. DSP Use Case: Motor Control
PSP Use Case: SDR PL: PWM generation, fast ADC sampling

PS: protocol stack, Ul, network Cortex-R5: PID loop, park/clarke
PL: DDC, channelizer, FFT, demod transform

Cortex-R5: timing-critical DMA mgmt Cortex-A53: HMI, logging, OTA update



Texas Instruments — Heterogeneous DSP SoCs

L TR 07 Target Application

AMG62x Sitara 4x A53 + M4F HMI, Linux gateway
AMG64x Sitara 2x A53 + 2x R5F + MAF PRU-ICSS Industrial Ethernet, PLC
TDA4VM (Jacinto 7) 2xA72 + 6x R5F C7x DSP + MMA, VPAC ADAS, camera pipeline
AWR2944 4x R5F C66x DSP, HWA 77 GHz radar, FMCW
C6678 KeyStone 8x C66x DSP 8x C66x @ 1.25 GHz Baseband, radar, MIL

TDA4VM: C7x DSP delivers 80 GFLOPS + Matrix Multiply Accelerator (MMA) for deep learning

AWR2944: Hardware Accelerator (HWA) performs FFT, CFAR, and DOA on radar data with
zero CPU load

OpenVX/ Tl Deep Learning framework for heterogeneous task scheduling across all cores



AMD/Xilinx Versal — Al Engine + FPGA + CPU

Scalar Engines Adaptable Engines Intelligent Engines Platform
2x Cortex-A72 (FPGA Fabric) (Al Engines) Mgmt

2x Cortex-R5 LUTs + DSP58 400 Vector Cores NoC, DDR, PCle

Network-on-Chip (NoC) — Programmable Interconnect
Al Engine Array: 400 tiles, each with:
e VLIW processor with 512-bit vector unit
e 8INT16 MACs per cycle per tile » 400 tiles = 3200 MACs/cycle
e At1GHz:6.4 TMAC/s (INT8) or 3.2 TFLOP/s (FP32 effective)
e 32 KB data memory + 16 KB program memory per tile

e Idealfor: 5G massive MIMO, radar digital beamforming, ML inference at the edge



Heterogeneous DSP Pipeline Example — Radar

ADC FPGA Al Engine FPGA CPU
Samples DDC + Range FFT CFAR Track &
(16-bit) Decimate + Doppler Detection Classify
Low late.ncy, Hardware Vector Trshalal s Software
streaming parallel compute flexible

Each processing stage runs on the best-suited engine — no single bottleneck

Data flows through AXI-Stream interfaces with zero-copy between engines

FPGA handles irregular control flow (CFAR thresholding); Al Engine handles regular compute (FFT)

CPU runs high-level tracker (Kalman filter), display, and system management under Linux



Heterogeneous SoC Platforms — Comparison

Zynq US+ MPSoC A53+R5 930K LUT 5-25W
Versal Al Core A72+R5 400 Al Eng. 1.9M LUT 25-75W
Intel Agilex SE A55+A76 — 700K ALM 15-50W
TDA4VM A72+R5 C7x DSP+MMA — 5-20W
NVIDIA Jetson Orin  A78AE 2048 CUDA+DLA  — 15-60W

NXP Layerscape A72 SEC, DPAA2 — 8-25W



Comparative Analysis
& Selection Guide

Choosing the Right Platform for Your DSP Application



Throughput 1-10 GMAC 0.5-20TMAC  0.1-2GMAC 1100 TFLOP  Custom 1-10 TMAC
Latency UsS ns—ys HsS—ms ms ns ns—ms
Power 0.5-5W 1-50W 0.01-1W 15-400W 0.001-5W  5-75W
Unit Cost  $5-50 $10-10K $0.5-10 $200-10K $0.1-5* $20-500
Dev. Time 1-3mo 3-12mo 1-3mo 1-3mo 12-24mo  3-6mo
Flexibility Medium High Very High Very High None Very High
Ecosystem Moderate Growing Excellent Excellent N/A Good



1024-Point Complex FFT — Execution Time Comparison
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* GPU latency includes kernel launch overhead; FPGA/Versal are streaming pipeline latency



DSP Power Efficiency — GMAC/s per Watt
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* ASIC leads in efficiency; FPGA offers the best balance of efficiency + reconfigurability



Cost vs Volume — Break-Even Analysis
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ASIC break-even typically at 100K-500K units — below that, FPGA or MCU wins on total cost



Platform Selection Decision Flowchart

New DSP Design?

Throughput > 10 GMAC/s needed?

No
ves Yes>MCU No-DSP Proc.
Yes->ASIC No>FPGA Yes>GPU No->SoC

* This is a simplified guide — real selection involves algorithm complexity, power budget, team expertise,
and supply chain



There is no single "best" DSP platforrm — the choice depends on throughput, latency, power, cost, and
volume requirements

FPGAs dominate when you need massive parallelism with deterministic timing (telecom, radar, video)

MCUs are the go-to for cost-sensitive, low-power embedded DSP (audio, sensors, |loT) — and getting
better fast with Helium/MVE

GPUs excel at batch processing of large datasets — radar pulse processing, seismic analysis, ML-
augmented DSP

ASICs offer superior efficiency and lower unit costs for high-volume production, provided the
algorithm remains unchanged.

Heterogeneous SoCs are the emerging sweet spot — use each engine for what it does best
RISC-V is a serious long-term contender — watch the Vector extension ecosystem mature

Al and DSP are converging — future hardware will blur the line between neural network inference and
signal processing



Conclusions

Application Recommended Platform Why

Audio effects / voice MCU (Cortex-M4/M7) Low cost, low power, rich ecosystem
5G baseband FPGA or SoC (Versal) Parallel FFT, beamforming, reconfig.
Automotive radar SoC (TDA4VM, AWR2944) Integrated sensor + DSP + CPU
Seismic / scientific GPU (A100, MI300X) Batch TFLOPS, cuFFT, Python
Hearing aid / wearable  ASIC Ultra-low power (< 1 mW)

loT edge inference MCU + NPU (STM32N6) <100 mW, ML + DSP combined
Prototyping / research  FPGA (Artix/Kintex) Flexible, fast iteration, HLS
High-volume ASIC Lowest unit cost, best efficiency

consumer



AMD/Xilinx: UG579 — UltraScale DSP48E2 Slice User Guide

AMD/Xilinx: AM009 — Versal Adaptive SoC Al Engine Architecture Manual
ARM: ARM-100400 — CMSIS-DSP Software Library Reference

ARM: DDI0553B — ARMv8.1-M Architecture Reference Manual (Helium/MVE)
Texas Instruments: SPRUIG1 — TDA4VM Technical Reference Manual
NVIDIA: CUDA C Programming Guide — cuFFT Library User's Guide

RISC-V Foundation: RISC-V Vector Extension Specification v1.0

|IEEE Signal Processing Magazine — "FPGA-based Signal Processing" (2023)
Lyons, R. — Understanding Digital Signal Processing, 3rd Edition, Prentice Hall
Crockett et al. — Exploring Zynq, Xilinx/Strathclyde University
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