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FPGA Evolution for SDR

Three Chapters

Chapter 1 – Evolution from Microprocessor to FPGA

Chapter 2 – Examples of FPGA Structures

Chapter 3 – High Level VHDL Code Examples



  

 
FPGA Evolution for SDR

● Chapter 1 – Evolution from uP to FPGA

First Intel Microprocessor 

(4004) developed by Stanley 

Mazo and Busicom engineer 

Masatoshi Shima, ~1969

Later Z80 uP shown below

All uP operate sequentially

All uP have fixed bit size



  

 FPGA Evolution for SDR
● Chapter 1 – Evolution from uP to FPGA

● 8 Bit uP Example
● Modern Computer 

CPU now 64 Bit
● Bits are like 

soldiers crossing a 
bridge, side by side

● In principle, 64 bits 
should be 8 times 
faster than 8 bits



  

 FPGA Evolution for SDR
● Chapter 1 – Evolution from uP to FPGA

● Digital processing (DSP) applications 

often need dedicated high speed M x N 

Bit integer multipliers

● DSP IC devices were developed to meet 

the needs for exact audio processing, 

e.g. to replace analog filters (FIR, IIR)

● Here is a DSP concept with 4 multipliers

● DSP are faster but still sequential

● Field Programmable Gate Arrays were 

developed to be parallel or sequential

● Arbitrary Gate configuration, any bit size 

(e.g. 800 bits OK) and processing is 

completely parallel (and/or sequential)



  

 FPGA Evolution for SDR
● Chapter 1 – Evolution from uP to FPGA

● FPGA devices used for very high speed signal 
processing – Video, Advanced Communications

● Reprogrammable, used to develop code → ASIC
● Code written on a PC → bit stream to FPGA
● Logic elements programmable → AND, OR,...
● All gates “wired together” from PC software
● Low cost versions up to 150,000 logic elements
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● Chapter 1 – Evolution from uP to FPGA

Low Cost 7-Series Offerings From Xilinx (Alterra also)
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● Chapter 1 – Evolution from uP to FPGA

Example Low Cost FPGA

Good Peripheral Support

Reasonable Gate Count

Clock ~50 MHz, max 133 MHz

Some FPGA Clock >> 1 GHz

Unlike CPU, bit size 

unlimited, set per variable

A = [1077,0] quite OK
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● Chapter 1 – Evolution from uP to FPGA
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● Chapter 1 – Evolution from uP to FPGA

Example FPGA Evaluation PCB – Xilinx Example



  

 
FPGA Evolution for SDR

Chapter 1 – Summary
Early Microprocessors Demonstrated Software 

Configurable Digital Logic (replaced gates)

But Limited to low Bit size (e.g. 8 Bits, fixed)

And Processing is Sequential – i.e. step by step

Computer CPU Architectures now 64 Bit, fixed

DSP provided high speed multipliers – for filters

FPGA non sequential, arbitrary bit sizes, no limit
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● Chapter 2 – Examples of FPGA Structures

Example Cascaded Integrator Comb CIC Low Pass Digital Filter

Used as a “Roofing LPF” in SDR – (similar to XTAL → Ceramic)

Followed by more exact Finite Impulse Response (FIR) Filter or IIR
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● Chapter 2 – Examples of FPGA Structures

FPGA Programming is 

simplified using Xilinx 

“LogiCORETM” modules

Symbol shows data in (DIN), 

data out (DOUT) and control 

functions for CIC Filter
Note – Bus lines are bold (N-Bit)
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● Chapter 2 – Examples of FPGA Structures

Typical CIC Low Pass 

Frequency Response

Stop band is “lazy”

Sinc(x) notches used 

in filters strategically
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● Chapter 2 – Examples of FPGA Structures

LogiCORETM IP modules simplify 

complex logic operations

Example Complex Multiplier This 

module implements  [PR + j PI] = 

[AR + j AI] x [BR + j BI]

Extremely difficult to design using 

hard-wired logic gates!

Modules perform Excellently!
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● Chapter 2 – Examples of FPGA Structures

Example Direct 

Digital Synthesis

Extremely fine 

frequency resolution

Phase quadrature out
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● Chapter 2 – Examples of FPGA Structures

Generic DDS Structure 
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● Chapter 2 – Examples of FPGA Structures

Advanced DDS Structure 

Dither & polynomial correction
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● Chapter 2 – Examples of FPGA Structures

Division Symbol, Dividend / Divisor = Quotient + Remainder

Extremely hard to design with hard-wired logic gates!

Remember doing “Long Division” in High School?
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● Chapter 2 – Examples of FPGA Structures

“CORDIC” Symbol – Used for rotation, trigonometry, 

logarithmic conversion etc – Impossible with gates!
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● Chapter 2 – Examples of FPGA Structures

CORDIC Trigonometry Examples
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● Chapter 2 – Examples of FPGA Structures

Generic Software Defined Radio (SDR) System

RF Signal Conveyance, Mixed Signal Interface, FPGA

Generic Structure, Applicable to High Performance
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● Chapter 2 – Examples of FPGA Structures

MSI Transceiver

Low Cost ~ $20 total

8-Bit Rx ADC at Top

Lower 10-Bit Tx DAC

Sample F
s
 = 50 MHz

ADC BW ~ 500 MHz

3.3 V Supply. Low I
s

Non Critical FPGA 

Interface – see FPGA 

EVAL PCB connectors



  

 FPGA Evolution for SDR
● Chapter 2 – Examples of FPGA Structures

Example SDR Receiver System Processing Steps

ADC Signal Acquisition, I+j Q Bit Growth, CIC 

Filter, Detailed IQ LPF, Demodulation, Formatting
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● Chapter 2 – Examples of FPGA Structures

Example SDR Transmitter System Processing Steps

Input on Right, Scale, Moving Average Filter, Direct 

DDS Modulation, DAC Output For Filtered FSK
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● Chapter 2 – Examples of FPGA Structures

Example Multiple Channel Software Defined Receiver

Parallel Receiver Bank is Far Superior to Scanning Receivers!



  

 
FPGA Evolution for SDR

●Chapter 2 – Summary
Speed up Programming with LogiCORETM Modules

Example CIC Filters, Lazy “Roofing” with Sinc(x)

Complex Multiplication, DDS and Enhanced DDS

Avoid those Lashes of Logic Based Long Division!

CORDIC – Rotation, Trigonometry, Logarithms

MSI Interface to FPGA → RF, ADC / DAC, FPGA

Parallel Processing Application – Muti-Channel Rx
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● Chapter 3 – High Level VHDL Code Examples

Selective Parameter Tuned Digital Filter Architecture

Infinite Impulse Response (IIR) Architecture - Feedback
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● Chapter 3 – High Level VHDL Code Examples

Measured SDR Receiver Demodulation Waveforms
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● Chapter 3 – High Level VHDL Code Examples
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● Chapter 3 – High Level VHDL Code Examples

wire signed [19:0] I, Q;
RF8_IQ20 rfiq(.clk(CLK_50MHz), .RF(ADC), .I(I), .Q(Q) );
//
wire signed [19:0] Ia, Ib, Qa, Qb;
MAF16_20B maf20(.clk(CLK256), .x(I), .y(Ia) ); // 4 stage MAF of 16 samples
MAF16_20B maf21(.clk(CLK256), .x(Q), .y(Qa) ); // 4 stage MAF of 16 samples
//
wire [11:0] p1, p2, p3, p4; // target BW = +/- 4 kHz
assign p1 = 267; assign p2 = 1333;  assign p3 = 1600; assign p4 = 4000;
PTDF_LP_4 ptdf0(.clk(CLK256), .p1(p1), .p2(p2), .p3(p3), .p4(p4), .x(Ia), .y(Ib) );
PTDF_LP_4 ptdf1(.clk(CLK256), .p1(p1), .p2(p2), .p3(p3), .p4(p4), .x(Qa), .y(Qb) );
//
wire [15:0] RSSI;
wire signed [15:0] FM;
FM_Demodulator fm0(.clk(CLK512), .I(Ib), .Q(Qb), .RSSI(RSSI), .FM(FM) );
//
wire signed [15:0] Filt_RSSI, Filt_FM;
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● Chapter 3 – High Level VHDL Code Examples

begin
II  <=  I; QQ  <=  Q;
III <=  II; QQQ <=  QQ;
dI  <=  II - III; dQ  <=  QQ - QQQ;
sI  <= (II + III) / 2; sQ  <= (QQ + QQQ) / 2;
end

wire signed [divider_bits - 1:0] p0, p1, p2, p3; // 32 bit product = division IP limit
multiply mult0(.clk(clk), .a(sI / 16), .b(dQ / 16), .p(p0) ); // 20 bits / 16 -> 16 bits
multiply mult1(.clk(clk), .a(sQ / 16), .b(dI / 16), .p(p1) ); // 20 bits / 16 -> 16 bits
assign omega = p0 - p1; // difference of product3 = 32 bits
//
multiply mult2(.clk(clk), .a(sI / 16), .b(sI / 16), .p(p2) ); // 20 bits / 16 -> 16 bits
multiply mult3(.clk(clk), .a(sQ / 16), .b(sQ / 16), .p(p3) ); // 20 bits / 16 -> 16 bits

division div1(.clk(clk),
  .dividend(omega),
  .divisor(power),
  .quotient(quof),
  .fractional(FM),
  .rfd(rfdf) );

Some VHDL Code Excerpts for FM/FSK SDR Receiver
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Executive Summary
Discussed from uP, CPU, DSP to FPGA

Demonstrated some Xilinx LogiCORETM IP Modules 

that execute very Complex Logic Functions

Typical SDR Architecture – RF, MSI, FPGA, Code

Showed some examples of VHDL / Verilog Code 

All Questions Welcome...
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