
DHDL

Luís Marques 
<luis@luismarques.eu>

The D Hardware Design Language

mailto:luis@luismarques.eu


http://live.dhdlang.org

http://live.dhdlang.org


What is hardware?



What is hardware?
You compile this code with DMD:  
 
 

 
Question 1: 
Is this multiplication implemented in hardware?  
(i.e., is it hardware accelerated?)

uint mul(uint a, uint b)
{
    return a * b;
}

uint mul(uint a, uint b)
{
    uint sum = 0;

    while(a != 0)
    {
        if((a & 1) != 0)
            sum += b;

        b <<= 1;
        a >>= 1;
    }

    return sum;
}

void main()
{
    import std.exception;
    import std.format;
    import std.random;
    import std.stdio;
    
    foreach(i; 0 .. 1_000_000_000)
    {
        uint a = uniform(0, uint.max);
        uint b = uniform(0, uint.max);
        //writeln(a, ' ', b);
        uint x = mul(a, b);
        uint y = a * b;
        enforce(x == y, format("%s %s", a, b));
    }
}



What is hardware?
Question 2: 
What about this one?  
 
 
 
 
 
 
 

uint mul(uint a, uint b)
{
    return a * b;
}

uint mul(uint a, uint b)
{
    uint sum = 0;

    while(a != 0)
    {
        if((a & 1) != 0)
            sum += b;

        b <<= 1;
        a >>= 1;
    }

    return sum;
}

void main()
{
    import std.exception;
    import std.format;
    import std.random;
    import std.stdio;
    
    foreach(i; 0 .. 1_000_000_000)
    {
        uint a = uniform(0, uint.max);
        uint b = uniform(0, uint.max);
        //writeln(a, ' ', b);
        uint x = mul(a, b);
        uint y = a * b;
        enforce(x == y, format("%s %s", a, b));
    }
}



What is hardware?
You compile this code with DMD  
 
 
 
 

 

DMC

…and you run it on an original Intel 8086. 
 
Question 3: 
Is this multiplication implemented in hardware?

uint mul(uint a, uint b)
{
    return a * b;
}

uint mul(uint a, uint b)
{
    uint sum = 0;

    while(a != 0)
    {
        if((a & 1) != 0)
            sum += b;

        b <<= 1;
        a >>= 1;
    }

    return sum;
}

void main()
{
    import std.exception;
    import std.format;
    import std.random;
    import std.stdio;
    
    foreach(i; 0 .. 1_000_000_000)
    {
        uint a = uniform(0, uint.max);
        uint b = uniform(0, uint.max);
        //writeln(a, ' ', b);
        uint x = mul(a, b);
        uint y = a * b;
        enforce(x == y, format("%s %s", a, b));
    }
}



• Each 8086 instruction is 
executed as n μinstructions

What is hardware?

mul

add ax, bx

cmp dx, cx

…

…

IP μIPgetRegB

getRegA

add urxa, 

…

…

• What if I tell you that the 
μcode for the mul instruction 
executes this algorithm?

• Question 4: Is the mul instruction implemented in HW?

uint mul(uint a, uint b)
{
    return a * b;
}

uint mul(uint a, uint b)
{
    uint sum = 0;

    while(a != 0)
    {
        if((a & 1) != 0)
            sum += b;

        b <<= 1;
        a >>= 1;
    }

    return sum;
}

void main()
{
    import std.exception;
    import std.format;
    import std.random;
    import std.stdio;
    
    foreach(i; 0 .. 1_000_000_000)
    {
        uint a = uniform(0, uint.max);
        uint b = uniform(0, uint.max);
        //writeln(a, ' ', b);
        uint x = mul(a, b);
        uint y = a * b;
        enforce(x == y, format("%s %s", a, b));
    }
}



What is hardware?

• What if there is no μcode, but the multiplication 
circuit works through a series of additions and 
shifts?

• Question 5: Does it make a difference? Is it (still?) 
hardware?



What is hardware?
• Software 

• Dynamic allocation 
of resources 

• Generic 

• Flexible 

• Serial 

• Hardware 

• Fixed resources for 
each function 

• Specialized 

• Hardcoded 

• Parallel



Why Hardware Matters

Computer Architecture: A Quantitative Approach, Fifth Edition

1.1 Introduction ■ 3

Second, this dramatic improvement in cost-performance leads to new classes
of computers. Personal computers and workstations emerged in the 1980s with
the availability of the microprocessor. The last decade saw the rise of smart cell
phones and tablet computers, which many people are using as their primary com-
puting platforms instead of PCs. These mobile client devices are increasingly
using the Internet to access warehouses containing tens of thousands of servers,
which are being designed as if they were a single gigantic computer.

Third, continuing improvement of semiconductor manufacturing as pre-
dicted by Moore’s law has led to the dominance of microprocessor-based com-
puters across the entire range of computer design. Minicomputers, which were

Figure 1.1 Growth in processor performance since the late 1970s. This chart plots performance relative to the VAX
11/780 as measured by the SPEC benchmarks (see Section 1.8). Prior to the mid-1980s, processor performance
growth was largely technology driven and averaged about 25% per year. The increase in growth to about 52% since
then is attributable to more advanced architectural and organizational ideas. By 2003, this growth led to a difference
in performance of about a factor of 25 versus if we had continued at the 25% rate. Performance for floating-point-ori-
ented calculations has increased even faster. Since 2003, the limits of power and available instruction-level parallel-
ism have slowed uniprocessor performance, to no more than 22% per year, or about 5 times slower than had we
continued at 52% per year. (The fastest SPEC performance since 2007 has had automatic parallelization turned on
with increasing number of cores per chip each year, so uniprocessor speed is harder to gauge. These results are lim-
ited to single-socket systems to reduce the impact of automatic parallelization.) Figure 1.11 on page 24 shows the
improvement in clock rates for these same three eras. Since SPEC has changed over the years, performance of newer
machines is estimated by a scaling factor that relates the performance for two different versions of SPEC (e.g.,
SPEC89, SPEC92, SPEC95, SPEC2000, and SPEC2006). 
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Why Hardware Matters

Computer Architecture: A Quantitative Approach, Fifth Edition

24 ■ Chapter One Fundamentals of Quantitative Design and Analysis

As we move from one process to the next, the increase in the number of
transistors switching and the frequency with which they switch dominate the
decrease in load capacitance and voltage, leading to an overall growth in power
consumption and energy. The first microprocessors consumed less than a watt
and the first 32-bit microprocessors (like the Intel 80386) used about 2 watts,
while a 3.3 GHz Intel Core i7 consumes 130 watts. Given that this heat must be
dissipated from a chip that is about 1.5 cm on a side, we have reached the limit
of what can be cooled by air. 

Given the equation above, you would expect clock frequency growth to
slow down if we can’t reduce voltage or increase power per chip. Figure 1.11
shows that this has indeed been the case since 2003, even for the microproces-
sors in Figure 1.1 that were the highest performers each year. Note that this
period of flat clock rates corresponds to the period of slow performance
improvement range in Figure 1.1. 

Figure 1.11 Growth in clock rate of microprocessors in Figure 1.1. Between 1978 and 1986, the clock rate improved
less than 15% per year while performance improved by 25% per year. During the “renaissance period” of 52% perfor-
mance improvement per year between 1986 and 2003, clock rates shot up almost 40% per year. Since then, the clock
rate has been nearly flat, growing at less than 1% per year, while single processor performance improved at less than
22% per year.
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Why Hardware Matters
• Clock frequency has stopped increasing

• Solutions: 

• Multiple cores 

• GPUs 

• FPGAs 

• ASICs
+specialized
+parallel

+harder



Why Hardware Matters
• The datacenter doesn't lie

• E.g., Amazon

• GPU instances

• FPGA instances (f1)



Creating Hardware



$ rdmd -version=v1 calc.d 
3+4 
7 
8-5 
3

Creating Hardware
version(v1)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v;
        
        while(true)
        {
            a  = getchar();
            op = getchar();
            b  = getchar();
            if(op == '+') v = a+b-'0';
            if(op == '-') v = a-b+'0';
            putchar(v);
            putchar('\n'); getchar();
        }
    }
}

version(v2)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
            if(ip == 0) { a  = getchar(); ++ip;            }
            if(ip == 1) { op = getchar(); ++ip;            }
            if(ip == 2) { b  = getchar(); ++ip;            }
            if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; }
            if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; }
            if(ip == 5) { putchar(v); ++ip;                }
            if(ip == 6) { putchar('\n'); getchar(); ip=0;  }
        }
    }
}

version(v3)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
ip0:        if(ip == 0) { a  = getchar(); ++ip; goto d; }
ip1:        if(ip == 1) { op = getchar(); ++ip; goto d; }
ip2:        if(ip == 2) { b  = getchar(); ++ip; goto d; }
ip3:        if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; goto d; }
ip4:        if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; goto d; }
ip5:        if(ip == 5) { putchar(v); ++ip; goto d; }
ip6:        if(ip == 6) { putchar('\n'); getchar(); ip=0; goto d; }
        }



Creating Hardware

version(v1)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v;
        
        while(true)
        {
            a  = getchar();
            op = getchar();
            b  = getchar();
            if(op == '+') v = a+b-'0';
            if(op == '-') v = a-b+'0';
            putchar(v);
            putchar('\n'); getchar();
        }
    }
}

version(v2)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
            if(ip == 0) { a  = getchar(); ++ip;            }
            if(ip == 1) { op = getchar(); ++ip;            }
            if(ip == 2) { b  = getchar(); ++ip;            }
            if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; }
            if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; }
            if(ip == 5) { putchar(v); ++ip;                }
            if(ip == 6) { putchar('\n'); getchar(); ip=0;  }
        }
    }
}

version(v3)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
ip0:        if(ip == 0) { a  = getchar(); ++ip; goto d; }
ip1:        if(ip == 1) { op = getchar(); ++ip; goto d; }
ip2:        if(ip == 2) { b  = getchar(); ++ip; goto d; }
ip3:        if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; goto d; }
ip4:        if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; goto d; }
ip5:        if(ip == 5) { putchar(v); ++ip; goto d; }
ip6:        if(ip == 6) { putchar('\n'); getchar(); ip=0; goto d; }
        }

$ rdmd -version=v2 calc.d 
3+4 
7 
8-5 
3



Creating Hardware    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
ip0:        if(ip == 0) { a  = getchar(); ++ip; goto d; }
ip1:        if(ip == 1) { op = getchar(); ++ip; goto d; }
ip2:        if(ip == 2) { b  = getchar(); ++ip; goto d; }
ip3:        if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; goto d; }
ip4:        if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; goto d; }
ip5:        if(ip == 5) { putchar(v); ++ip; goto d; }
ip6:        if(ip == 6) { putchar('\n'); getchar(); ip=0; goto d; }
        }

d:      final switch(uniform(0, 7))
        {
            case 0: goto ip0;
            case 1: goto ip1;
            case 2: goto ip2;
            case 3: goto ip3;
            case 4: goto ip4;
            case 5: goto ip5;
            case 6: goto ip6;
        }
    }
}

version(v4)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 7;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) if(op == '+') v = a+b-'0';
            if(ip == 4) if(op == '-') v = a-b+'0';
            if(ip == 5) putchar(v); ++ip;
            if(ip == 6) putchar('\n'); getchar();
        }
    }
}

version(v5)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

$ rdmd -version=v3 calc.d 
3+4 
7 
8-5 
3



Creating Hardware

version(v1)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v;
        
        while(true)
        {
            a  = getchar();
            op = getchar();
            b  = getchar();
            if(op == '+') v = a+b-'0';
            if(op == '-') v = a-b+'0';
            putchar(v);
            putchar('\n'); getchar();
        }
    }
}

version(v2)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
            if(ip == 0) { a  = getchar(); ++ip;            }
            if(ip == 1) { op = getchar(); ++ip;            }
            if(ip == 2) { b  = getchar(); ++ip;            }
            if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; }
            if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; }
            if(ip == 5) { putchar(v); ++ip;                }
            if(ip == 6) { putchar('\n'); getchar(); ip=0;  }
        }
    }
}

version(v3)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
ip0:        if(ip == 0) { a  = getchar(); ++ip; goto d; }
ip1:        if(ip == 1) { op = getchar(); ++ip; goto d; }
ip2:        if(ip == 2) { b  = getchar(); ++ip; goto d; }
ip3:        if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; goto d; }
ip4:        if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; goto d; }
ip5:        if(ip == 5) { putchar(v); ++ip; goto d; }
ip6:        if(ip == 6) { putchar('\n'); getchar(); ip=0; goto d; }
        }

$ rdmd -version=v2 calc.d 
3+4 
7 
8-5 
3



Creating Hardware

    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
ip0:        if(ip == 0) { a  = getchar(); ++ip; goto d; }
ip1:        if(ip == 1) { op = getchar(); ++ip; goto d; }
ip2:        if(ip == 2) { b  = getchar(); ++ip; goto d; }
ip3:        if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; goto d; }
ip4:        if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; goto d; }
ip5:        if(ip == 5) { putchar(v); ++ip; goto d; }
ip6:        if(ip == 6) { putchar('\n'); getchar(); ip=0; goto d; }
        }

d:      final switch(uniform(0, 7))
        {
            case 0: goto ip0;
            case 1: goto ip1;
            case 2: goto ip2;
            case 3: goto ip3;
            case 4: goto ip4;
            case 5: goto ip5;
            case 6: goto ip6;
        }
    }
}

version(v4)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 7;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) if(op == '+') v = a+b-'0';
            if(ip == 4) if(op == '-') v = a-b+'0';
            if(ip == 5) putchar(v);
            if(ip == 6) putchar('\n'); getchar();
        }
    }
}



Creating Hardware
version(v5)
{
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 5;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) if(op == '+') v = a+b-'0';
            if(ip == 4) if(op == '-') v = a-b+'0';
        }
    }
}

version(v6)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) if(op == '+') v = a+b-'0';
            if(ip == 3) if(op == '-') v = a-b+'0';
        }
    }
}

version(v7)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 5;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) op == '+' ? v = a+b-'0' : v = a-b+'0';
        }
    }
}



Creating Hardware

version(v5)
{
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 5;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) if(op == '+') v = a+b-'0';
            if(ip == 4) if(op == '-') v = a-b+'0';
        }
    }
}

version(v6)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) if(op == '+') v = a+b-'0';
            if(ip == 3) if(op == '-') v = a-b+'0';
        }
    }
}

version(v7)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = getchar();
            if(ip == 1) op = getchar();
            if(ip == 2) b  = getchar();
            if(ip == 3) op == '+' ? v = a+b-'0' : v = a-b+'0';
        }
    }
}



Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}



Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

adder subcircuit



 
Question 6: How many subcircuits are there in here?

Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

adder subcircuit



 
Question 6: How many subcircuits are there in here?

Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

adder subcircuit

subtractor

adder modulus

multiplexer

comparator

comparator

comparator

comparator

comparator



Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

4-bit 4-bit1-bit 4-bit 2-bit



Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

4-bit 4-bit1-bit 4-bit 2-bit



Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
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Creating Hardwareversion(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

(one-hot encoding)





Question 7: There’s an important optimization left to 
do in this circuit. What is it?



Question 7
• Optimization: -x == ~x + 1; a+b == a+(~b)+1

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) v = a + (op == 0 ? b : ~b + 1);
        }
    }
}



Question 8
• Question 8: do you know what an exclusive or (XOR) is?

 
[  ] Yes 
[  ] No 
[  ] Is this a trick question?
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• Question 8: do you know what an exclusive or (XOR) is? 

 
[  ] Yes 
[  ] No 
[  ] Is this a trick question?

INPUT OUTPUT

A B A XOR B
0 0 0
0 1 1
1 0 1
1 1 0

CMOS XOR gate

XOR gate
From Wikipedia, the free encyclopedia

The XOR gate (sometimes EOR gate, or EXOR gate and pronounced as Exclusive OR

gate) is a digital logic gate that gives a true (1/HIGH) output when the number of true
inputs is odd. An XOR gate implements an exclusive or; that is, a true output results if one,
and only one, of the inputs to the gate is true. If both inputs are false (0/LOW) or both are
true, a false output results. XOR represents the inequality function, i.e., the output is true if
the inputs are not alike otherwise the output is false. A way to remember XOR is "one or
the other but not both".

XOR can also be viewed as addition modulo 2. As a result, XOR gates are used to
implement binary addition in computers. A half adder consists of an XOR gate and an
AND gate. Other uses include subtractors, comparators, and controlled inverters.[1]

The algebraic expressions  and  (  ) both represent the XOR gate with inputs A
and B. The behavior of XOR is summarized in the truth table shown on the right.

Contents
1 Symbols
2 Pass-gate-logic wiring
3 Alternatives
4 More than two inputs
5 Applications

5.1 Uses in addition
5.2 Pseudo-random number generation
5.3 Correlation and sequence detection

6 See also
7 References
8 External links

Symbols
There are two symbols for XOR gates: the traditional symbol and the IEEE symbol. For more information see
Logic Gate Symbols.

Traditional XOR Symbol IEEE XOR Symbol

The logic symbols ⊕ and ⊻ can be used to denote XOR in algebraic expressions.

C-like languages use the caret symbol ^ to denote bitwise XOR. (Note that the caret does not denote logical
conjunction (AND) in these languages, despite the similarity of symbol.)

Pass-gate-logic wiring

invert B?

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) v = a + (op == 0 ? b : ~b + 1);
        }
    }
}



XOR

Bus splitter
(1x4 bits to 4x1bit) Bus joiner





Creating Hardware
• Approach 1: Describe the algorithm, derive the 

circuit from the description (high level synthesis)

version(v1)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v;
        
        while(true)
        {
            a  = getchar();
            op = getchar();
            b  = getchar();
            if(op == '+') v = a+b-'0';
            if(op == '-') v = a-b+'0';
            putchar(v);
            putchar('\n'); getchar();
        }
    }
}

version(v2)
{
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
            if(ip == 0) { a  = getchar(); ++ip;            }
            if(ip == 1) { op = getchar(); ++ip;            }
            if(ip == 2) { b  = getchar(); ++ip;            }
            if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; }
            if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; }
            if(ip == 5) { putchar(v); ++ip;                }
            if(ip == 6) { putchar('\n'); getchar(); ip=0;  }
        }
    }
}

version(v3)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
ip0:        if(ip == 0) { a  = getchar(); ++ip; goto d; }
ip1:        if(ip == 1) { op = getchar(); ++ip; goto d; }
ip2:        if(ip == 2) { b  = getchar(); ++ip; goto d; }
ip3:        if(ip == 3) { if(op == '+') v = a+b-'0'; ++ip; goto d; }
ip4:        if(ip == 4) { if(op == '-') v = a-b+'0'; ++ip; goto d; }
ip5:        if(ip == 5) { putchar(v); ++ip; goto d; }
ip6:        if(ip == 6) { putchar('\n'); getchar(); ip=0; goto d; }
        }



Creating Hardware
• Approach 2: Write an event-based simulation of 

your design. Let the tools infer what hardware 
would be consistent with that simulation. 

• In practise, only the simulations for which there is 
an obvious mapping to hardware work. That’s the 
so-called synthesizable subset.



Creating Hardware
• Approach 3: Describe the circuit (RTL generator)

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) op == 0 ? v = a+b : v = a-b;
        }
    }
}

version(v8)
{
    import std.random;
    import core.stdc.stdio;
    
    void main()
    {
        int a, op, b, v, ip;

        while(true)
        {
                        ip = (ip + 1) % 4;
            if(ip == 0) a  = input();
            if(ip == 1) op = input();
            if(ip == 2) b  = input();
            if(ip == 3) v = a + (op == 0 ? b : ~b + 1);
        }
    }
}

version(v9)
{
    void main()
    {
        auto a = new Reg();
        auto op = new Reg();
        auto b = new Reg();
        auto ip = new Reg();
        auto adder = new Adder;
        adder.connect(a, b);
        auto dec = new Decoder();
        dec.connect(ip);
        // ... etc
    }
}



Creating Hardware
• Approach 1: High-level synthesis 

Approach 2: Event-based 
Approach 3: RTL builder 

• VHDL & Verilog: Follow mostly approach 2 

• DHDL (and Chisel, SpinalHDL, etc.): Follows mostly 
approach 3 

• Not pure: You don’t have to specify events / gates 
for combinational circuits, just write (a + b) * 7 etc.



DHDL
• What is DHDL? 

• A hardware design language 

• D Language extension + D library 

• Falls more on the RTL generator side (currently) 

• Why DHDL? 

• Modern design



Modern Design

• int sum(int[] values);

• int mul(int[] values);

• auto accumulate(alias op, T)(T[] values);

Level 1: one tool does multiple jobs
Level 1: generates multiple tools,  

each of which do one job

Level 0: one tool does one job

Level 0: one tool does one job



Modern Design
 
 
Question 9: 
At what level do hardware designers work?

Level -1
(sometimes…)



Modern Design

• Level -1:  

• Level 0: one tool does one job  
(e.g. max computes maximums) 

• Level 1: one tool does multiple jobs  
(e.g. accumulate computes sums, maximums, etc.)



Modern Design

• Level -1: multiple tools needed to do one job  
(sum_part1(), sum_part2()?) 

• Level 0: one tool does one job  
(e.g. max computes maximums) 

• Level 1: one tool does multiple jobs  
(e.g. accumulate computes sums, maximums, etc.)



HDL Woes
• VHDL was created to create simulations of hardware

• After debugging the design, the hardware was built by 
converting to a schematic, where you wired simple 
gates, etc.

• Why not make the conversion automatic?

• Hardware engineers were used to schematic entry as 
a design method. VHDL was nailed with that hammer.

• Lots of little blocks without obvious relationship



HDL Woes
• void sum_part1() 

{ 
    thread 
} 

• void sum_part2() 
{ 
    thread 
}



HDL Woes

42

Copyright Gaisler Research, all rights reserved.

Fault-tolerant Microprocessors for Space Applications Jiri Gaisler

CBandDatat_LatchPROC9F: process(MDLE, CB_In, Reset_Out_N)
   begin
    if Reset_Out_N = ’0’ then
       CBLatch_F_1       <= "0000";
    elsif MDLE = ’1’ then
       CBLatch_F_1       <= CB_In(3 downto 0);
    end if;
   end process;

   CBandDatat_LatchPROC10F: process(MDLE, CB_In, DParIO_In, Reset_Out_N)
   begin
    if Reset_Out_N = ’0’ then
       CBLatch_F_2       <= "0000";
    elsif MDLE = ’1’ then
       CBLatch_F_2(6 downto 4) <= CB_In(6 downto 4);
       CBLatch_F_2(7)          <= DParIO_In;
    end if;
   end process;

CBLatch_F <= CBLatch_F_2 & CBLatch_F_1;

    BullEn_PROC: process(Mem_Test, ByteSel)
    begin

BullEn <= not (ByteSel(0) and ByteSel(1) and ByteSel(2) and ByteSel(3)) or Mem_Test;
    end process;

IUChk_Out_Gen: process (IUDataLatch_F, ChkGen_Data, BullEn, CB_bull)
     Variable IUGen_Chk  : std_logic_vector(7 downto 0);

    begin
      IUGen_Chk(6 downto 0) := ChkGen (IUDataLatch_F);
      IUGen_Chk(7)          := ChkGen_Data(32);

 CB_Out_Int <= mux2 (BullEn, IUGen_Chk, CB_bull);
    end process;

A problem with the dataflow method is also the low abstraction level. The functionality
is coded with simple constructs typically consisting of multiplexers, bit-wise operators
and conditional assignments (if-then-else). The overall algorithm (e.g. non-restoring
division) might be very difficult to recognize and debug.
Yet an other issue is simulation time: the assignment of a signal takes approximately
100 times longer than assigning a variable in a VHDL process. This is because the var-
ious signal attributes must be updated, and the driving event added to the event qeueue.
With many concurrent statments and processes, a larger proportion of the simulator
time will be spent managing signals and scheduling of processes and concurrent state-
ments.

5.3 The goals and means of the ’two-process’ design method
To overcome the limitations of the dataflow design style, a new ’two-process’ coding
method is proposed. The method is applicable to any synchrounous single-clock
design, which represents the majority of all designs. The goal of the two-process
method is to:
• Provide uniform algorithm encoding
• Increase abstraction level
• Improve readability
• Clearly identify sequential logic
• Simplify debugging
• Improve simulation speed
• Provide one model for both synthesis and simulation



HDL Woes
• The argument is:

• VHDL was originally created for simulation

• Synthesis was added later

• Problems arose from that

• But then at least things related to simulation 
should be pretty good, right?



HDL Woes
library ieee;
use ieee.std_logic_1164.all;

entity hello_world is
end hello_world;

architecture behaviour of hello_world is
    signal foo : std_logic;
begin
   process begin
       foo <= '1';
       wait for 1 ns;
       report std_logic'image(foo);
       foo <= '0';
       wait for 1 ns;
       report std_logic'image(foo);
      wait;
   end process;
end behaviour;

$ ghdl -a hello.vhdl && ghdl -e hello_world 
$ ./hello_wold 
hello.vhdl:13:8:@1ns:(report note): '1' 
hello.vhdl:16:8:@2ns:(report note): '0' 



HDL Woes
library ieee;
use ieee.std_logic_1164.all;

entity hello_world is
end hello_world;

architecture behaviour of hello_world is
    signal foo : std_logic_vector(7 downto 0);
begin
   process begin
       foo <= "11111111";
       wait for 1 ns;
       report std_logic_vector'image(foo);
       foo <= "00000000";
       wait for 1 ns;
       report std_logic_vector'image(foo);
      wait;
   end process;
end behaviour;

$ ghdl -a hello.vhdl && ghdl -e hello_world 
hello.vhdl:13:32: prefix of 'image 
attribute must be a scalar type 
hello.vhdl:13:32: found array type 
"std_logic_vector" defined at ../../../src/
ieee/std_logic_1164.v93:69:30



HDL Woes









HDL Woes

• wat?

• Is this what the competition looks like?  
You have to create your own writeln?



HDL Woes
• More seriously, here are the fundamental problems: 

• VHDL & Verilog are event-based 

• Only a subset is synthesizable 

• Only a subset of that subset actually works in practise. 

• Which sub-sub-set? Oh, it depends on the tool 
vendor! 

• No OOP, FP or generics. Everything is verbose, repetitive 
and error prone



HDL Woes
• Only VHDL and Verilog are mainstream, but there are 

some competitors: 

• Bluespec, Lava, Hydra, ForSyDe, etc. (Haskell) 

• Chisel / SpinalHDL (Scala) 

• MyHDL (Python) 

• CLaSH 

• Lucid



Why DHDL
• DHDL 

• Chisel’s hardware construction model… 

• …without the Scala DSL tax 

• …with D’s modeling power



Why DHDL
• Scala DSL tax

if(a == false)
    b := 42;
else
    c := 0;

when(a === false.B)
{
    b := 42.U
}
.otherwise
{
    b := 0.U
}

(DHDL) (Chisel)

when(a === false.B)
{
    b := 42.U
}
.otherwise
{
    c := 0.U
}



Why DHDL
• Compiling DHDL

Chisel 2 Simulation

Synthesis
Chisel 3 FIRRTL

Verilog

DHDL D
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DHDL

DHDL
Simulation

Synthesis

• What we’ll see today

FPGA



FPGA
• What’s an FPGA? 

• The largest VLIW CPU in the world  

• An interpreter for hardware

Instruction 1 Instruction 2 Instruction 3 Instruction 1 Instruction 2 Instruction 3Instruction 3

Instruction 1 Instruction 2 Instruction 3 Instruction 4 Instruction 5 Instruction 6

(VLIW)

(FPGA)



FPGA



FPGA

0 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1

AB

CD

1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 0

AB

CD



FPGA
• We’ll be using a Papilio Pro in this talk

• Spartan 6 LX9 FPGA

• 1,430 slices

• 32 x 18 Kb block RAM

• 16 x DSP48A1 (18x18 mul)

• 8 Megabytes SDRAM

• 32 MHz crystal oscillator

• 48 I/O pins

• Papilio Wing form factor



Papilio Wings
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Papilio Wings

Audio Buttons+LEDs

SD Card VGA Wii Controller

Joystick

GND 0
1

3V3 2
5V 3

4
5
6
7

A-B-C x 2



Papilio Wings

Breadboard I/O Buffer 
(Logic Analyser)

GND 0
1

3V3 2
5V 3

4
5
6
7
8
9
10
11
12
13
14
15

GND

3V3

5V

GND0
1

3V32

5V3
4
5
6
7
8
9
10
11
12
13
14
15

GND

3V3

5V

C A



Papilio MegaWings

LogicStart RetroCade Arcade



How to Win an FPGA 
and Influence Hardware

LogicStart Papilio Pro Wings



Hello World
helloworld.dhdl 
circuit HelloWorld 
{ 
    port in bool a; 
    port out bool b; 

    b := a; 
}



Hello World
helloworld.dhdl 
circuit HelloWorld 
{ 
    port in bool a; 
    port out bool b; 

    b := a; 
}



Hello World
helloworld.dhdl 
circuit HelloWorld 
{ 
    port in bool a; 
    port out bool b; 

    b := a; 
}

module test.hello;

import std.stdio;
import dhdl;
import dhdl.testing;

class HelloWorld : Circuit
{
    Bool a;
    Bool b;

    this()
    {
        a = input("a", new Bool);
        b = output("b", new Bool);

        assign(b, a);
    }
}

unittest
{
    auto hello = peekPokeTester!HelloWorld;

 hello.a = false;
 hello.eval();
 assert(hello.b == false);

 hello.a = true;
 hello.eval();
 assert(hello.b == true);
}



Hello World
helloworld.dhdl 
circuit HelloWorld 
{ 
    port in bool a; 
    port out bool b; 

    b := a; 
}

HelloWorld.d

module test.hello;

import std.stdio;
import dhdl;
import dhdl.testing;

class HelloWorld : Circuit
{
    Bool a;
    Bool b;

    this()
    {
        a = input("a", new Bool);
        b = output("b", new Bool);

        assign(b, a);
    }
}

unittest
{
    auto hello = peekPokeTester!HelloWorld;

 hello.a = false;
 hello.step();
 assert(hello.b == false);

 hello.a = true;
 hello.step();
 assert(hello.b == true);
}



Hello World
HelloWorld.dHelloWorld.fir 

circuit HelloWorld : 
    module HelloWorld : 
        input reset : UInt<1> 
        input clock : Clock 
        input a : UInt<1> 
        output b : UInt<1> 
         
        b is invalid 
         
        b <= a 

module test.hello;

import std.stdio;
import dhdl;
import dhdl.testing;

class HelloWorld : Circuit
{
    Bool a;
    Bool b;

    this()
    {
        a = input("a", new Bool);
        b = output("b", new Bool);

        assign(b, a);
    }
}

unittest
{
    auto hello = peekPokeTester!HelloWorld;

 hello.a = false;
 hello.step();
 assert(hello.b == false);

 hello.a = true;
 hello.step();
 assert(hello.b == true);
}



Hello World
HelloWorld.fir 
circuit HelloWorld : 
    module HelloWorld : 
        input reset : UInt<1> 
        input clock : Clock 
        input a : UInt<1> 
        output b : UInt<1> 
         
        b is invalid 
         
        b <= a 

HelloWorld.v 
module HelloWorld( 
  input   reset, 
  input   clock, 
  input   a, 
  output  b 
); 
  assign b = a; 
endmodule 



VHelloWorld (shared library)        

    (…) 
         
  

// Verilated -*- C++ -*-
// DESCRIPTION: Verilator output: Primary design header
//
// This header should be included by all source files instantiating the design.
// The class here is then constructed to instantiate the design.
// See the Verilator manual for examples.

#ifndef _VHelloWorld_H_
#define _VHelloWorld_H_

#include "verilated.h"
class VHelloWorld__Syms;

//----------

VL_MODULE(VHelloWorld) {
  public:
    VL_IN8(reset,0,0);
    VL_IN8(clock,0,0);
    VL_IN8(a,0,0);
    VL_OUT8(b,0,0);
    
    // LOCAL SIGNALS
    // Internals; generally not touched by application code
    
    // LOCAL VARIABLES
    // Internals; generally not touched by application code
    
    // INTERNAL VARIABLES
    // Internals; generally not touched by application code
    VHelloWorld__Syms* __VlSymsp;  // Symbol table
    
    // PARAMETERS
    // Parameters marked /*verilator public*/ for use by application code
    
    // CONSTRUCTORS
  private:
    VHelloWorld& operator= (const VHelloWorld&); ///< Copying not allowed
    VHelloWorld(const VHelloWorld&); ///< Copying not allowed
  public:
    /// Construct the model; called by application code
    /// The special name  may be used to make a wrapper with a
    /// single model invisible WRT DPI scope names.
    VHelloWorld(const char* name="TOP");
    /// Destroy the model; called (often implicitly) by application code
    ~VHelloWorld();
    
    // USER METHODS
    
    // API METHODS
    /// Evaluate the model.  Application must call when inputs change.
    void eval();
    /// Simulation complete, run final blocks.  Application must call on completion.
    void final();
    
    // INTERNAL METHODS
  private:
    static void _eval_initial_loop(VHelloWorld__Syms* __restrict vlSymsp);
  public:
    void __Vconfigure(VHelloWorld__Syms* symsp, bool first);
  private:
    static QData _change_request(VHelloWorld__Syms* __restrict vlSymsp);

Hello World
VHelloWorld.h 

  
  
  
  
  
  
         
    (…) 
         
  

dhdl\testing.d 

    (…)

VHelloWorld.cpp        

    (…) 
         
  

   ++time;

         this.clock = 0;
   eval(top);
  }
    }

    final void finish()
    {
    }
 
 final long opDispatch(string name)()
 {
  auto offset = getPortOffset(name);
  //circuit.ports[name];
  auto data = top[offset .. offset + 1];
  return (cast(byte[])data)[0];
 }

 final void opDispatch(string name, T)(T value)
 {
  writeVar(name, cast(ubyte) value);
 }
 
 final void writeVar(string name, ubyte value)
 {
  auto offset = getPortOffset(name);
  auto data = top + offset;
  *(cast(ubyte*)data) = value;
 }

 size_t getPortOffset(string name)
 {
  auto p = name in offsets;
  if(p)
   return *p;

  auto f = File("rtl/" ~ circuit.name ~ "/obj_dir/V" ~ circuit.name ~ ".h");
 
  foreach(line; f.byLine)
  {
   if(line.startsWith("VL_MODULE"))
    break;
  }

  size_t offset = size_t.sizeof; // account for 'name' field (from the base class)

  auto r = ctRegex!r"\s*VL_([A-Z]+[0-9]*)\(([a-z]+),([0-9]+),";

  foreach(line; f.byLine)
  {
   auto m = line.matchFirst(r);
  
   if(!m.empty)
   {
    if(m[2] == name)
    {
     offsets[name] = offset;
     return offset;
    }

    switch(m[1])

HelloWorld.v 
module HelloWorld( 
  input   reset, 
  input   clock, 
  input   a, 
  output  b 
); 
  assign b = a; 
endmodule 



Hello World
helloworld.dhdl 
circuit HelloWorld 
{ 
    port in bool a; 
    port out bool b; 

    b := a; 
}

module test.hello;

import std.stdio;
import dhdl;
import dhdl.testing;

class HelloWorld : Circuit
{
    Bool a;
    Bool b;

    this()
    {
        a = input("a", new Bool);
        b = output("b", new Bool);

        assign(b, a);
    }
}

unittest
{
    auto hello = peekPokeTester!HelloWorld;

 hello.a = false;
 hello.eval();
 assert(hello.b == false);

 hello.a = true;
 hello.eval();
 assert(hello.b == true);
}



Hello World
helloworld.dhdl 
circuit HelloWorld 
{ 
    port in bool a; 
    port out bool b; 

    b := a; 
}

helloworld.ucf 
NET a LOC="P47"  | IOSTANDARD=LVTTL; 
NET b LOC="P112" | IOSTANDARD=LVTTL;

HelloWorld.v 
module HelloWorld( 
  input   reset, 
  input   clock, 
  input   a, 
  output  b 
); 
  assign b = a; 
endmodule 

button

LED1
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Operators
operators.dhdl 
circuit Operators 
{ 
    port in bool a; 
    port in bool b; 
    port out bool c; 

    b := a & b; 
}



Operators
operators.dhdl 
circuit Operators 
{ 
    port in bool a; 
    port in bool b; 
    port out bool c; 

    b := a & b; 
}

module test.operators;

import std.stdio;
import dhdl;
import dhdl.testing;

class Operators : Circuit
{
    Bool a;
    Bool b;
    Bool c;

    this()
    {
        a = input("a", new Bool);
        b = input("b", new Bool);
        c = output("c", new Bool);

        assign(c, a.and(b));
    }
}

unittest
{
    auto op = peekPokeTester!Operators;

 op.a = false;
 op.b = true;
 op.eval();
 assert(op.c == false);

 op.a = true;
 op.eval();
 assert(op.c == true);
}



Operators
operators.dhdl 
circuit Operators 
{ 
    port in bool a; 
    port in bool b; 
    port out bool c; 

    b := a & b; 
}

module test.operators;

import std.stdio;
import dhdl;
import dhdl.testing;

class Operators : Circuit
{
    Bool a;
    Bool b;
    Bool c;

    this()
    {
        a = input("a", new Bool);
        b = input("b", new Bool);
        c = output("c", new Bool);

        assign(c, a.and(b));
    }
}

unittest
{
    auto op = peekPokeTester!Operators;

 op.a = false;
 op.b = true;
 op.eval();
 assert(op.c == false);

 op.a = true;
 op.eval();
 assert(op.c == true);
}

Operators.d



Operators
Operators.dOperators.fir 

circuit Operators : 
    module Operators : 
        input reset : UInt<1> 
        input clock : Clock 
        output c : UInt<1> 
        input a : UInt<1> 
        input b : UInt<1> 
         
        c is invalid 
         
        node _T_14 = and(a, b) 
        c <= _T_14 

module test.operators;

import std.stdio;
import dhdl;
import dhdl.testing;

class Operators : Circuit
{
    Bool a;
    Bool b;
    Bool c;

    this()
    {
        a = input("a", new Bool);
        b = input("b", new Bool);
        c = output("c", new Bool);

        assign(c, a.and(b));
    }
}

unittest
{
    auto op = peekPokeTester!Operators;

 op.a = false;
 op.b = true;
 op.eval();
 assert(op.c == false);

 op.a = true;
 op.eval();
 assert(op.c == true);
}



Operators
Operators.fir 
circuit Operators : 
    module Operators : 
        input reset : UInt<1> 
        input clock : Clock 
        output c : UInt<1> 
        input a : UInt<1> 
        input b : UInt<1> 
         
        c is invalid 
         
        node _T_14 = and(a, b) 
        c <= _T_14 

Operators.v 
module Operators( 
  input   reset, 
  input   clock, 
  output  c, 
  input   a, 
  input   b 
); 
  wire  _T_14; 
  assign c = _T_14; 
  assign _T_14 = a & b; 
endmodule



Operators



State
blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    state := !state; 
    a := state; 
}



State
blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}



blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}

State



blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}

State



blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}

State



blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}

State



blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}

Question 10: Will port a blink?

State



State
blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}



State
blink.dhdl 
circuit Blink 
{ 
    port out bool a; 

    reg bool state; 

    a := state; 
    state := !state; 
}

module test.blink;

import std.stdio;
import dhdl;
import dhdl.testing;

class Blink : Circuit
{
    Bool a;

    this()
    {
        a = output("a", new Bool);

        Reg state = declareReg("state", new Bool());

        assign(a, state);
        assign(state, not(state));
    }
}

unittest
{
    auto blink = peekPokeTester!Blink;

 foreach(i; 0..8)
    {
        assert(blink.a == i % 2);
  blink.step();
    }
}

Question 11: Will the LED (on port a) blink?



State



State

 32 Mhz Crystal Oscillator

constraints.ucf 

NET clock LOC="P94"  | IOSTANDARD=LVTTL | PERIOD=31.25ns;  
NET a     LOC="P112" | IOSTANDARD=LVTTL;



State
blink2.dhdl 

enum clockRate = 32_000_000; 

circuit Blink2 
{ 
    port out bool a; 

    reg bool state; 
    reg uint counter = clockRate; 

    a := state; 

    if(counter != 0) 
        counter := counter - 1; 
    else 
    { 
        counter := clockRate 
        state := !state; 
    } 
}

Question 12: Now, will the LED blink? (at 1 Hz)



State



State - width inference
blink2.dhdl 

enum clockRate = 32_000_000; 

circuit Blink2 
{ 
    port out bool a; 

    reg bool state; 
    reg uint counter = clockRate; 

    a := state; 

    if(counter != 0) 
        counter := counter - 1; 
    else 
    { 
        counter := clockRate 
        state := !state; 
    } 
}



State - width inference
blink2.dhdl 

enum clockRate = 32_000_000; 

circuit Blink2 
{ 
    port out bool a; 

    reg bool state; 
    reg uint!25 counter = clockRate; 

    a := state; 

    if(counter != 0) 
        counter := counter - 1; 
    else 
    { 
        counter := clockRate 
        state := !state; 
    } 
}



State - width inference
blink2.dhdl 

enum clockRate = 32_000_000; 

circuit Blink2 
{ 
    port out bool a; 

    reg bool state; 
    reg uint!(clockRate.log2Up) counter = clockRate; 

    a := state; 

    if(counter != 0) 
        counter := counter - 1; 
    else 
    { 
        counter := clockRate 
        state := !state; 
    } 
}



IO - UART
byte 0 byte 2 byte 3 bit 7…



IO - UART

bit 0 bit 1 bit 2 bit 3 bit 4 bit 5 bit 6 bit 7

byte 0 byte 2 byte 3 bit 7…



IO - UART

bit 0 bit 1 bit 2 bit 3 bit 4 bit 5 bit 6 bit 7START bit 0 bit 1 bit 2 bit 3 bit 4 bit 5 bit 6 bit 7 STOP

byte 0 byte 2 byte 3 bit 7…

0 1



IO - UART
serial.dhdl 

circuit UARTTx(int symbolTime) 
{ 
    port out bool tdx; 
    port in bits!8 enq; 
    port in bool valid; 
    port out bool ready; 

    reg bits buffer = 0b111111111; 
    reg uint state = 10; 
    reg uint counter = symbolTime; 

    txd := buffer[0]; 

    ... 

    ready := state == 0; 
}



IO - UART
    if(state == 0) 
    { 
        if(valid) 
        { 
            buffer := enq ~ 0; 
            counter := time; 
            state := 10; 
        } 
    } 
    else 
    { 
        if(count == 0) 
        { 
            buffer := 1 ~ buffer[9..1]; 
            counter := time; 
            state := state-1; 
        } 
        else 
            counter := counter-1; 
    }



IO - UART
serial.dhdl 

circuit UARTTx(int symbolTime) 
{ 
    port out bool tdx; 
    port in bits!8 enq; 
    port in bool valid; 
    port out bool ready; 

    reg bits buffer = 0b111111111; 
    reg uint state = 10; 
    reg uint counter = symbolTime; 

    txd := buffer[0]; 

    ... 

    ready := state == 0; 
}

port Decoupled(T) 
{ 
 port in bool valid; 
 port out bool ready; 
 port in T payload; 
}



IO - UART
serial.dhdl 

circuit UARTTx(int symbolTime) 
{ 
    port out bool tdx; 
    port in Decoupled!(bits!8) enq; 

    reg bits buffer = 0b111111111; 
    reg uint state = 10; 
    reg uint counter = symbolTime; 

    txd := buffer[0]; 

    ... 

    enq.ready := state == 0; 
}



IO - UART
    if(state == 0) 
    { 
        if(enq.valid) 
        { 
            buffer := enq.payload ~ 0; 
            counter := time; 
            state := 10; 
        } 
    } 
    else 
    { 
        if(count == 0) 
        { 
            buffer := 1 ~ buffer[9..1]; 
            counter := time; 
            state := state-1; 
        } 
        else 
            counter := counter-1; 
    }



IO - UART
serial.dhdl 

port UARTPeripheral 
{ 
    port in rxd; 
    port out txd; 
} 

port UARTCtl 
{ 
    port in Decoupled!(bits!8) enq; 
    port out Decoupled!(bits!8) deq; 
} 

circuit UART(int symbolTime) 
{ 
    port in UARTCtl ctl; 
    port in UARTPeripheral pins; 
    auto tx = new UARTTx!symbolTime; 
    auto rx = new UARTRx!symbolTime; 
    tx.txd <> pins.txd 
    // ... 
} 



IO - UART
test-serial.dhdl 

circuit TestSerial 
{ 
    port in UARTPeripheral uartPins; 

    auto uart = new UART!230400; 
    uart.ctl.enq.valid := true; 
    uart.ctl.enq.payload := ‘D’; 
    uartPins.txd = uart.pins.txd; 
} 



IO - UART



IO - 7 segment



FPGA IO - 7 segment
sevensegment.dhdl 

    switch(digit) 
    { 
        case 0x0: pins.segments := 0b1000000; break; 
        case 0x1: pins.segments := 0b1111001; break; 
        case 0x2: pins.segments := 0b0100100; break; 
        case 0x3: pins.segments := 0b0110000; break; 
        case 0x4: pins.segments := 0b0011001; break; 
        case 0x5: pins.segments := 0b0010010; break; 
        case 0x6: pins.segments := 0b0000010; break; 
        case 0x7: pins.segments := 0b1111000; break; 
        case 0x8: pins.segments := 0b0000000; break; 
        case 0x9: pins.segments := 0b0011000; break; 
        case 0xA: pins.segments := 0b0001000; break; 
        case 0xB: pins.segments := 0b0000011; break; 
        case 0xC: pins.segments := 0b1000110; break; 
        case 0xD: pins.segments := 0b0100001; break; 
        case 0xE: pins.segments := 0b0000110; break; 
        case 0xF: pins.segments := 0b0001110; break; 
    }



FPGA IO - 7 segment
sevensegment.dhdl 

    switch(activeDigit) 
    { 
        case 0: pins.anodes := 0b00000001; break; 
        case 1: pins.anodes := 0b00000010; break; 
        case 2: pins.anodes := 0b00000100; break; 
        case 3: pins.anodes := 0b00001000; break; 
        case 4: pins.anodes := 0b00010000; break; 
        case 5: pins.anodes := 0b00100000; break; 
        case 6: pins.anodes := 0b01000000; break; 
        case 7: pins.anodes := 0b10000000; break; 
    }



FPGA IO - 7 segment
sevensegment.dhdl 

    switch(activeDigit) 
    { 
        case 0: pins.anodes := 0b00000001; break; 
        case 1: pins.anodes := 0b00000010; break; 
        case 2: pins.anodes := 0b00000100; break; 
        case 3: pins.anodes := 0b00001000; break; 
        case 4: pins.anodes := 0b00010000; break; 
        case 5: pins.anodes := 0b00100000; break; 
        case 6: pins.anodes := 0b01000000; break; 
        case 7: pins.anodes := 0b10000000; break; 
    }



IO - VGA



IO - VGA
1red[0]

2red[1]

3red[2]

4green[0]

5green[1]

6green[1]1

7blue[0]

8blue[1]

9 red

2k

1k

510

10 green

2k

1k

510

11 blue

820

390

9vsync 12 vs
82

10hsync 13 hs
82



IO - VGA
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IO - Audio



IO - Audio
• Delta-sigma DAC 
 
 
 
 

audio.dhdl 

port out bool audio; 

reg uint!8 sample; 
reg uint!9 deltaSigma; 

deltaSigma := deltaSigma + sample; 

audio := deltaSigma[8]; 



Demo
• Let’s build an arcade with these components 

• What game should we use? 

• Something somewhat related to D…



Demo
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Demo



Demo
• Not shown for lack of time: 

• SDRAM Controller 

• RISC-V CPU 

• Cache 

• LDC2 compiled with RISC-V backend 

• Lots of issues here…



Thank you


