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With the advent of ever-larger FPGAs, both
software algorithm developers and hardware
designers need to be more productive.
Without an increase in abstraction level,
today’s complex software systems cannot be
realized, both because of a lack of resources
(time, money, developers) and an inability
to manage the complexity. Electronic sys-
tem level (ESL) design offers a solution
where an abstraction level higher than HDL
will result in higher productivity, higher
performance, and higher quality.

In this article, I’ll show you how to use
the high-level multi-threaded language
Mobius to quickly and efficiently imple-
ment embedded control systems on FPGAs.
In particular, I’ll demonstrate the imple-
mentation of a floating-point embedded
control system for a Xilinx® Virtex™-II
FPGA in a few lines of Mobius source code. 
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Mobius
Mobius is a tiny high-level multi-threaded
language and compiler designed for the
rapid development of hardware/software
embedded systems. A higher abstraction
level and ease of use lets you achieve
greater design productivity compared to
traditional approaches. At the same time
you are not compromising on quality of
results, since benchmarks show that
Mobius-generated circuits match the best
hand designs in terms of throughput and
resources for both compact and single-
cycle pipelined implementations. 

Developing embedded systems with
Mobius is much more like software develop-
ment using a high-level language than hard-
ware development using assembly-like
HDL. Mobius has a fast transaction-level
simulator so that the code/test/debugging
cycle is much faster than traditional HDL
iterations. The Mobius compiler translates
all test benches into HDL, so for a quick
verification simply compare the Mobius
simulation with the HDL simulation using
the same test vectors. The compiler-generat-
ed HDL is assembled from a set of Lego-like
primitives connected using handshaking
channels. As a result of handshaking, the cir-
cuit is robust and correct by construction.

Mobius lets software engineers create
efficient and robust hardware/software sys-
tems, while hardware engineers become
much more productive. With less than 200
lines of Mobius source, users have imple-
mented FIR filters, FFT transforms, JPEG
encoding, and DES and AES encryption,
as well as hardware/software systems with
PowerPC™ and MicroBlaze™ processors. 

Parallelism is the key to obtaining high
performance on FPGAs. Mobius enables
both compact sequential circuits, latency-
intolerant inelastic pipelined circuits, and
parallel latency-tolerant elastic pipelined cir-
cuits. Using the keywords “seq” and “par,”
the Mobius language allows basic blocks to
run in sequence or in parallel, respectively.
Parallel threads communicate with message
passing channels, where the keywords “?”

point and floating point. The low-latency
math libraries are supplied as Mobius source
code. The fixed point add, sub, and mul
operators are zero-cycle combinatorial func-
tions. The floating-point add and sub oper-
ators take four cycles, the mul operators take
two cycles, and the div operator is iterative-
dependent on the size of the operands.

Infinite Impulse Response Filter
As an example of an embedded control sys-
tem, let’s look at how you can use Mobius
to quickly implement an infinite impulse
response (IIR) filter. I will investigate sever-
al different architectures for throughput,
resources, and quantization using parame-
terized fixed- and floating-point math.

The IIR is commonly found in both
control systems and signal processing. A
discrete time proportional-integral-deriv-
ative (PID) controller and lead-lag con-
troller can be expressed as an IIR filter. In
addition, many common signal process-
ing filters such as Elliptic, Butterworth,
Chebychev, and Bessel are implemented
as IIR filters. Numerically, an IIR com-
prises an impulse transfer function H(z)
with q poles and p zeros: 

This can also be expressed as a difference
equation: 

The IIR has several possible implemen-
tations. The direct form I is often used by
fixed-point IIR filters because a larger sin-
gle adder can prevent saturation. The direct
form II is often used by floating-point IIR
filters because this uses fewer states and the
adders are not as sensitive to saturation.
The cascade canonical form has the lowest
quantization sensitivity, but at the cost of
additional resources. For example, if p = q
and p is even, then the direct form I and II
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and “!” are used to read and write over a
channel that waits until both the reader and
writer are ready before proceeding. Message
passing obviates the need for low-level locks,
mutexes, and semaphores. The Mobius
compiler also identifies common parallel
programming errors such as illegal parallel
read/write or write/write statements. 

The Mobius compiler generates synthe-
sizeable HDL using Xilinx-recommended
structures, letting the Xilinx synthesizer
efficiently infer circuits. For instance, vari-
ables are mapped to flip-flops and arrays
are mapped to block RAM. Because
Mobius is a front end to the Xilinx design
flow, Mobius supports all current Xilinx
targets, including the PowerPC and DSP
units found on the Virtex-II Pro, Virtex-4,
and Virtex-5 device families. The generated
HDL is readable and graphically docu-
mented, showing hierarchical control and
dataflow relationships. Application notes
show how to create hardware/software sys-
tems communicating over the on-chip
peripheral and Fast Simplex Link buses. 

Handshaking allows you to ignore low-
level timing, as handshaking determines
the control and dataflow. However, it is
very easy to understand the timing model
of Mobius-generated HDL. Every Mobius
signal has a request, acknowledge, and data
component where the req/ack bits are used
for handshaking. For a scalar variable
instantiated as a flip-flop, a read takes zero
cycles and a scalar write takes one cycle. An
assignment statement takes as many cycles
as the sum of its right-hand-side (RHS)
and left-hand-side (LHS) expressions. An
assignment with scalar RHS and LHS
expressions therefore takes one cycle to exe-
cute. Channel communications take an
unknown number of cycles (it waits until
both reader and write are ready). A sequen-
tial block of statements takes as many
cycles as the sum of its children, and a par-
allel block of statements takes the maxi-
mum number of cycles of its children. 

Mobius has native support for parame-
terized signed and unsigned integers, fixed
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implementations only require 2p + 1 con-
stant multipliers, while the cascade requires
5p/2 constant multipliers. 

Because of the many trade-offs, it is clear
that numerical experiments are necessary to
determine a suitable implementation.

IIR Implementation in Mobius
Let’s select a third-order IIR filter where b0
= 0, b1 = 0, b2 = 1, b3 = 0.5, a1 = -1, a2 =
0.01, and a3 = 0.12. The difference equation
can be easily written as the multi-threaded
Mobius program shown in Figure 1.

The Mobius source defines the IIR filter
as a procedure and a test bench to exercise
it. Inside iir(), a perpetual loop continuous-
ly reads a new reference value u, updates the
states x1, x2, x3, and then calculates and
writes the output. The IIR uses four (fixed-
or floating-point) adders and three (fixed-
or floating-point) multipliers. Note how the

values of all states are simultaneously updat-
ed. The test bench simply sends a constant
reference value to the filter input, reads the
filter output, and writes that resulting step
value to stdout. By separating the IIR filter
from the test bench, just the IIR filter can
be synthesized.

Fixed Point or Floating Point?
Floating-point math allows for large
dynamic range but typically requires con-
siderable resources. Using fixed point
instead can result in a much smaller and
faster design, but with trade-offs in stabili-
ty, precision, and range. 

Both fixed- and floating-point math
are fully integrated into the Mobius lan-
guage, making things easy for you to mix
and match various-sized fixed- and float-
ing-point operators. In the Mobius
source, the type “t” defines a parameter-

ized fixed- or floating-point size. By
changing this single definition, the com-
piler will automatically use the selected
parameterization of operands and math
operators in the entire application. For
instance, the signed fixed-point type defi-
nition sfixed(6,8) uses 14 bits, where 6
bits describe the whole number and 8 bits
the fraction. The floating-point type defi-
nition float(6,8) uses 15 bits, with 1 sign
bit, 6 exponent bits, and 8 mantissa bits. 
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procedure testbench();

type t = sfixed(6,8);  (* type t = float(8,24); *) 
var c1,c2:chan of t;
var y:t;

procedure iir(in cu:chan of t; out cy:chan of t);
const a2: t = 0.01;
const a3: t = 0.12;
const b3: t = 0.5;
var u,x1,x2,x3:t;
seq
x1:=0.0; x2:=0.0; x3:=0.0;
while true do
seq
cu ? u; (* read input *)
x1,x2,x3 := x2,x3, u-(t(a3*x1)+t(a2*x2)-x3); (* calc states *)
cy ! t(b3*x1)+x2; (* write output *)

end
end;

par (* testbench *)
iir(c1,c2); 
while true do seq c1 ! 1.0; c2 ? y; write(“ y=”,y) end (* get step response of filter *)

end;

y=0.000000
y=1.000000
y=2.500000
y=4.000000
y=5.492188
y=6.855469
y=8.031250
y=9.023438
y=9.832031
y=10.472656
y=10.964844
y=11.335938
y=11.609375
y=11.800781
y=11.933594
y=12.019531
y=12.078125
y=12.109375
y=12.121094
y=12.121094
y=12.117188
y=12.109375
y=12.097656
y=12.085938
y=12.074219
y=12.062500
y=12.054688
y=12.046875
y=12.042969
y=12.035156
y=12.031250
y=12.027344
y=12.027344
y=12.027344
y=12.027344
y=12.027344

Figure 1 – Mobius source code and test bench for IIR filter

Figure 2 – HDL simulation of step
response running test bench
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Parallel or Sequential Architecture?
Using parallel execution of multiple
threads, an FPGA can achieve tremendous
speedups over a sequential implementa-
tion. Using a pipelined architecture
requires more resources, while a sequential
implementation can share resources using
time-multiplexing. 

The iir() procedure computes all expres-
sions in a maximally parallel manner and
does not utilize any resource sharing. You
can also create alternate architectures that
use pipelined operators and statements for
higher speed, or use resource sharing for
smaller resources and slower performance. 

Mobius-Generated VHDL/Verilog
Using the Mobius compiler to generate
HDL from the Mobius source (Figure 1),
ModelSim (from Mentor Graphics) can
simulate the step response (Figure 2). 

I synthesized several Mobius implemen-
tations of the IIR filter for a variety of math
types and parameterizations (Table 1) using
Xilinx ISE™ software version 7.1i (service
pack 4) targeting a Virtex-II Pro XC2VP7
FPGA. The Xilinx ISE synthesizer effi-
ciently maps the HDL behavioral struc-
tures onto combinatorial logic and uses
dedicated hardware (for example, multipli-
ers) where appropriate. A constraint file
was not used. As you can see, the fixed-
point implementations are considerably
smaller and faster than the floating-point
implementations.

An alternate architecture using pipelining
reduces the cycle time to 1 cycle for the fixed-
point and 18 cycles for the floating-point

implementations, with similar resources and
clock speeds.

You can also use an alternate architecture
with time-multiplexed resource sharing to
make the design smaller (but slower).
Sharing multipliers and adders in the larger
floating-point IIR design results in a design
needing only 1,000 slices and 4 multipliers
at 60 MHz, but the IIR now has a latency of
48 cycles. This is a resource reduction of 3x
and a throughput reduction of 2x.

Conclusion
In this article, I’ve shown how Mobius users
can achieve greater design productivity, as
exemplified by the rapid development of
several fixed- and floating-point IIR filters.
I’ve also shown how you can quickly design,
simulate, and synthesize several architectures
using compact, pipelined, and time-multi-
plexed resource sharing to quantitatively
investigate resources, throughput, and quan-
tization effects. 

The Mobius math libraries for fixed-
and floating-point math enable you to
quickly implement complex control and
signal-processing algorithms. The Mobius
source for the basic IIR filter is about 25
lines of code, whereas the generated HDL
is about 3,000-8,000 lines, depending on
whether fixed point or floating point is
generated. The increase in productivity
using Mobius instead of hand-coded
HDL is significant. 

Using Mobius allows you to rapidly
develop high-quality solutions. For more
information about using Mobius in your
next design, visit www.codetronix.com. 

sfixed(6,8) sfixed(8,24) float(6,8) float(8,24)

Resources 66 slices 287 slices 798 slices 2,770 slices
66 FFs 135 FFs 625 FFs 1,345 FFs
109 LUTs 517 LUTs 1,329 LUTs 4,958 LUTs
38 IOBs 74 IOBs 40 IOBs 76 IOBs
3 mult18 x 18s 12 mult18 x 18s 3 mult18 x 18s 12 mult18 x 18s

Clock 89 MHz 56 MHz 103 MHz 61 MHz

Cycles 2 2 26 26

Table 1 – Synthesis results of iir()


