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Abstract
Reconfigurable computing has shown impressive successes
with data intensive and latency tolerant applications. Pipelined and parallel implementations of CORDICs can achieve
very high throughput for rotation, and various other functions such as multiplication, division, as well as hyperbolic
and other higher order functions. Reconfiguration allows us
to adapt the implementation of CORDICs and related architectures to the specific needs and properties of individual
applications or specific sets of applications; hence creating
application specific CORDIC implementations. Therefore it
is becoming evident that CORDICs are very well suited to
reconfigurable computing and custom computing machines.
1. Introduction and Motivation
CORDIC algorithms were formally introduced by Volder in
[1] and unified to compute elementary functions by Walther
in [2]. The fundamental mathematical principles behind
CORDIC algorithms can be found in their scalar form in
the work of T.C. Chen [6], as pointed out by Ahmed in his
thesis [19]. Ahmed showed that if T.C. Chen’s convergence
computation technique is applied instead of real numbers
(as assumed by Chen) to complex numbers one obtains the
class of CORDIC algorithms. The method of “replacing”
real by complex numbers can be extended to other algebras, such as quaternions [18, 26, 27], or more generally
using group theoretic methods [18] to compute higher order functions like Bessel functions [M(2) group] or Legendre polynomials [SU(2), related to quaternions or hypercomplex numbers]. As a historic note, one of the earliest
methods dates back three centuries ago when Briggs generated his logarithm tables using decimal digits. Another
very old mathematical concept, quaternions, has generally
been avoided, since ordinary matrix theory can be used instead – as has been argued since the inception of quaternions. A similar debate was waged by electrical engineers
in the early days of circuit theory about the use of complex numbers for representing impedances as functions of
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R,L,C’s. Matrix methods are beginning to run their course
on some advanced problems involving Maxwell’s equations
(e.g in advanced antenna theory and photonics.) The use of
more advanced concepts such as quaternions will increase
in the future. Field-Programmable Gate Arrays (FPGAs)
which will be described later in more detail, enable effective implementations of quaternion CORDICs in harware
(firmware).
The actual successful usage of CORDIC algorithms in
hardware has a very checkered history. Some of the touted
examples carry their own ironies as well. Given the fact that
CORDICs compute vector (or matrix) functions – typically
three arguments, and two to three results – it is surprising
that sometimes only one result is used, e.g. the HP35 calculator used CORDICs, but only used one result. The HP45
calculator, done by a different design group, computed coordinate transformations with two arguments and two results
– but did not use CORDICs! Similarly the Motorolla 68k
floating-point coprocessor used CORDICs but saved only
one result – the marketing research asked only what scalar
function customers wanted !
The real power of CORDICs and related algorithms can
only be exploited if one matches the CORDIC functions, especially the higher order functions, to applications. Matching algorithms to sets of applications is a computer architecture or system design issue. There are many ways of
implementing functions and many criteria to judge such implementations.
Among the criteria we consider “the 5P’s”: performance,
power, persistence, programability, price. Any one of these
criteria could make CORDICs not to be the chosen method,
unless the application and systems context is considered.
Performance calls for parallelism and maximum pipelining, unless latency is an issue. CORDICs are usually associated with “shift & add” hardware primitives. We believe that this is a too narrow view! Ahmed showed in his
thesis [19] that hybrid CORDICs with larger lookup tables
and specific multipliers instead of “shift & add” with certain multipliers, can improve the implementation according
to the  metrics mentioned above. Similarly, combining
the partial product arrays (PPA) techniques, described by

E. Schwarz [20] in his thesis, with multiple equations used
in CORDICs can again improve the CORDICs competitiveness over conventional high performance algorithms.
For a system consisting of hardware and software resources, persistence of a task corresponds to the percentage
of execution time spend on this particular task. For task with
very high persistence, we can then justify the extensive use
of highly optimized libraries and/or hand optimization by a
human expert (”brain-ware”). Such optimization seems to
be even more important for CORDICs, especially if higher
order functions are involved.
Custom design of CORDIC units for individual applications appears to be a complex task not suited for the average
time constrained programmer. Low-level design tools and
symbolic computing tools that support a domain expert are
one way to create high performance CORDIC designs. Sophisticated, say web based tools, that can support a typical
programmer will eventually become available; however, a
perusal of the literature, especially the references (by Morf,
Lee, Ahmed, Ang, Delosme) below, indicate that it will take
years to build such tools ([24]). In the mean-time domain
experts will have to use todays tools to create winning designs using these ideas in advanced applications.
For example, designing a high performance CORDIC
processor for solving for the roots of a fourth degree polynomial can be done by first using a symbolic tool, say Mathematica, to find the four symbolic expressions for the roots
– 800 kBytes. Using CORDIC functions as primitive transformations combined with common sub-experession elimination can be used to reduce these (initial) symbolic solutions from 800kB to 16 CORDIC operations, which can
be organized as four pipelined stages, each with 4 parallel
CORDIC operations. Such a maximally pipelined architecture with one result per cycle (and 4 cycles latency) is a very
unexpected solution, given the classical solution of two cascaded third order solutions.
The (CORDIC) transformation principle can also be applied at other levels of abstraction:
At the gate-level the concept of rotations translates to
conditional permutations, or Conservative Invertible functions (e.g. the Fredkin gate, or the conditional exchange - Xgate). A major application that is based on these functions
is Lattice Gas (see thesis of F.F. Lee [14] and his ALGE
architecture for solving fluid flow problems.) Conditional
exchange (X-gates) and conditional rotation (R-gates) have
been developed and exploited in photonics [29] and unitary
logic in quantum computing.
Regular Arrays of CORDIC processors are related to
systolic arrays. They can compute large rotations, generalized rotations (unitary transforms) or matrix decompositions (eigen-decompositions). Such regular architectures
can be viewed as natural generalizations of CORDICs. By
combining elementary CORDIC rotations we can achieve

arbitrary size rotations. Hence, CORDICs appear as array
node processors. CORDICs can also be extended to higherorder functions by using group theory.
Mathematically, generalized CORDIC functions are possibly large transformations that preserve some form of invariants or metrics. Any function can be imbedded into
a larger function subject to a metric, the subject of homotopies in mathematics. These larger functions, transformations or rotations, that naturally decompose into elementary
transformations or rotations. Therefore CORDICs are natural candidates for elementary operations, or primitives, that
can be supported in optimized hardware, firmware, or library functions.
2. Reconfigurable Computing
Reconfigurable computing has been an active area of research over the past decade. A summary of the current state
of the field is given in [9]. While it has been shown that FPGAs can achieve an improvement in performance and power
over general purpose processors, competitive FPGA designs
have been created mostly on a very low, structural level.
The first custom computing machines, the PAM (see
section 2) and the Splash-2 [5], were build shortly after the
introduction of FPGAs by Xilinx in 1985. Both projects investigated the feasibility of FPGAs as computing platforms.
Conventional general purpose processors consist of a
fixed, general datapath, and programmable control (instructions) for that datapath. A few general purpose arithmetic
units are highly optimized for low latency i.e.[13].
On custom computing machines datapath and control
are fully programmable, allowing the designer to tailor the
architecture of the computer to the structure of the algorithm. Flexibility or reconfigurability comes at the expense
of latency (i.e. longer cycle time) and logic density on the
chip.
Given todays technology, custom computing machines
can compete with general purpose processors on latency tolerant applications that require a relatively small amount of
logic. We have shown an implementation[10] of the IDEA
encryption algorithm that is up to 6 times more performance
/ power efficient than current leading DSP microprocessors.
Due to large reconfiguration times of todays devices single FPGAs do not scale well to large problem sizes. Multiple FPGAs can be used to compute larger problems. The
major drawback is the very high complexity of partitioning
a design onto multiple FPGAs given a limited amount of
pins. Overcoming the pin-limitation in software – with design tools – is investigated in the Virtual Wires[8] project.
Elliminating the pin limitation with multichip modules of
FPGAs is explored in the Teramac project[15].
Applications that execute favorably on FPGAs are therefore data intensive applications which can be executed in
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Figure 1: The figure shows the architecture of a Xilinx XC
4000 Configurable Logic Block (CLB). There are two 4-bit
Lookup-Tables (LUTs) and up to two registers.

very deep pipelines (e.g. encryption, pattern matching ,etc.)
and applications with a huge amount of fine grain parallelism such as lattice gas simulation[14] mentioned above.
For datapaths, hand designs are typically more efficient
than compiled behavioral descriptions. In order to exploit
the efficiency of hand design while simplifying the design
process, we propose a bottom up approach to compilation
for custom computing machines. By creating a powerful
and highly optimized parameterizable library, PAM-Blox
[11], we add a level of abstraction that preserves optimal
area and performance while simplifying the design process.

A more recent survey of CORDIC algorithms on FPGAs
is given in [16]. We implement a simple coordinate rotation unit to demonstrate the power and performance benefits
from CORDIC algorithms.
The following three equations are the core of a coordinate rotation unit using the CORDIC algorithm.
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which have to be chosen according
to the desired convergence behavior. We have confirmed
the results for the convergence behavior described in [19]
by simulation of the algorithm in software.
We are currently working on FPGA implementations of
various CORDIC algorithms 2 .
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3. The PCI Pamette Custom Computing Machine
We use the PCI Pamette board developed by Mark Shand[17]
as the platform for investigating reconfigurable computing.
The PCI Pamette consists of 5 Xilinx XC4000 series FPGAs.
The PCI bus with the Pamette board is mapped into main
memory. Communication speed between the host CPU and
the FPGAs is set by the clock speed of the PCI bus. PCI
Pamette supports 33 and 66MHz with PCI bus widths of 32
and 64 bits.
The four user programmable FPGAs can be reconfigured individually or in parallel at runtime, allowing the designer to explore dynamic reconfiguration within the limits
of Xilinx XC4000 FPGAs1 .
The interconnect on the PCI Pamette board is a 2D mesh
connecting the four user programmable FPGAs. The signal
delay from one FPGA to another is therefore very small,
compared to more general switch based interconnects.
Area requirement, which is directly proportional to power
consumption ([10]) is given in Configurable Logic Blocks
1 For

Xilinx XC4010 FPGAs, reconfiguration takes about 100 ms.
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