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No longer relegated to radio frequency (RF) engineers,
antenna designers, and military applications, electromagnetic
analysis has become a key factor in many areas of advanced
technology. From 3 GHz PCs and wireless computer networks,
to PDAs with Internet capabilities and the seemingly ubiquitous
cell phone, it seems that electronic designs increasingly require
electromagnetic characterization. To facilitate such analysis,
numerical techniques have been developed that allow computers
to easily solve Maxwell’s equations.

Maxwell’s equations, which govern electromagnetic
propagation, are a system of coupled, differential equations. As
such, they can be represented in difference form, thus allowing
their numerical solution. By implementing both the temporal
and spatial derivatives of Maxwell’s equations in difference
form, we arrive at one of the most common computational
electromagnetic algorithms, the Finite-Difference Time-Domain
(FDTD) method [1]. In this technique, the region of interest is
sampled to generate a grid of points, hereafter referred to as a
mesh. The discretized form of Maxwell’s equations is then
solved at each point in the mesh to determine the associated
electromagnetic fields.

Although FDTD methods are accurate and well defined,
current computer-system technology limits the speed at which
these operations can be performed. Run times on the order of
hours, weeks, months, or longer are common when solving
problems of realistic size. Some problems are even too large to
be effectively solved due to practical time and memory
constraints. The slow nature of the algorithm primarily results
from the nested for-loops that are required to iterate over the
three spatial dimensions and time.

To shorten the computational time, people acquire faster
computers, lease time on supercomputers, or build clusters of
computers to gain a parallel processing speedup [2], [3]. These
solutions can be prohibitively expensive and frequently
impractical. As a result, an approach that increases the speed of
the FDTD method in a relatively inexpensive and practical way
is required. To this end, people have suggested that an FDTD
accelerator, i.e., special-purpose hardware that implements the
FDTD method, be used to speed up the computations [4]-[8].
However, none have succeeded in developing a practical
implementation, nor a full three-dimensional solver.

In this extended abstract, we present an architecture that
overcomes the previous limitations. We begin with a high-level
description of the computational flow of this architecture.

The computational datapath begins with the Counting and
Control Unit (CCU). In addition to containing global system

data, the CCU produces the coordinates and type (electric or
magnetic) of the next field to be computed. These coordinates
are then passed to the Data Dependence Unit (DDU). The DDU
is responsible for determining all values necessary to update the
individual field components at this node (i.e., which surrounding
field values are required).

The coordinates output by the DDU are then passed into a
RAM Address Decoder (RAD). This unit takes a given field
component (e.g., Ex(i,j,k)) and determines its location in
memory. By including multiple DDU and RAD units in the
design, several field components can be updated simultaneously.
Because this generates numerous read requests, the Memory
Switching Unit (MSU) was developed to coordinate all memory
transactions.

The majority of the problem data are stored in three RAM
banks. Each RAM contains x, y, or z-directed fields and the
material type of each node (e.g., air, water, silicon). As data are
fetched from RAM, they are stored in register banks until all
necessary data have been retrieved and the system is ready to
update the field.

Before the field-update computation occurs, however, several
material coefficients must be determined. These coefficients are
used in the computation of the field-update equation and take
into account the material properties of the medium (e.g.,
permittivity, permeability, conductivity). To determine the
coefficients, the material types are passed to the Material
Lookup Table (MLUT). The MLUT reads in bit vectors
representing a given material and returns the various coefficients
corresponding to those materials.

The surrounding field values and material coefficients must
then be routed to the appropriate Computation Engine (CE),
which updates the given field component based on the
discretized forms of Maxwell’s equations. Several CEs are
included in the design, allowing the system to update multiple
field components in parallel. The updated values are then
passed back to the MSU for storage in RAM.

In order to test our architectural ideas, a prototyping board
with a Xilinx Virtex-II 6000 FPGA, several RAM banks, and a
PCI interface was acquired. The user describes the design to
analyze by means of a CAD front end developed by EM
Photonics, Inc.  The front-end software then sends the
appropriate data, such as the mesh size and the number of
timesteps to execute, to the hardware via the PCI bus. The
FDTD accelerator proceeds to update the fields, periodically
sending the results back to the host computer for post-processing
and visualization.
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The benchmark problem was an air-filled cavity surrounded
by perfect electric conductor (PEC) walls. The cavity was
excited by a z-directed, sinusoidal point source (of unity
amplitude) located at the center of the resonator. The
simulation was run for 5,000 timesteps with a mesh size of
43x43x43. In order to analyze the error, a point detector was
placed in the corner of the cavity.

The hardware results were then compared with the results
obtained from C and MATLAB 6.1 programs solving the same
problem on 1.13 and 2.0 GHz PCs. A C implementation was
chosen to perform the speed analysis, whereas a MATLAB
implementation was chosen for error analysis. This allowed us
to optimize the C program for speed and the MATLAB program
for error measurements.

The average absolute error was on the order of 107 with the
average percentage error around 0.13%. This numerical error is
a result of two primary factors. First, MATLAB is a double-
precision (64 bit) language whereas the hardware
implementation supports only single-precision (32 bit)
arithmetic units. If precision is of the utmost importance,
however, double-precision arithmetic units can easily be
implemented. The second factor that contributes to the error is
the computation of the source field. For simplicity, the sine
function was implemented as a lookup table (LUT) with only
16K entries. In future implementations, more entries will be
included in the LUT to increase resolution or other techniques,
such as the CORDIC algorithm, will be used to generate the
source [9].

In terms of processing power, the 14 MHz hardware had an
average throughput of approximately 150,000 nodes per second
(150 Knps"). This is 5.66 times slower than the processing
power of C running on a 1.13 GHZ PC (849 Knps) and 8.55
times slower than C on a 2.0 GHz machine (1,282 Knps). Note
that although the PC is clocked over 142 times faster than the
hardware, the hardware is less than 9 times slower.

Certainly a design that is slower than existing solutions is not
desired! However, this was a proof-of-concept design that
served not only to implement our basic architectural ideas, but
also to achieve the first three-dimensional FDTD accelerator
implementation in physical hardware. As such, these results
were obtained on a preliminary, non-optimized design. A
detailed analysis indicates that overlapping the computations of
different nodes will result in a threefold increase in speed. Also,
because the throughputs of our accelerator increase linearly with
clock frequency, by increasing the clock frequency from 14
MHz to 100 MHz, a common FPGA system speed, a sevenfold
increase in throughput is possible. Although the current design
is almost nine times slower than a 2.0 GHz PC running
optimized C code, after the above design modifications are
made, the hardware throughput will be almost two and a half
times that of a 2.0 GHz PC. Note that modifying the design to
work at 100 MHz is not an unreasonable goal, as the most
complex units in the design are the floating-point arithmetic
units, which are already capable of speeds in excess of 100
MHz. The overall clock frequency had to be reduced for some
non-optimized units related to the routing of data. These units
can be pipelined, thus permitting increased clock frequencies.

! Knps = thousands of nodes processed per second, where the
time to process a node is the time to update all of the fields at
that node.

Finally, it should be noted that these results are from a
commercial, off-the-shelf prototyping board. Because the
design had to be mapped into this general-purpose board, several
architectural optimizations (such as increased parallelism) could
not be implemented. Initial calculations indicate that a
customized board can provide speed increases of at least two
orders of magnitude through the addition of multiple RAM
banks, increased clock frequencies, and a more efficient use of
memory.

To the best of our knowledge, this work represents the first
successful three-dimensional FDTD algorithm in hardware. We
are currently working on an optimized version of this
architecture and a custom printed circuit board to support our
design. This will provide increased computational speeds,
which we predict will easily surpass desktop computers, and will
ultimately rival the performance of computer clusters.
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