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Abstract

The Finite-Difference Time-Domain (FDTD) method has
been used extensively for several years to analyze planar
microstrip circuits. This paper presents a 3-D FDTD field
compute engine design on an Virtex-4 FPGA, which is used
to analyze discontinuities in planar microstrip circuits. The
hardware design presented here does not grow on resources,
as the problem size scales up. The paper also presents a
mathematical formulation to compute the theoretical speed-
up of the design. Gated clocking techniques have been used
to reduce the power consumption. Details of the implemen-
tation along with the results are presented, which shows that
with a careful design a speed-up over a standalone PC and
a lower power consumption is achieved.

1. Introduction

Over the past two decades processors and Graphical Pro-
cessor Units (GPUs) have been extensively used for accel-
erating scientific applications. One of the important sci-
entific application domains is electromagnetic wave anal-
ysis. Electromagnetic wave analysis is done in many areas
of research like RF analysis in PCB design, wave propaga-
tion in antennas, microstrip discontinuities analysis and oth-
ers. Electromagnetic wave analysis is performed by solv-
ing Maxwell’s equations. These equations are partial dif-
ferential equations which govern the propagation of elec-
tromagnetic wave. These partial differential equation are
discretized over a finite volume and the derivatives are ap-
proximated using central difference approximations. These
finite-difference equations are then solved in a leap-frog
manner to compute the electric and magnetic fields (& and
H respectively) in so called the FDTD method [20]. The
work presented here mainly focuses on FDTD computation
for analyzing planar microstrip discontinuities [16]. Since

these discontinuities are too close to each other and due to
the interaction of higher-order waves, the use of network
analysis is not accurate.

In order to use the FDTD method to compute the elec-
tric and magnetic fields, a computational domain must be
established. This computational domain is built by stack-
ing small cubes and there by form a rectangular structure.
Each cube or unit cell is defined by six fields as shown in
figure 1. These six field locations are considered to be inter-
leaved in space. The computation domain can be made up
of any material, which is specified by permeability, permit-
tivity, and conductivity. The time of simulation is divided
into small time-steps, where each time-step represents the
time required for the field to travel from one unit cell to the
next unit cell. Once the computational domain is setup and
the time-step is determined, an excitation is applied using a
waveform. The waveform values at each time-step is prop-
agated throughout the computational domain, depending on
the characteristics of the unit cell. At each time-step the
field values of all the unit cells in the computational domain
are updated. These updates or computations are to be per-
formed until all the field values have decayed to zero or a
steady-state condition has reached.

These field value update or the computation needs to
be performed for all the fields (electric field and magnetic
field along z, y, z axes) in the entire computational do-
main for each time-step. Computation of electric field &/
and the magnetic field H depends respectively on the mag-
netic and electric field of the adjacent unit cell. Typically
each unit cell has six field calculations and each field calcu-
lation needs at least four adjacent field values along with the
previous time-step field value. These above requirements
of the FDTD simulation inherently creates bottlenecks in a
standalone PC environment.

The first computational bottleneck is the amount of data
that is required to compute the field values at each time-
step. Every computation of E requires at least four single-
precision H values (adjacent cell values) with the corre-



sponding permittivity of the location and the previous time-
step value of E. These values are to be fetched from the
cache. Since the adjacent cell values are not stored contigu-
ous in the main memory these each set of fetch could give
rise to a cache miss, there by increasing the time of com-
putation. The second bottleneck is the amount of data that
needs to be fetched for each computation. The third bot-
tleneck is the computation of the £ and H that has to be
done for the entire computational domain (typically around
1.5 Million nodes) for each time-step. The processor com-
putes each value sequentially and there by requires enor-
mous amount of time to compute.

The paper describes an elegant design and its implemen-
tation on an FPGA , that addresses the above computational
bottlenecks. Most of the co-processor designs in the litera-
ture grows on resources as the problem size increases. The
design presented here does not grow on resources as the
problem size increases. The 3-D FDTD field Compute en-
gine is built on an Virtex-4 XC4VFX60 FPGA fabric with
various advantages. By aligning the data in a contiguous
manner, by fetching data directly from the main memory at
a very high transfer rate and by paralleling and pipelining
the field compute core the above computational bottlenecks
are addressed. The rest of this paper is organized as follows.
The next section provides an overview of various imple-
mentation techniques for FDTD and related FPGA work. A
mathematical formulation to compute the theoretical speed-
up of the design and the details of the proposed design are
described in Section 3. In Section 4, the performance re-
sults are compared against competing solutions. The paper
concludes with a brief summary and discussion of future
directions.

2. Background and Related work

This section gives a brief idea of various implementation
techniques and approaches that are often used to accelerate
FDTD method. The major models include standalone com-
puting model and the co-processor model [14]. However
the co-processor model uses either a FPGA, ASIC or a GPU
with its own memory connected to a processor or a host PC
using a PCI bus. To normalize the performance metrics of
these different approaches, the literature adopts the method-
ology of Million nodes per seconds (Mnps). Each node is
described as a unit cell and each unit cell is described by six
fields £, £y, £, and H,,, H,, H,. Mnps describes how
many complete computation (six of them) for a single node
or unit cell can be done in a second. [13] computes Mnps
Mathematically as (N, x Ny x N, x Ny)/runtime, where
N, Ny, N, is the number of unit cells in z, y, z directions
respectively. N, is number of time-steps.
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Figure 1. Field components on Yee’s Cell

2.1. Standalone Design

A standalone computing model represents a complete
implementation of FDTD design on an FPGA or on an
ASIC. A 1-D FDTD was designed by [15] on a Xilinx Vir-
tex XCV300 part. The FDTD computational cells are im-
plemented as a pipelined bit serial arithmetic structure for
computing E' and H fields. The computation result was
available every 849ns. The 1-D design was then extrap-
olated for two and three-Dimension FDTD Computation.
The design implemented the entire computational unit cell
on the hardware and a larger problem would require more
hardware.

2.2. ASIC Based Co-Processor Design

In a ASIC based co-processor design the compute in-
tense code is implemented on a custom VLSI chip and is
interfaced with a host PC through a PCI. [12], [19] and [11]
implemented an FDTD compute engine with a set of con-
trol units and registers. The performance of the design was
evaluated using a fairly simple problem of 21 x 21 x 21
unit cells. The design stores the field values of the cells
which are placed in a straight row. The major drawback
of the design is, as the problem scales up (i.e as the num-
ber of unit cells increases), the field values of the cells in
a straight row cannot be stored in the same memory row
and hence the required field values for computation may
not come in a sequence. However if the problem is divided
into a smaller block which aligns up in the SDRAM, then



the there could be pipeline stalls which would decrease the
speed of computation. The design does not discuss about
the computation of the cells at the dividing boundary. A
speed-up of the order of 4x is obtained when comparing
the hardware simulated results with a software version. A
better design was proposed in [18], where the design can
handle a maximum problem size of 80 x 80 x 128. How-
ever if the problem scales up the resources have to be scaled
up and there is no mechanism to incorporate larger prob-
lems without hardware changes. All the above designs are
just simulated using a VHDL simulator. The simulation re-
sults claim a speed-up of a order of 100x when compared
to a software code.

2.3. FPGA Based Co-processor Design

In a FPGA based Co-Processor (accelerator) design, the
FDTD compute engine is designed in a FPGA and it com-
municates with a host PC using a PCI or a standard inter-
face. The host processor or PC initially describes the prob-
lem to be solved and sends the relevant information to the
hardware accelerator (FPGA) for computation. The acceler-
ator computes the values of F and H for each iteration and
the computed data is send back to the host computer for post
processing and visualization. A full co-processor model us-
ing an FPGA has been designed by [7] where a massive
parallel architecture simultaneously computes multiple val-
ues of £ and H. This method is far better than the single
processor method as single processor method supports only
a single computational pipeline. A 25x speed-up was ob-
served compared to a standard PC running the FDTD ap-
plication with a processing power of 42 Mnps. The design
does not throw any insight on the power consumed per cell
computation. The paper does not discuss the issues when
the problem scales. A 3-D FDTD design was developed by
[6] and [5] where the paper discusses about design of com-
putation engine, data storage and special nodes. The design
was evaluated on a Xilinx Virtex-II 6000 FPGA with RAM
banks and a PC interface. The results were then compared
with standalone PC implementations (Matlab and C). The
results showed that the PC implementation was faster than
the FPGA implementations.

A second generation accelerator card was proposed and
designed by [3] and [4]. The design was realized on a Xil-
inx Virtex-II 8000 FPGA with 16GB of DDR and 36 Mb
of DDR SRAM. The FDTD simulation design was writ-
ten in VHDL and pipelined for a peak performance of 15
GFLOPS. The performance was compared with a 30-Node
cluster made of 3.0 GHz processors. The FPGA design
was 3 to 4 times faster than the cluster implementation and
23 times faster than single PC implementation. The peak
throughput was 30 Million nodes per seconds (Mnps). The
board costs about 10K USD and does not discuss the power

consumption per node. A 3D FDTD implementation [17]
was done on a custom board consisting of four Virtex-1I Pro
XC2VP70 with an additional FPGA for the PCI control.
The design is completely pipelined for higher throughput.
A problem size of 100x100x 100 was used to compare the
execution with a standard PC. The standard PC took about
2046 seconds and that of the FPGA design with three im-
provement took about 21 seconds. There was 22-fold speed-
up when compared with commercial software. The major
drawback of the design is that the computation is done in
32-bit fixed-point arithmetic and there is a error of 0.01 or
less with the simulation results. A 3-D FDTD accelerator
is design in [2] using reconfigurable hardware, but however
uses fixed-point arithmetic for computation.

2.4. GPU Based Co-Processor Design

In a co-processor design using GPUs, the GPU is used
for the computational intense part and the rest of the post-
processing is done in a high speed PC. A 2D and 3D FDTD
solvers has been implemented by [13] using 7800 GTX 512
nVidia GPU. A point source in free-space and ring resonator
problems were ported on the GPU. The problem sizes were
400 %400 x40 and 296 x 482 x 40 which took about 104 and
227 seconds respectively for 2500 and 8000 time steps. The
average throughput was 153 Mnps and 164 Mnps (Million
nodes per second) respectively. The paper does not give a
insight about the hardware design and the GPUs normally
consumes a lot of power and there could be a bottleneck if
the design has to be scaled up.

There is lot of work that has been done in the area of 2-D
implementation which are reported in [9], [10], [1], [8], but
our major interest is in the design of a 3-D FDTD compute
engine, its scalability in accordance with the problem size
and the power consumption.

3. Design and Implementation

We begin by considering the maximum theoretical
speed-up. Then we describe the design motivated by this
formulation.

3.1. Formulation

By taking into consideration the on-chip memory
(BRAM) size, the transfer rate from the main memory
(DDR/DDR?2) to the FPGA, and the speed of computation,
the theoretical speed-up is formulated below. Let M p be the
total BRAM memory in bytes available in a FPGA. Equa-
tions (1), (2), (3) each require five elements for computa-
tion. Each element is a single-precision floating-point of
four bytes in size. Hence the total number of elements that



can be stored on-chip is N = Mp /4.
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To compute ¥ and H six elements are required and each
unit cell is described by six elements. So the number of
unit cells that can be stored on chip is N, = N/6. Let us
assume the problem has ip;s X jpis X kpes unit cells in z, ¥,
z directions respectively, denoted as IV,

casel If N, < N, i.e the number unit cells in the prob-
lem is less than or equal to the number unit cells that can be
stored on-chip, then there would be one set of computation
for computing £ field and one for computing H field val-
ues. However when the number of unit cells does not fit into
the on-chip memory, then the problem becomes interesting,

case2 If Ny, > N, i.e the number unit cells in the prob-
lem is greater than the number unit cells that can be stored
on-chip, then the computation has to be done in blocks. The
problem is typically divided into blocks along the longest
path. Hence a block is defined as a set of contiguous unit
cells. Assuming the longest path to be in the y direction.
The number of divided blocks are

N, jpts Z.pts X jpts X kpts Nup
= N = = —

S N, N,
ipts X kipta uc uc

Let us assume the time taken for computing each block is ¢,
seconds and the time for computing F and H blocks are the
same, then the computation time is,

by X Nup
Nuc

tp =ty =ty X Ny “4)

Or the time for computing both E and H blocks is,
tg+tg =2 Xty X Ny (@)

However the time for computing each block ¢; depends on
various factors. Some of the factors are the data transfer
from the main memory to the FPGA BRAM memory, the
time for actual computation, the time to write back the re-

sults to the main memory. Hence
ty = tme tte +tem (6)

Where t,,,. is the time taken to transfer data from the main
memory to the on-chip memory. . is the time taken for the
computation and ¢, is the time taken to transfer data from
the on-chip memory to the main memory. The time taken to
transfer data from the main memory to the on-chip memory
depends on the bus transfer rate. The NPI (Native Port In-
terface) Bus transfers data at a theoretical rate of 1.6 GB/s.
There are six NPI interfaces to the DDR2 main memory.
The total theoretical bandwidth is 3.2 GB/s. Let us assume
the size of the divided block which fits the on-chip memory
iS ipts X djpts X kpts, Where dj,¢s is a small portion along
the y axis.
Nuc = 7:pi&s X djpts X kpts

Each unit cell has six elements (single-precision). All the
six elements of a unit cells are to be transferred to compute
the field values. The total number of elements or bytes to
transfer from main memory to on-chip memory or the size
of the block (S) in bytes,

Sp =6 X 4 X Nye

Time taken to transfer .S, from main memory to on-chip
memory at 4.8GB/s is

. 24 X Nye
me T 3.2 x 109

tme = 7.5 X Nye x 1077 )

The time of computation, ¢, depends on rate at which the
computation is done. The theoretical rate of computation is
10ns per computation of E or . Assuming the computa-
tion of E,, £, E, are done in two clock cycles (a detailed
explaination of why two clock cycles is required described
in the design section), the time of computation, ¢, is

te =1.5%x Nye x 1072 8)

The core computes F,, Iy, E, in two clock cycles and each
element is 4 bytes long and hence the time to transfer back
the computed data, ¢, to the main memory is derived as

- 3 X4 X Nye
3.2 % 109
tem = 3.75 X Nye x 1079 )

The actual time to compute, t; from equations (7), (8), (9)
and (6)
ty = 12.75 x Ny x 1077 (10)



Speed-up: The FDTD computation algorithm contains a se-
quential section S, a critical section Cl,. and non-critical
section NCs... The sequential section is executed once.
The critical and non-critical section is executed n times for
each port p. Let us assume ¢ as the time of execution for
the sequential part Ssec, t. as the time of execution for the
critical part Cse. and t,. as the time of execution for the
non-critical part N Cl,.. The total time of execution is

tt:ts+n'p'(tc+tnc)

The time for the critical section consists of time for comput-
ing both E' and H.

tt:ts+n'p'(tE+tH+tnc)

Let us denote the speed-up calculations with for the first
architecture with subscript 1 and subscript 2 for the FPGA
design. The total time of execution for the designs is

tn =ts1+n-p-(ter +tm + tner)

tie =ts2 +n-p- (tpa +tuo + taea)
By substituting ¢tz from equation (5),

tiz=ts2a+n-p-(2-tp - No +tne2)
Speed-up,

i ta+n-p- e+t +tne)

tio teot+n-p-(2-th- Np+tneo)

Substituting t; from (10),

b _ tsitn-p-(te +tm +tea)

tro tsa+mep-(2-(12.75 Nye x 1079) - Np + tpe2)
ta _ tsitn-p-(te +tu +twa)
tio tso+ 1 “p- (255 . Nuc X 1079) . Nb + tncg)

1D
According to equation (11) higher speed-up w.r.t to a pro-
cessor design can be achieved if the time for computing each
block (¢3) is reduced.

3.2. Code Analysis

The 3-D FDTD code for analyzing discontinuities in pla-
nar microstrip has a sequential, critical and non-critical sec-
tions of code. The critical and non-critical sections are it-
erated for time-steps of the order of 10,000. A fraction
of speed-up in the iterated critical and non critical sections
can reduce the overall execution time of the application and
there by speed-up the application when compared to a pro-
cessor execution. The set of routines in the sequential, crit-
ical and non-critical sections of code are shown in figure 2.

Input number of time steps and initialize
the parameters

Initialize grid, determine port locations
and compute time step

Compute Electric Field
along x,y, z axes

Compute soft electric
current density
Probe the current
and voltages
Compute Magnetic
Field along x, y, z axes
Compute soft magnetic
current density

Iterate steps 1 to 5 for the number of
timesteps and for number of ports

Store Vand I valuesin
files for analysis

Figure 2. Flowchart showing the computing
blocks

The first two blocks constitutes the sequential section of the
application. The blocks numbered 1 and 4 are the critical
sections of the code. Blocks 2,3 and 5 are the non-critical
sections of the code. Block 1 computes the electric field
along z, y and z axes. Block 2 computes the soft electric
current density. Block 3 probes the voltages and currents
for each time step. Block 4 computes the magnetic field
and block 5 computes the soft magnetic field. Profiling data
shows that blocks 1 and 4 takes the most time to execute
followed by blocks 3, 2 and 5. The computation of elec-
tric field is done in block 1, if the computation is closely
analyzed, the computation of electric field of each unit cell
is independent of every other unit cell’s electrical field com-
putation. However the computation of electric field depends
on the adjacent cell’s magnetic field. Similarly is the case
of computation of the magnetic field of each unit cell.

Block 3 measures the voltage (It is referenced to the
ground plane) and currents (flowing into the device) at each
port for each time-step. This is the next time consuming
non-critical code in the iterative loop after the main field
computation code. Every iterative loop computes voltage
and current values for each port. The presented work in this
paper just focuses on the design of field compute engine.
The design of blocks 3, 2 and 5 are left for future work.



3.3. Design

The overall top-level design is shown in figure 3. Proces-
sor Local Bus (PLB), which is the main bus connects UAR-
TLite, Ethernet, Compute Core, DDR2 (Double Data Rate
RAM) and the PPC 405 core. The interrupt control block
connects the interrupts from the various blocks (UARTLite,
Ethernet, compute core) and generates a interrupt signal to
the PPC405 core. The PPC core can then decode to find
the interrupting peripheral. The UARTLite block is used for
Standard I/O(stdio). The Ethernet Block (LL Temac) is used
for TCP/IP communication. The PPC 405 core runs at 300
MHz. A 2.6 version of Linux is configured for the above
base-system and it runs out of DDR2. With such a con-
figuration the base-system would be able to run MPI based
applications.

The compute core is directly connected to main memory
(DDR?2) through the Native Port Interface (NPI) and Multi-
Port Memory Controller (MPMC) as shown in figure 4. The
theoritical speed of NPI as discussed earlier is about 3.2
GB/s. The compute core connects the DDR2 through six
channels. Each channel offering a maximum bandwidth of
1.6 GB/s. However the MPMC fetches data from DDR2 at a
rate of 3.2 GB/s. The approach of having six channels to the
MPMC was intentionally done so that each NPI channel can
fetch data from different memory locations simultaneously,
with read stalls. The MPMC controller has built-in read and
write FIFOs to reduce the memory read stalls. The design
can easily adapt, if the bandwidth of the MPMC interface
to the DDR2 changes in future. The six NPI channels fetch
the field values of all the three axes. These data is then
written to a differential clocked FIFO through the control
logic block. The control block decides when to use the NPI
channels for read and write. The differential clocked FIFO
accepts data (64-bit) at a rate of 200 MHz and outputs data
(32-bit) at a rate of 100 Mhz. The data from the differential
FIFO (32 word deep) is then written by the write block into
the 64 KB BRAM block in a sequential order. Each BRAM
block has two read/write ports.

Once the data is completely fetched from the main mem-
ory. The read logic block issues read request to read data
from the BRAM memory in accordance with the data ele-
ments that is required for computing the field values. Every
field value computation requires five elements. A total of
fifteen elements are required to compute both the field val-
ues along all the three axes. The equations (1), (2) and (3)
has three elements in common and so the total required data
elements is twelve. Out of which three elements are stored
in three BRAM blocks. The other nine elements are stored
in the other BRAM blocks. Clearly a maximum of three
compute cores can be connected to the read logic for a max-
imum throughput. The computation in the first core is done
while the second and the third core waits for data. When
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Figure 5. Design of Field Compute Core

the BRAM channels are freed, the computation in the sec-
ond and third core is performed simultaneously. This cycle
repeats to complete the computation of the all the field val-
ues. Figure 5 shows the design of the field compute core.
The field compute core is a single-precision pipelined core,
which is connected to read and write FIFOs. The data from
the read logic is directly written into the FIFO and the field
compute cores starts the computation when a valid data is
available in the FIFO. The compute core only accepts 32-
bit floating point values (single precision) for computation.
The computed data is then written into the output FIFO.
Once the output FIFO starts filling up the control logic starts
writing back the data simultaneously, into the main memory
using three NPI channels.

The hardware-software interface communicates data
from the user program to the hardware. A Linux device
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driver is written to read/write data from and to the DDR2
memory. The field values are mmaped into the DDR?2,
so that the physical address of the field values are known.
The field values are divided into smaller chunks along the
longest path and is loaded into the BRAM for computation.
The software takes cares of values at dividing boundary by
writing the dividing boundary values to the BRAM along
with the other values. The next set of computation overlaps
with a dividing boundary to compute the field values. As the
problem size grows the number of divided blocks increases.
Once the computation is done the field values are updated
in the main memory.

Gated clocking techniques have been used in the design
to keep the power consumption low. The clocks are turned
off with gates to the blocks which are idle. When the con-
trol logic and write logic is writing data into the BRAM
blocks, read logic and the field compute cores are idle. The
clocks to these blocks (read logic and field compute cores)
are turned off, there by saving power. Similarly when the
read logic is reading data, the write logic and the three NPI
channels are idle and the clock are turned off, to save power.
These techniques have slightly reduced the running power,
which will be discussed in detail in the results section.

4. Results

The design described in the previous section has been
implemented in VHDL. It was synthesized to run 100MHz
with Xilinx Design Suite 10.1 and Xilinx Embedded Devel-
opment Kit (EDK). The design consumed about 81% of the
slices and 92% of the BRAM blocks. The table 1 shows the
results of the implementation. The design was tested using
a problem size of 101 x 301 x 51 (around 1.5 million nodes).
The test was performed for 10,000 iterations. The execution
time of FPGA design was then compared with the execution
time of a 2.8 GHz standalone PC. A speed-up of about 3x
was observed with a peak performance of 6.5 Mnps. The

Table 1. Features of the Core (ND means no
data available in reference)

Details Our values Kelmelis [7] Durbano [4]
Problem Size 101 x 301 x 51 100 x 80 x 150 ND
Time Steps 10000 10000 ND
Mnps 6.5 42 30
Benchmark PC P4 2.8 GHz P4 1.5 GHz P4 3.0 GHz
Speed-up 3 25 23
Processor Virtex 4 FX60 ND Virtex-IT 8000
Core frequency 100 MHz ND 100 MHz
Power 16.85 W ND ND
Cost $3, 000 ND $10, 000

Table 2. Power consumption comparison of
Hardware

Details Values Cost
Pentium 4 2.8 GHZ CPU 84 Watts $1,000
7800 GTX 512 550 MHz GPU 120 Watts $650
Virtex 4 XC4VFX60 FPGA 16.85 Watts | $3, 000

cost of the entire system was $3, 000. Gated clocking tech-
niques were used to keep the power consumption low. The
average running power was about 16.85 Watts. The gated
clocking techinque reduced the power consumption by 0.5
W. When compared with the designs in the literature the
presented design has a low power consumption for a 3x
speed-up and for a moderate cost. As discussed earlier in
the design section if the code blocks 3, 2 and 5 are also im-
plemented the peak performance would approximately dou-
ble. The table 2 shows the power consumed by various de-
vices that are used of FDTD computations. The table clearly
shows that FPGAs standsout in the power aspect and with
a careful design the peak performance of the design can be
easily improved.

The next major advancements in this area of research
is to (i) analyze and implement the code blocks 3,2 and 5
as discussed in the code review section. Once the imple-
mentation is complete, the speed-up and the peak perfor-



mance would approximately double. (ii) To divide the prob-
lem space into smaller units and with help of MPI routines,
the computation can be distributed to a set of FPGA nodes.
Each FPGA node would be configured with the complete
design to compute the field values.

5. Conclusion

The paper describes a design and implementation of a
3-D FDTD field compute engine on an platform FPGA.
The paper presents a formulation to compute the theoreti-
cal speed-up of the design. The design described in the pa-
per was able to compute field values with a complete base-
system that runs Linux 2.6 out of the DDR2 memory. A
speed-up of 3x was achieved with a peak performance of
6.5 Mnps when compared with a 2.8 GHz standalone PC
for a problem size of 1.5 million nodes. Gated clocking
techniques was used to reduce the power consumption by
0.5 Watts. The core consumes only 16.85 Watts of power
and 81% of the total slices on Xilinx Virtex 4 XC4VFX60.
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