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Figure 1 — Simplified diagram of the XtremeDSP slice

However, you must take this adder-chain
configuration into account when designing
functions that exploit the XtremeDSP slice.
Herein lies the fundamental change in the
approach to filter design. The simple, tradi-
tional adder-tree approach limited the per-
formance and extensibility of a given filter
implementation. By using adder-chain-style
implementations, these limitations are lifted
and the huge benefits Virtex-4 FPGAs offer
are possible.

The embedded nature of the XtremeDSP
slice has also had a radical impact on reduc-
ing the power consumed by high-speed mul-
tiply and add functions. Figure 2 illustrates
this dramatic reduction, showing that the
dynamic power consumption is 1/17 of
Virtex-1I Pro™ devices with a specification
of 2.9 mW/100 MHz. As a designer, you
should migrate as much functionality into

these embedded functions as possible.

Filter Techniques

During the last ten years, hardware and
FPGA designers have created a wide variety
of filter architectures to efficiently exploit
the building blocks that the current gener-
ation of technology offers. With the intro-
duction of Virtex-4 FPGAs and the
XtremeDSP slice, filter implementations
must change to most efficiently exploit this
latest FPGA offering. Filters are prolific in
DSP designs and nearly always form the
starting point for analyzing an architecture.
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The general FIR filter equation is a
summation of products (also known as an
inner product) defined in the equation:

N-1
In = onn—i bz
I=

In this equation, a set of N coefficients is
multiplied by N respective data samples,
and the results are summed to form an
individual result. The values of the coeffi-
cients determine the characteristics of the
filter: low-pass, band-pass, or high-pass.

The Semi-Parallel FIR Filter

Even within the filter world, you can
implement a wide variety of filters. The key
parameters that tell us which FIR filter

implementation we will construct are:
e Number of coefficients (N)
e Sample rate (Fs)

Let’s examine a particular filter structure
to demonstrate the key design techniques
that can help you maximize the benefits of
Virtex-4 devices. Our filter has 20 coeffi-
cients and a sample rate of 74.25 MHz.

As noted eatlier, the maximum capable
clock speed of the XtremeDSP slice is 400
MHz in the slowest speed grade (-10).
Therefore, we have a total of five clock
cycles to perform the required 20 multiply
and adds to form the result.

This equation determines how many
multipliers to use for a particular semi-
parallel architecture:

Number of Multipliers =
(Maximum Input Sample Rate x
Number of Coefficients) / Clock Speed

For our example, the required number
of multipliers will be four. Once we have
determined the required number of multi-
pliers, there is an extendable architecture
using the XtremeDSP slices that can serve
as the basis for the filter.
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Figure 2 — Dynamic power consumption of the XtremeDSP slice
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Figure 3 — The four-multiplier semi-parallel systolic FIR filter
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Figure 4 — Control logic for the four-multiplier semi-parallel FIR filter

XtremeDSP  arithmetic units are
designed to be chained together easily and
efficiently thanks to dedicated routing
between slices. Figure 3 illustrates how the
four XtremeDSP multiply and add ele-
ments are cascaded together to form the
main part of the filter.

It is critical to highlight the usage of the
adder chain here rather than the more tradi-
tional adder tree. The adder chain has a pro-
found impact on the control logic required
for the filter, as well as its efficiency, because
of the mapping to the XtremeDSP slice.

Continuing to analyze the filter structure,
an extra XtremeDSP slice is required to per-
form the accumulation of the partial results,
thus creating the final result. A new result is
created every five clock cycles. This means
that for every five cycles the accumulation
must be reset to the first inner product of the
next result. This reset (or load) is achieved by
changing the op-mode value of the
XtremeDSP slice for a single cycle, from
0010010 to 0010000 (this is just a single bit
change). At the same time, the capture regis-
ter is enabled and the final result stored on
the output.
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The Control Logic
The control is the most important and com-
plicated aspect of semi-parallel FIR filters;
getting it right is crucial to filter operation.
Because the XtremeDSP slice is most effi-
ciently used in adder chains, memory
addressing is necessary to provide the delay
for each multiply-add element that the adder
chain causes. Figure 4 illustrates the control
logic required to create memory addressing.

The counter creates the fundamental
zero through four count. This is then
delayed by one cycle
by the use of a register

DSP48 Slice
opmode = 0010010

and so on. Note that this is extensible con-
trol logic for M number of multipliers.

Figure 4 also shows write enable
sequencing. A relational operator is
required to determine when the count
limited counter resets its count. This sig-
nal is high for one clock cycle every five
cycles, reflecting the input and output
data rates. The clock enable signal is
delayed by a single register just like the
coefficient address; each delayed version
of the signal is tied to the respective sec-
tion of the filter.

The filter and control logic are
extremely cascadable. The address for each
SRLIGE data buffer and coefficient mem-
ory pair are a delayed version of the previ-
ous elements’ address, and are identical.

The performance and resource utiliza-
tion for our filter is specified in Table 1. In
the table, you can see how logic slice uti-
lization dramatically drops when using the
XtremeDSP slice. Clock frequency per-

formance approximately doubles over

Virtex-II Pro FPGA:s.

in the control path.
Each successive delay
is used to address both
the coefficient memo-
ry and the data buffer
— and their respective
multiply-add ele-
ments. Hence, a single
delay is required for
the second multiply-
add element, two
delays for the third
multiply-add element,

Four-Multiplier 20-Tap

Semi-Parallel FIR Filter Virtex-4 (-11)  Virtex-ll Pro (-7)
18-Bit Data, 18-Bit Coefficients

Logic Slices 108 309
XiremeDSP Slice 5

Embedded Multipliers 7
Performance (Sample Rate) 90 MHz 77 MHz
Performance (Clock Frequency) 450 MHz 231 MHz

Table 1 — Resource utilization and performance

of four-multiplier 20-tap semi-parallel FIR filter

October 2005



Three Important Design Points
This new filter architecture, along with
Virtex-4 devices and the XtremeDSP slice,
addresses the demanding needs of current and
future DSP designs. However, it is only one
filter in an extremely large array of possible
implementations, not to mention other DSP
functions such as IIRs, FFTs, and DCTs.
Knowing this, you can take away three
very important design questions that will
enable you to exploit the XtremeDSP slice
and Virtex-4 device as designed.

1. Is the design running as fast as possible?

The fastest speed grade (-12) should
run at 500 MHz. If your design is
running at 50 MHz, you've got the
room to reduce your resource utiliza-
tion by increasing performance (and
reducing cost) by making more effi-
cient use of the FPGA resources. The
faster a particular function operates,
the smaller it becomes. Our semi-
parallel FIR filter, for example, used
five XtremeDSP slices running at 375
MHz instead of 20 XtremeDSP slices
running at 74.25 MHz.

2. Are there any XtremeDSP slices lefi?

If you are not using them all up, you
can probably add some functionality.
This can lead to logic slice reduction

and lower power consumption.

3. Are you using adder chains instead
of adder trees?

DSP algorithms must aim to exploit
adder chain-based implementations
wherever possible, as this will lead to
the best utilization of the XtremeDSP
slice. Such implementations will result
in performance gains, power reduction,

and logic slice reduction.

Conclusion

For more information, see the XtremeDSP
Slice Design Considerations User Guide,
which provides in-depth details on other filter
implementations and DSP functions, at
www.xilinx.com/bvdocs/userguides/ug073. pdf.
There are also other HDL and System
Generator for DSP reference designs to get
you started. ©
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