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(54) Title of the Invention: Signal processing apparatus

Abstract Title: Signal processing unit with arithmetic units that can be enabled and disabled to change the

arithmetic function of the unit.

(57) Disclosed is a digital signal processing unit with a
plurality of arithmetic units (AU). The AU s are arranged
to implement a first arithmetic function and by enabling
and/or disabling some of the AU s, the processing unit
can implement a second arithmetic function. Disabling an
AU may be comprise making the unit’s output be zero.
The signal processing unit may have a controller that
issues control signals to enable or disable the AU s, the
control signal may be issues every instruction cycle. The
AU s may be disabled/enabled using clock gating to input
data latches. The signal processing unit may have
memory to store data words between AUs forming a
pipeline. The signal processing unit may store the control
signals so as to delay the control signal path so that it
matches the date signal path. The signal processing unit
may be an integrated circuit, a field programmable gate
array (FPGA), an application specific circuit (ASIC) or a
digital signal processor (DSP).
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SIGNAL PROCESSING APPARATUS

Technical Field

The present invention relates to signal processing apparatus.

Backeround to the Invention

Digital Signal Processing is a key component in many of today’s high technology
products, such as digital communications equipment and sensor array processors. The
performance required from Digital Signal Processors (DSPs) continues to increase while
constraints on power and cost remain tight. These requirements are often met by the use
of Application Specific Integrated Circuits (ASICs), which are designed to perform core

functions efficiently.

DSP devices are typically required to perform matrix math operations, complex
arithmetic operations and Fast Fourier Transform (FFT) calculations. These operations
are generally performed by a processor, with core functions being performed by an ASIC.
Since the ASIC is optimised for a specific function, the constituent arithmetic units
cannot easily be reused, leading to a loss in efficiency. It is therefore desirable to
simplify reuse of the arithmetic units for different processing tasks. The ability to reuse

the design also aids in reducing development time and cost.

DSP circuitry has been developed that implements a group of multipliers and arithmetic
units to form a Multiply/Accumulate (MAC) block, also known as a DSP block.
Multiplexers control the connections between the arithmetic units in the DSP block to
enable different modes of operation. However, this increase in circuit complexity reduces

performance and increases power consumption.
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Summary of Invention

According to a first aspect of the present invention there is provided signal processing
apparatus comprising a plurality of arithmetic units arranged to implement a first
arithmetic function, wherein one or more of the arithmetic units can be enabled or
disabled to cause the signal processing apparatus to implement a second arithmetic

function.

The signal processing apparatus of the present invention enables application specific
hardware to be used efficiently for additional processing tasks by enabling different
modes of operation. Reusing the same arithmetic units reduces silicon area and therefore

reduces the cost of the DSP component.

Additional modes of operation may be selected by disabling one or more individual
arithmetic units such that they output a value of zero. This increases the flexibility of the

hardware and saves power when an arithmetic unit is not being used.

One or more of the arithmetic units that can be enabled or disabled may be used as an

input to one or more additional arithmetic units.

The signal processing apparatus may further comprise a controller arranged to issue

control signals to enable or disable arithmetic units of the signal processing apparatus.

The controller may be configured to issue control signals every instruction cycle of the
apparatus, thereby permitting the arithmetic function implemented by the signal

processing apparatus to change every instruction cycle.

The one or more of the arithmetic units may be enabled or disabled by a combination of

clock gating to input data latches and logic forcing the output to zero.



The signal processing apparatus may further comprise memory means for storing data
words, connected to the input and output data paths of the signal processing apparatus.
The memory means may be implemented in multiple levels, such as a register file and an

addressable memory.

The signal processing apparatus may further comprise memory means for temporarily

storing data words between arithmetic units to form a pipeline.

The signal processing apparatus may further comprise memory means for temporarily
storing control signals such that a delay is introduced in a control signal path of an

arithmetic unit to match a delay in a data path of that arithmetic unit.

The signal processing apparatus may be implemented as one of: a circuit; an integrated
circuit; a field programmable gate array (FPGA); an application specific integrated circuit

(ASIC); a processor; or a digital signal processor (DSP).

According to a second aspect of the invention there is provided a method of
implementing signal processing apparatus, the method comprising providing a plurality
of arithmetic units, arranging the plurality of arithmetic units to implement a first
arithmetic function and enabling or disabling one or more of the arithmetic units to cause

the plurality of arithmetic units to implement a second arithmetic function.

According to a third aspect of the invention there is provided a computer program which,
when implemented on appropriately configured processing hardware, implements the

method of the second aspect.



Brief Description of the Drawings

Embodiments of the invention will now be described, strictly by way of example only,

with reference to the accompanying drawings, of which:

Figure 1 is a schematic representation of a design using an apparatus according to an

embodiment of the present invention, as well as a register file, a memory and a controller;

Figure 2 is a schematic illustration of an apparatus according to an embodiment of the
invention comprising a network of multipliers, adders and subtracters optimised for
complex multiplication, in which control signals are used to disable individual multiplier

units;
Figure 3 is a schematic illustration of an apparatus according to an embodiment of the
invention comprising a network of multipliers and adders optimised for fixed length FIR

filtering, in which control signals are used to disable individual multiplier units;

Figure 4 is a schematic illustration of multiplier unit with a control signal to enable or

disable the multiplier unit; and

Figure 5 is a schematic illustration of multiplier unit with a control signal to enable or

disable the multiplier unit.

Description of the Embodiments

Referring first to Figure 1, a design incorporating apparatus according to an embodiment
of the present invention is shown generally at 10, and comprises a multi-mode DSP block

12 having a plurality of arithmetic units such as adders, subtracters and multipliers. The



multi-mode DSP block 12 is associated with a register file 14, a memory 16 and a

controller 18.

The arithmetic units of the multi-mode DSP block 12 are initially arranged with
appropriate interconnections to implement a first arithmetic function, for example a
complex multiplication operation. The multi-mode DSP block 12 and register file 14
receive control signals from a controller 18, which may be a microcode controller or any
other suitable controller. The control signals issued by the controller 18 can cause one or
more of the arithmetic units of the multi-mode DSP block 12 to be disabled such that
their outputs are zero. This has the effect of altering the function of the multi-mode DSP
block 12 such that the arithmetic units that are enabled are arranged to implement a
second, different, arithmetic function, such as a real multiplication function. In this way,
some of the arithmetic units of the multi-mode DSP block 12 can be used to perform the
second arithmetic function, thereby increasing the flexibility of the DSP block 12, and

saving power when an arithmetic unit is not being used.

When it is desired to implement the first arithmetic function, the controller 18 provides
control signals to re-enable those of the arithmetic units that were disabled to implement
the second arithmetic function, thereby causing the arithmetic units of the multi-mode

DSP block 12 to be arranged to implement the first arithmetic function.

It is also possible, where sufficient arithmetic units are provided in the multi-mode DSP
block 12, for the controller 18 to provide alternative control signals to enable or disable
certain of the arithmetic units such that those of the arithmetic units that are enabled are

arranged to perform further different arithmetic functions.

The register file 14 is provided for storage of data words, and connects to the input and

output data paths of the multi-mode DSP block 12. For example, the register file 14 may
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be configured by the controller 18 to supply four values from four registers to four of the
data inputs of the DSP block 12, and it may also be configured by the controller 18 to
store two values from two outputs of the DSP block 12 to two additional registers. Values
that are output and stored in the register file 14 may be used as inputs to the DSP block
12 on subsequent cycles. Values may be transferred between the register file 14 and

memory 16 under the control of the controller 18.

The DSP block 12 may include internal registers for temporary storage of data words
between arithmetic units of the DSP block 12 so as to form a pipeline. For example, an
arithmetic unit that receives inputs from the register file 14 may store the resulting value
in an internal register. On the next cycle another arithmetic unit of DSP block 12 may

receive the value from the internal register and store the output in the register file 14.

The DSP block may, additionally or alternatively, include internal registers for temporary
storage of control signals so that a delay can be introduced into a control signal path of an
arithmetic unit of the DSP block 12 to match a delay in a data path of that arithmetic unit
of the DSP block 12.

The design 10 may also include a sequencer 20 that issues instructions to the controller
18. The sequencer 20 is configured to generate a sequence of instructions for the
arithmetic units of the DSP block 12, which process data stored in the register file 14 and
memory 16. The purpose of the sequence of instructions is to implement a high level
operation using the DSP block 12 by passing a predetermined sequence of control signals

from the controller 18 to the DSP block 12 and the register file 14.

Examples of applications of the design of Figure 1 will now be illustrated by reference to

Figures 2 and 3.
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Figure 2 is an exemplary signal processing apparatus that is initially configured to
perform a complex multiply operation. The complex multiply is a significant operation
for most DSP algorithms, including the Fast Fourier Transform (FFT). It can be
implemented using various arrangements of multipliers and other arithmetic components.
The apparatus comprises a network of arithmetic units, shown generally at 22, including
three multipliers 24, 26, 28 and five adders 30, 32, 34, 36, 38. A controller 18 is
configured to provide control signals to the multipliers 24, 26, 28 to alter the arithmetic

function of the network 22.

The network 22 of multipliers and adders 24, 26, 28, 30, 32, 34, 36, 38 (some of which
are configured as subtracters) shown in Figure 2 is optimised for complex multiplication.
However, the same hardware can be used for real multiplication and multiply-accumulate
operations by use of control signals from the controller 18 which are used to disable
individual arithmetic units. The controller 18 may be configured to issue control signals
once per instruction cycle, which permits the arithmetic function performed by the

apparatus 22 to be altered on a per-instruction basis.

The arrangement illustrated in Figure 2 will be familiar to those skilled in the art as a

DSP block implementing the following function:

Pl=MIL(Al+Bl)-M2.(A2+B2)
P2=M3.(A3-B3)+M2.(A2+B2)

The three multiplier units 24, 26, 28 may be disabled individually to change the function
of the network and save power. Various functions of the arrangement illustrated in
Figure 2 will now be described, but it should be understood that the functions described
here do not form a complete list. Those skilled in the art will readily be able to adapt the

example network, in the light of this disclosure, to perform specialised tasks.
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To implement a complex multiply operation, all three of the multipliers 22, 24, 26 are

enabled by control signals issued by the controller 18.

The network 22 of Figure 2 can be used to multiply the complex numbers X and Y when
the real and imaginary components of the numbers (Xr, Xi, Yr and Yi) are passed to the

inputs as follows:

Al=A3=Xr Bl=B3=M2=Xi
A2=Ml=Yr B2=M3=Yi

This results in a complex multiplier that will be familiar to those skilled in the art, where

P1 is the real component and P2 is the imaginary component of the complex product.

Pl=Yr(Xr+Xi)-Xi.(Yr+Yi)=Yr.Xr-Xi.Yi
P2=Yi(Xr—Xi)+ Xi.(Yr+Yi)=YiXr+Xi.Yr

To implement a real multiply operation, multiplier 26 is disabled by a control signal
issued by the controller 18, forcing the multiplier 26 output to zero. The network 22 can
then be used to multiply two pairs of real numbers X1, Y1 and X2, Y2 when they are

passed to the inputs as follows:

MI =X1 Al=Y1
M3 =X2 A3=Y2

With the multiplier 26 disabled the results from multipliers 24 and 28 pass through the

final arithmetic units to the outputs P1 and P2.

Pl =X1.(Y1+0)=X1.Yl
P2=X2.(Y2-0)=X2Y2
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To implement a real multiply accumulate operation, multiplier 24 is disabled by a control
signal issued by the controller 18, saving power while the multiplier 24 is not used. A
further control signal is issued by the controller 18, if necessary, to re-enable the
multiplier 26. The network 22 can be used to multiply two pairs of real numbers X1, Y1

and X2, Y2 and accumulate the results when they are passed to the inputs as follows:

M3 =X1 A3=Yl1
M2 =X2 A2=Y2

With the multipliers 26 and 28 enabled the results from multipliers 26 and 28 are added
together by adder 38 and output as P2.

P2=X1.(YI-0)+X2.(Y2+0)=X1.Y1 + X2.Y2

This type of operation is useful when multiplying matrices. The resulting accumulated

products can be further accumulated by the network on a subsequent pass.

To implement a real multiply subtract operation, multiplier 28 is disabled by a control
signal issued by the controller 18, saving power while the multiplier 28 is not used.
Further control signals are issued by the controller 18, if necessary, to re-enable the
multipliers 24, 26. The network 22 can then be used to multiply two pairs of real
numbers X1, Y1 and X2, Y2 and subtract X2.Y2 from X1.Y1 when they are passed to the

inputs as follows:

M1 =X1 Al=Y1
M2 =X2 A2=Y2

With the multipliers 24 and 26 enabled the result from multiplier 26 is subtracted from

the result from multiplier 24 by subtracter 36 and output as P1.
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Pl=XI1.(YI+0)-X2.(Y2+0)=X1.Y1 - X2.Y2

To implement a real accumulate operation, multiplier 28 is disabled by a control signal
issued by the controller 18, saving power while the multiplier 28 is not used. Further
control signals are issued by the controller 18, if necessary, to re-enable the multipliers
24, 26. Input M1 is given a value of 1 and input M2 is given a value of minus 1. The
network 22 can then be used to accumulate four real numbers X1, X2, X3 and X3 when

they are passed to the inputs as follows:

Al =X1 Bl =X2
A2=X3 B2=X4
Ml =1 M2=-1

With the multipliers 24 and 26 enabled the inputs are accumulated in two pairs and
multiplier 26 is used to negate one value before the subtracter is used and the result is

output as P1.

Pl=1.(X1+X2)--1(X3+X4)=X1+X2+X3 +X4

This type of operation is useful when accumulating the results from a previous pass of
multiply/accumulate operations. It does not make good use of the multipliers but allows

three accumulate operations in a single pass.

Figure 3 is an exemplary signal processing apparatus that is initially configured to
perform a fixed length FIR (Finite Impulse Response) filtering operation. The Finite
Impulse Response (FIR) filter is a common operation for many DSP processors. The
apparatus comprises a network of arithmetic units, shown generally at 40, including four
multipliers 42, 44, 46, 48 and three adders. A controller 18 is configured to provide
control signals to the multipliers 42, 44, 46, 48 to alter the arithmetic function of the

network 40.
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The network 40 of multipliers and adders illustrated in Figure 3 implements the following

function:

Py=MILAy + M2.Ay |+ M3.Ay) + Md.Ap3

The four multipliers 42, 44, 46, 48 may be disabled individually to change the function of
the network 40 and save power. Various functions will now be described, but it should
be understood that the functions described here do not form a complete list. Those skilled
in the art will readily be able to adapt the example network 40, in the light of this

disclosure, to perform specialized tasks.

To implement a four coefficient FIR filter each of the multipliers 42, 44, 46, 48 is

enabled on every instruction cycle, by means of appropriate control signals from the

controller 18. The network 40 can then be used to multiply four samples (Ap, Ap-1, Ap-2,

Ap-3) by four coefficients (M1, M2, M3, M4), accumulate the results and output the filter

response:

Py=MILAL + M2.A, | + M3.Ayo + Md.Ap s

To implement a variable delay comb filter, multiplier 42 and one of the other multipliers

44, 46, 48 are enabled on every instruction cycle. The network 40 can thus be used to
multiply two samples (Ap) and (A1, Ap2 or Ap.3) by two coefficients (M1) and (M2,

M3 or M4), accumulate the results and output the filter response:

e.g. Pp=MLA,+M4.A,3
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The delay of the comb filter can be varied without reloading the coefficients, and the
disabled multipliers consume less power than if they were enabled with a coefficient

value of zero.

To implement a pair of two coefficient FIR filters the multipliers are enabled in two

groups, a first containing multipliers 42 and 44, and a second containing multipliers 46
and 48. The network can thus be used to multiply two samples (A, Apy.1) by two pairs

of coefficients (M1, M2) and (M3, M4), accumulate a pair of results and output the

response of the two filters at different times.

With the multipliers 42 and 44 enabled, and multipliers 46 and 48 disabled, the value at

output P at time n and n+1 is:

Ppio =ML Ay + M2. Ay

Ppi1 =ML Ay + M2.A,

With the multipliers 42 and 44 disabled, and multipliers 46 and 48 enabled, the value at

output P at time n+2 and n+3 is:

The response of both filters can be calculated without reloading the coefficients, and the
disabled multipliers consume less power than if they were enabled with a coefficient

value of zero.

Arithmetic units in a DSP block 12 may include one or more known optimizations such

as the Booth encoder, the Wallace tree or the Carry save method.
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A first example of how a multiplier may be disabled is given in Figure 4, in which the
output of a Booth encoder 52 is forced to zero by the use of an array of logic AND gates
54, which each take the control signal as an input. Partial products passed to a Wallace
tree 50 are forced to zero, as is the output of the arithmetic unit. If the control signal
keeps the arithmetic unit in a disabled state then the dynamic power consumed by the

arithmetic unit is reduced and the output remains zero.

A second example of how a multiplier may be disabled is given in Figure 5. A clock
signal driving input data latches 62, 64 of the multiplier 66 is inhibited by a control signal
by the use of a logic AND gate 60, and the output of the arithmetic unit is forced to zero
by the use of an array of logic AND gates 68, which each take the control signal as an
input. Thus, in this example the multiplier 66 is disabled by clock gating to the input data
latches 62, 64, and by forcing the output to zero. The dynamic power consumed by the
arithmetic unit is reduced since changes to the inputs do not affect the state of the

arithmetic unit.

It should be understood that the designs illustrated in Figures 4 and 5 are merely
examples of ways of disabling an arithmetic unit, and that various ways to disable an
arithmetic unit such that the output is zero exist. Therefore the invention is not limited to

any particular way of disabling an arithmetic unit.

It will be appreciated that the present invention enables application specific hardware to
be used efficiently for additional processing tasks by enabling different modes of
operation. Reusing the same arithmetic units reduces silicon area and therefore reduces

the cost of the DSP component.

The additional modes of operation are selected by disabling one or more individual
multipliers and arithmetic units such that they output a value of zero. This increases the

flexibility of the hardware and saves power when an arithmetic unit is not being used.
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The method used to disable individual arithmetic units may include control signals
generated by a microcode controller, or any suitable circuitry and any suitable control

signals.

The invention has been described in this specification in terms of DSP blocks and
arithmetic units. It will be appreciated that the invention may be implemented in many
different ways, for example using Application Specific Integrated Circuits (ASICs), Field
Programmable Gate Arrays (FPGAs), bespoke Integrated Circuits (ICs) or Digital Signal
Processors (DSPs), or even using discrete components such as transistors, capacitors and
the like. The invention may also be implemented as software running on a suitably

configured processor.
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CLAIMS

1. Signal processing apparatus comprising a plurality of arithmetic units arranged to
implement a first arithmetic function, wherein one or more of the arithmetic units can be
enabled or disabled to cause the signal processing apparatus to implement a second

arithmetic function.

2. Signal processing apparatus according to claim | wherein disabling an arithmetic

unit comprises causing its output to be zero.

3. Signal processing apparatus according to claim 1 wherein one or more of the
arithmetic units that can be enabled or disabled is used as an input to one or more

additional arithmetic units.

4. Signal processing apparatus according to any of the preceding claims further
comprising a controller arranged to issue control signals to enable or disable arithmetic

units of the signal processing apparatus.

S. Signal processing apparatus according to claim 4 wherein the controller is
configured to issue control signals every instruction cycle of the apparatus, thereby
permitting the arithmetic function implemented by the signal processing apparatus to

change every instruction cycle.

6. Signal processing apparatus according to any one of the preceding claims wherein
the one or more of the arithmetic units is enabled or disabled by use of clock gating to

input data latches.

7. Signal processing apparatus according to any one of the preceding claims further
comprising memory means for storing data words, connected to the input and output data

paths of the signal processing apparatus.
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8. Signal processing apparatus according to any one of the preceding claims further
comprising memory means for temporarily storing data words between arithmetic units to

form a pipeline.

9. Signal processing apparatus according to any one of the preceding claims further
comprising memory means for temporarily storing control signals such that a delay is
introduced in a control signal path of an arithmetic unit to match a delay in a data path of

that arithmetic unit.

10. Signal processing apparatus according to any one of the preceding claims,
wherein the apparatus is implemented as one of: a circuit; an integrated circuit; a field
programmable gate array (FPGA); an application specific integrated circuit (ASIC); a

processor; or a digital signal processor (DSP).

11. A method of implementing signal processing apparatus, the method comprising
providing a plurality of arithmetic units, arranging the plurality of arithmetic units to
implement a first arithmetic function and enabling or disabling one or more of the
arithmetic units to cause the plurality of arithmetic units to implement a second

arithmetic function.

12. A computer program which, when implemented on appropriately configured

processing hardware, implements the method of claim 11.
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