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ABSTRACT

The authors present a DSP core for low power
implementation of FIR filters. The core is based on direct
form redlisation of FIR digital filters and processes filter
coefficients in a non-conventional order. The paper
describes the architecture of the core and the
implementation of its key components. An overall power
reduction of up to 17% is obtained as compared to the
conventional filtering cores. A power profile of the main
contributing blocksin the coreis also provided.

I.INTRODUCTION

One of the fastest growing areas in the computing
industry is the provision of high throughput DSP systems
in a portable form [1]. With the advent of SoC
technology, DSP agorithms such as FIR filters are being
prototyped as parameterisable cores which could be
embedded within the SoC platform. For high
performance low power applications, there is a
continuous demand for DSP cores, which provide high
throughput while minimising power consumption.

It can be shown that the main source of power
dissipation, in a typicd CMOS logic gate, is due to
switching power, Pg,, given by [1]:

Py = 7K Cu 'Vd%i' f @)
where Vyq is the supply voltage, f is the clock frequency,
Cioad is the load capacitance of the gate, and k is the
switching activity factor which is defined as the average
number of times the gate makes an active transition in a
single clock cycle. Therefore, for achieving low-power in
CMOS circuits one must target minimising one or more
of the parameters Vyq , Cigag, and k.

FIR filters are widely used in DSP systems and are
characterised by the extensive sequence of multiplication
operations. Implementation of FIR filters could be either
sequential or parallel. The sequential approach aims to
minimise area requirements through the re-use of as
much of the hardware as possible. Each product of sumin
the FIR filter equation is computed sequentially and
added to the accumulated sum in the accumulator. On the
other hand, a paralel implementation aims to maximise
the sample rate of an FIR filter by performing all or some
of the multiplications in parale with the cost of
additional multiplier/adder hardware.

In recent years a number of techniques have been
proposed for low power implementation of FIR filters.
These include the following: use of differential
coefficients [2], wordlength optimisation [3], multirate
architectures [4], and dynamic adjustment of filter order

[5].

A number of researchers including the authors have
investigated the use of coefficient ordering for low power
implementation of FIR filters [6][7][8]. However, all
reported work considers power reduction at multiplier
inputs or within the multiplier unit alone. To our best
knowledge no work exists which consider the impact on
the overall FIR core.

In this paper, the authors present a DSP core for low
power implementation of FIR filters. The coreis based on
direct form realisation of FIR digital filters and processes
filter coefficients in a non-conventional order. The paper
describes the architecture of the core and the
implementation of its key components. An overall power
reduction of up to 17% is obtained as compared to the
conventional filtering cores. A power profile of the main
contributing blocksin the coreis also provided.

[I.IMPLEMENTATION

A conventional implementation of a direct form (DF) FIR
filter is executed such that at each clock cycle a new data
sample, x(n), and the corresponding filter coefficient,
h(k), are fetched from the memory simultaneously and
applied to the multiplier inputs. Therefore, for each
multiplication both inputs of the multiplier receive new
data. Due to this continuous change at both inputs, there
will be a high level of switching activity within the
multiplier leading to a higher power consumption [6].

The multiplier is a major bottleneck governing the
performance of a DSP algorithm. In addition, the power
dissipated within the multiplier represents a significant
proportion of the overall power dissipated by the DSP
device [1]. A reduction in the switching activity within
the multiplier block can be achieved by implementing the
filter such that respective data samples are multiplied
with filter coefficients in a non-conventional order [6].
This order can be obtained by minimising the Hamming
distance between those filter coefficients used in
successive multiplication operations. It must be noted that
the ordering of coefficients is performed only once prior
to the commencement of filtering. Subsequent use of the
filter will utilise the same order of coefficients. For this
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Figure 1. A block diagram of the FIR filter core.

reason, coefficient ordering hes no implicaions on the
spedl o the filtering process

Filtering commences by fetching a wefficient and the
corresponding data sample. These ae then presented to
the multiplier inputs and the result is added to the
acaimulator. The rest of the mefficients are processd in
a similar manner. Once dl the wefficients are processed
the filter output is obtained from the acamulator. For the
next filter output, the acemulator is cleaed, a new data
sample is rea into the data memory (repladng the oldest
datain the memory), and the @ove steps are repeaed.

A block diagram of the FIR coreisill ustrated in Figure 1.
It consists of a wefficient memory (h_rom), data memory
(x_ram), multiply-acaimulate (mac) unit, and control
circuitry. The cntrol circuitry governs the non-
conventional processng of coefficients. It consists of a
counter and an addressgenerator (xram_addr_gen) which
in turn consists of a look-up table (LUT) and an adder.
The x_ram isredised in the form of a drcular buffer for
reducing its power consumption. The Xx_ram position to
be airrently written is tracked by the write_panter. The
write_panter always points towards the most receitly
entered data vaue x(0). In a onventiona
implementation, the accesof the first coefficient h(0) in
h_rom and the data sample x(0) in x ram nust only be
aligned and all other combinations of coefficients and
data will automaticdly fall in place In an ordered
implementation, the wefficients in the h_rom can be in
any order depending yoon the ordering algorithm and the
original coefficient set. Let us assume that the first h_rom
location stores h(5) instead of h(0) as per the ordered list.
In order to generate the aldress of the @rred data
corresponding to h(5), the x_ram_addr_gen should be
able to generate the aldress of the crresponding data
x(5) which is aways located five positions away from
x(0) in an x_ram. The x(0) position is aways pointed at
by the write_panter. Hence the first offset in the LUT,
for the write_pdnter corresponding to the first entry of
h_rom, must be 5. The remaining entries of the LUT can
be obtained by storing appropriate off sets with resped to
the write_panter's postion by examining the
corresponding coefficients in the h_rom. The h_rom and
LUT are both addressed by the same aunter. The fina
x_ram read addressfor a given counter value is obtained
by adding the @rresponding offset to the write_panter.
The write pointer is always deaemented by one dter the
generation of every output as the x_ram receves a new
data sample value only after every output generation.

1. SIMULATIONSAND RESULTS

A number of cores were designed and implemented based
on the conventional and the new architecture described in
sedion IlI. In the onventiona implementation, the
coefficients are in their normal sequence (Norm) whereas
in the new architedure they are sequenced for minimum
Hamming distance (Ham). The cres were synthesized
using Cadence BuildGates and Alcael 0.35u CMOS
technology for 16-bit data/coefficient wordlenght and
using two different multiplier types (csa: caryy-save aray
multi pli er and wall: WallacetreeBooth multiplier).

Two example mefficient sets corresponding to linea
phase bandpass FIR filters were obtained using the
Remez echange dgorithm developed by Parks and
McClellan, seeTable 1.

In order to evaluate the performance of the designed
cores, netlist simulations were performed using
Cadencés Verilog-XL simulator for 1000 zero mean
uniformly distributed random data samples. The
switching adivity information obtained from the netlist
simulations was then fed into Synopsys DesignPower for
power analysis. For this, a dock frequency of 10 MHz
and a supply voltage of 3V were used.

The power analysis results for the designed cores are
presented in Table 2. The table illustrates the total
dynamic power for both filter examples using two
different multiplier types. The percentage reduction in the
power consumption is obtained by comparing Ham and
Norm in ead case. It can be seen that the Ham based
filter implementations achieve 8% and 17% reduction for
BPF_1 using csa and wall multipliers respedively at an
expense of 2% increase in areg see Table 3. Whereas
BPF_2 adieves a reduction of 16% for both multiplier
types with an area overhead of only 1%. The
contributions of the individual blocks within the Ham
based core to the overall area ad power consumption are
ill ustrated in Figure 2 (a) and (b) respedively for BPF_2
example using a csa multiplier. It is clea that although
the mac block consumes only 20% of the aea but its
power consumption is substantially higher of the order of
73%. Whereas the x_ram occupies 69% of the aeait
consumes only 9% of the overal power. The
contributions of the rest of the blocks towards the aea
and power are not significant.



Table 1. Bandpassfilter specifications

Filter | Stopband | Passand | Stopbend P";‘f%agd a?ttgnpﬁ?gn Window Sag:gg_”g Filter
# (kHz) (kHz) (kHz) (dB) (dB) function (kH2) length

BPF 1| 0-01 | 015-025 | 03-05 01 60 Kaiser 1 73

BPF 2| 0-01 | 1.3753625| 4-5 01 68.4 ; 10 80

Figure 3 depicts the power consumption in the various
blocks of the FIR filter core for the Norm and Ham based
architetures using a csa multiplier and BPF_2 example.
It is clea that the power savings are maximum in the mac
block for the Ham approach becaise of the reduction in
the switching adivity at the inputs of its most power
consuming multiplier block. The power consumption in
the data memory x_ram for the Ham approach dightly
goes up on acaunt of the higher switching adivity on its
address bus. This higher switching adivity is due to the
non-conventional data accesin the Ham approach. The
h_reg and h_rom power consumption go dovn as adired
consequence of low switching adivity of ordered
coefficients in the Ham approach over the Norm
approach. The counter power consumption dightly goes
up in the Ham approach due to the higher fanout in the
form of a more complex xram addr_gen block. The
Ham's xram addr_gen block consumes more power
becaise it is primarily responsible for keeguing tradk of
the non-conventional data aldresses corresponding to the
ordered coefficient set. The out_reg and write_pointer
amost consume the same power in both the goproadces.

Figure 4 depicts the power savings obtained by the Ham
approach at the data bus, coefficient bus, multiplier, mac
and filter levels. The percentage reduction on the
coefficient bus is around 80% due to the high correlation
among the wmefficients after ordering. Wheress, data
samples are uncorrelated and hence the change in their
order may yield a dight positive or negative reduction in

power. It happens that in our case the data bus power is
going W by a small amount of 5% but it may go down as
well for some other data sets. The percentage reduction in
power in the multiplier is diredly related to the switching
adivity of its inputs. In our case, the multiplier power
reduction is 29%. The mac power reduction is around
25% and is diredly dictated by its multiplier sub-block.
The overall FIR filter power saving is around 16%. It is
evident that the percentage reduction in power goes down
as one moves from the multiplier to the filter level on
acount of the overheals assciated with the redizaion
of the Ham approach and also due to the size of the
respedive reference blocks.

V. CONCLUSIONS

We have presented a DSP core for low power
implementation of FIR filters. The wre is charaderised
by processng coefficients in a non-conventional order
with the dm of reducing the dfedive switched
cgpadtance within the multiplier circuit. Until now
reseachers in the literature have studied the dfed of
ordering coefficients focusing on the multiplier without
considering the overall core. In this paper we have
designed a number of cores based on the ordered
coefficients demonstrating an overall power reduction of
up to 1. It is aso shown that the overall reduction in
power depends on the filter charaderistics and the
multi pli er type used in the implementation.

Table 2: Power consumption analysisfor FIR cores

Filter Algorithm <A wall
[mW] [%] [mW] [%]
BPE 1 Norm 9.21 - 9.10 -
- Ham 8.46 8 7.54 17
BPE 2 Norm 10.10 - 8.97 -
- Ham 8.49 16 7.57 16
Table 3: Area comparisonsfor FIR cores
csa wall
Filter Algorithm
’ (1] [9%] [u] [9%]
Norm 9093 - 9215 -
BPF_1
Ham 9306 2 9428 2
Norm 9579 - 9701 -
BPF 2
Ham 9672 1 9794 1

u represents equivalant NAND gates
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Figure 2. Distribution of area ad power for the Ham based FIR filter core.
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