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Abstract: - Non-recursive carry-save-adder-based structure for CIC (cascaded-integrator-comb) decimation fil-
ters are proposed in this paper. The main advantage of the proposed structure is that it can achieve more higher
speed than Hogenauer’s CIC filters since the critical path has been reduced to 1-bit full-adder delay between
pipeline registers by breaking up the recursive loop in the Hogenauer’s CIC filters. This also implies that the
decimation ratio, filter order and number of input bitswil l not affect thecircuitry speed. To demonstrate the fea-
sibility of the proposed structure, a 3rd-order CIC decimation filter with a decimation factor of 8 has been
designed using a 0.6 µm 3.3 V CMOS technology and asampling rate of 380 MHz has been achieved from the
simulated results.
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1 Introduction
In digital radio receivers digitizing IF signals at the
highest frequencies is preferred due to the many ad-
vantagesof digital technology. In wide-band commu-
nications signal bandwidth has increased to tens of
MHz. Oversampling frequency wil l increase to hun-
dreds of MHz due to the wide bandwidth of input an-
alog signals [10]. High speed decimation filters are
required.

For VLSI implementationsof multistagedecimators
[11][12][13][14][15], acomputationally efficient first
stage is provided by Hogenauer’s CIC filter [6][8]
with following transfer function:

where N is the decimation factor and k indicates the
filter order. A 250 Msample/sec cascaded integrator-
comb (CIC) decimation filter has been fabricated in a
triple-metal 0.8 µm CMOS process [2]. To speed up
the circuit, carry-save adders were utilized to imple-
ment the recursive integrators. However, the critical
path can only be reduced to two carry-save adder de-

lays between pipeline registers due to the recursive
loop, shown in Fig. 1 [2].

To further speed up the CIC filter, a non-recursive
carry-save-adder-based structure for CIC (cascaded-
integrator-comb) decimation filters are proposed in
this paper.

2 Non-Recursive Architecture
Usually, the decimation factor is chosen to be M-th
power-of- two. Then refer to (1), we have:

By applying the commutative rule, the non-recursive
structure is resulted, shown in Fig. 2. The switches in
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Fig. 1. Carry-save implementation of the recursive integrat-
or stages in Ref. [2].
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the figure indicate the reduction in the sampling rates
by a factor of 2. Every stage has the same low-order
FIR filter but with a different sampling rate. The
input x(n) has a word lengthWd of m bits. The word
length increases through every stage byk bits but the
word rate (sampling rate) decreases through every
stage by a factor of 2 starting from the oversampling
ratefos. The observations are summarized in Table 1.

From Table 1 it’s seen that frequency limitation is
relaxed in the non-recursive architecture. The word
length is short when the sampling rate is high; and
when the word length increases the sampling rate
decreases. At this moment, the filter speed is only
limited by the first stage which only has a maximum
word length ofm + k bits. It means that decimation
factor will have no impact on the circuit speed in the
non-recursive structure. On the other hand, reducing
the sampling rates as early as possible helps to reduce
the workload and thus the power consumption.

To speed up each stage, pipeline registers has been
inserted between the(1+z-1) computational elements
to break up the long adder chain which is shown in
Fig. 3.

3 Carry-save Implementation
Since the first stage dominates the speed of the comb
filters, carry-save arithmetic is used to facilitate high-
speed operation. Fig. 4(a) is a block diagram of the
first stage withk (1+z-1) computational elements.x(n)
is the input of the comb filter.S1 andC1 are the output

sum and carry vectors of the first(1+z-1) computa-
tional element.Sk andCk are the output sum and carry
vectors of the first stage. Fig. 4(b) shows the compu-
tational element(1+z-1) in detail with two carry-save
adders. By adding pipeline between the two carry-
save adders, the critical path is reduced to a 3-input
carry-save adder delay.

Fig. 5 shows a block diagram of a 3-input carry-
save adder with a word length of j+1 bits. The adder

consists of j+1 1-bit full-adder. A1[j:0], A2[j:0 and
A3[j:0] are the three bus inputs. S[j:0] and C[j:0] ar
output sum vector and carry vector respectively. T
carry-save adder perform the function (A1 + A2 + A
= S + C). Note that C[0] is directly connect with the
carry input of the carry-save adder, and that the ca
output of the carry-save adder will not be used in th
paper. From Fig. 5 it’s clearly seen that the critica
path in a carry-save adder is a 1-bit full-adder dela
It implies that the speed of a carry-save adder has
relation with its internal word length. Hence we con
clude that by employing the non-recursive structur
carry-save adder and pipeline technique, the critic
path has been reduced to 1-bit full-adder del
between pipeline registers by breaking up the rec
sive loop in the Hogenauer’s CIC filters. This als
implies that the decimation ratio, filter order an
number of input bits will not affect the circuitry

Table 1: Sampling rate and word length of the stagei in Fig. 2 (i
= 1, 2,...,M).

Input Output

Sampling rate fos / 2
i-1 fos / 2

i

Word length m+k*(i - 1) m+k*i

(1 + z-1)k (1 + z-1)k (1 + z-1)k
x(n) y(n)

Stage 1 Stage 2 Stage M

2 2 2

...

Fig. 2 The non-recursive structure for CIC filters
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Fig. 3 Realization of(1+z-1)k with pipeline registers.
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speed.
At the output of the final stage (i.e. stageM), a full-

adder will be utilized to add sum and carry vectors
together at a frequency offos/N to get the final output
of the CIC filters.

4 Design and Results
To demonstrate the feasibility of this proposed struc-
ture, a 3rd-order comb filter with decimation factor
16 and 1-bit input has been designed in a 0.6µm 3.3
V CMOS process. Fig. 6 is the block diagram of the
filter core. A is the 1-bit input. CLK is the input clock
signal. Since decimation factor is 8, three stages are
used to perform (1+z-1)3 function. The full-adder
block is used to add the sum vector and carry vector
together to get the final 10-bit output. Clock genera-
tor generates different frequency clock signals for
stage 1, stage 2, stage 3 and the full-adder block (with
pipeline registers at its input and output). All clock
signals are shown in Fig. 7. CLK_1 is directly
derived from CLK by a clock buffer which has large
driving ability. Then we use frequency divider to
generate other clock signals. Note that to avoid tim-
ing problem, clock buffers should be carefully
inserted between the clock generator and the compu-
tational blocks.

For testing purpose, a frequency-multiplier is used
to increase the low frequency input clock to high fre-
quency clock and a PN-generator is included on-chip
to provide high-speed inputs to the filter core (Fig. 8).
The filter’s output bits will be examined using an
oscilloscope or a logic analyser and compare to the
known output pattern for the given PN sequence. The
input clock frequency will be increased until the out-
put bit pattern fail, which occurred at the highest

input clock rate.
Fig. 9 is the chip layout of the filter. It was

designed using the COMPSS EDA tools. Datapa
complier is utilized to generate the standard-ce
netlists of all computational blocks. In layout design
the core area is splitted into 7 standard-cell areas
ensure the row length of each standard-cell area
within 517 (here , so ) for
high-speed operation. Two pairs of power pads a
specially used to supply power to internal core are
Other power pads supply power to the I/O pads. T
chip contains 11470 transistors in a core area of 2
mm2. The simulated highest sampling rate is 38
MHz and the power dissipation is 215 mW. We sum
marize the chip data in Table 2.

5 Conclusions
In this paper a non-recursive carry-save-adde

based structure for CIC (cascaded-integrator-com
decimation filters are proposed. The advantages
this structure are: 1) by breaking up the recursiv

1-bit full-adder
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Fig. 5 Block diagram of a carry-save adder.
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Fig. 6 Block diagram of the filter core.
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Fig. 7 Clock signals generated by the clock generator.

λ λ 0.3µm= 517λ 155µm=

Process

Chip Size

Core Size

Highest Sampling Rate

Power Consumption

0.6µm 3.3 V CMOS

8.3 mm2

2.0 mm2

380 MHz

215 mW (at 380 MHz)

11470

Table 2. Chip data of the non-recursive CIC filter.

Number of Transistors
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loop in the Hogenauer’s CIC filters, the proposed
structure can achieve more higher speed than
Hogenauer’s CIC filters since the critical path has
been reduced to 1-bit full-adder delay between pipe-
line registers, which also implies that the decimation
ratio, filter order and number of input bits will not
affect the circuitry speed; 2) each stage in the non-
recursive architecture is a simple FIR filter which can
be easily realized into silicon without stability prob-
lems; 3) low power consumption due to the fact that
the sampling rate through each stage is reduced by a
factor of 2. To demonstrate the feasibility of the pro-
posed structure, a 3rd-order CIC decimation filter
with a decimation factor of 8 has been designed using
a 0.6 µm 3.3 V CMOS technology and contains
11470 transistors in a core area of 2.0 mm2. The sim-
ulated highest sampling rate is 380 MHz and the
power dissipation is 215 mW.
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Fig. 8 Test structure of the filter.
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Fig. 9 Test chip layout of the filter.
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