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Abstract - Non-recursie carry-save-adder-bagstructue for CIC (cascaded-integrator-combecimatian fil-

ters are propose in this paper The main advantag of the propose structueis tha it can achieve more higher
spee than Hogenaues CIC filters since the critical pah has been reducel to 1-bit full-adde delay between
pipeline registes by breakirg up the recursive loop in the Hogenauess CIC filters. This also implies tha the
decimatian ratio, filter order and numbe of input bits will not affed the circuitry speedTo demonstrat the fea-
sibility of the proposd structure a 3rd-orde CIC decimatim filter with a decimatio facta of 8 has been
designd usinga 0.6 um 3.3 V CMOS technolog and asamplirg rate of 380 MHz has been achievel from the

simulated results.
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1 Introduction

In digital radio receives digitizing IF signak at the
highes frequencis is preferrel due to the mary ad-
vantags of digital technology In wide-bam commu-
nicatiors signd bandwidh has increasd to ters of
MHz. Oversamplig frequeny will increag to hun-
dreds of MHz due to the wide bandwidh of input an-
alog signak [10]. High speeal decimatin filters are
required.

For VLSI implementatios of multistage decimators
[11][12][13][14][15], acomputational} efficient first
stage is provided by Hogenaues CIC filter [6][8]
with following transfer function:

d\‘ 1_9‘
H() = %E = Dz 0 1)
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where N is the decimatia factar ard k indicates the
filter order A 250 Msample/se cascade integrator-
comb (CIC) decimatian filter has been fabricatel in a
triple-metd 0.8 um CMOS proces [2]. To sped up
the circuit, carry-sae addes were utilized to imple-
mert the recursiw integrators However the critical
path can only be reducel to two carry-sae adde de-

To next stage

From preious stage

Fig. 1. Carry-ave implementation of the recivs integrat-
or stages in Ref. [2].

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

To further spee up the CIC filter, a non-recursive
carry-save-adder-bagetructue for CIC (cascaded-
integrator-comp decimatio filters are proposé in
this paper.

2 Non-Recursive Architecture
Usually, the decimatia factar is chosaé to be M-th
power-of- two. Then refer to (1), we have:
N-1 K EBM—l d‘ M-1 )
H(z) = Bz z_IE = Dz _ID = |_| O+z D
=0 D D'
By applying the commutan\e ruIe, the non-recursive
structue isresulted shown in Fig. 2. The switchesin
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the figure indicate the reduction in the sampling rates X(1)
by a factor of 2. Every stage has the same low-order —p|(1 + )" (1 + zY)* —— --|(1 +ZY)*
FIR filter but with a different sampling rate. The 2 2
input x(n) has a word lengthV, of m bits. The word Stage 1 Stage 2 ... Stage M
length increases through every stagekthits but the
word rate (sampling rate) decreases through every
stage by a factor of 2 starting from the oversampling
ratef . The observations are summarized in Table 1.
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Fig. 2 The non-recursive structure for CIC filters
Table 1: Sampling rate and word length of the staigeFig. 2 (
=12,..M
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Pipeline Registers

Sampling rate fol 27 fos! 2
Word length ke - 1) e Fig. 3 Realization of1+z1)* with pipeline registers.
From Table 1 it's seen that frequency limitation is x(n) S S, S

relaxed in the non-recursive architecture. The word _>(1+z-1):(1+z1) _>: : :(1+z'1)I
length is short when the sampling rate is high; and C, C, C,
when the word length increases the sampling rate @ o
decreases. At this moment, the filter speed is only gg’gei';?grs
limited by the first stage which only has a maximum S — / \
word length ofm + k bits. It means that decimation c
factor will have no impact on the circuit speed in the N'E S
non-recursive structure. On the other hand, reducing C,

the sampling rates as early as possible helps to reduce ©

the workload and thus the pO_W‘eF consu'mptlon. Fig. 4. Carry-save implementation of first stage (a) Block
To speed up each stage, pipeline registers has beegjagram of the first stage (t+z?) computational element

inserted between th@+z') computational elements  with carry-save adders.

to break up the long adder chain which is shown in

Fig. 3. consists of j+1 1-bit full-adder. A1[j:0], A2[j:0 and
A3[j:0] are the three bus inputs. SJ[j:0] and CJ[j:0] are
3 Carry-save Implementation output sum vector and carry vector respectively. The

Since the first stage dominates the speed of the comigary-save adder perform the function (Al + A2 + A3
filters, carry-save arithmetic is used to facilitate high- = S * C). Note that C[0] is directly connect with the
speed operation. Fig. 4(a) is a block diagram of the Carry input of the carry-save adder, and that the carry
first stage withk (1+2%) computational elements(n) output of the cqrry—sg}/e adder will not be used |r_1_th|s
is the input of the comb filtes, andC, are the output ~ PaPer- From Fig. 5 it's clearly seen that the critical
. " path in a carry-save adder is a 1-bit full-adder delay.
sum and carry vectors of the fir(i+z") computa- It implies that the speed of a carry-save adder has no
tional element§< andC, are t_he output sum and carry relation with its internal word length. Hence we con-
vectors of the first stage. Fig. 4(b) shows the compu-¢|,de that by employing the non-recursive structure,
tational elemen¢1+z") in detail with two carry-save  carry-save adder and pipeline technique, the critical
adders. By adding pipeline between the two carry- path has been reduced to 1-bit full-adder delay
save adderS, the critical path is reduced to a 3'inputbetween pipe"ne registers by breaking up the recur-
carry-save adder delay. sive loop in the Hogenauer's CIC filters. This also

Fig. 5 shows a block diagram of a 3-input carry- implies that the decimation ratio, filter order and
save adder with a word length of j+1 bits. The adder humber of input bits will not affect the circuitry



speed. Stagel Stage?2 Stage3
At the output of the final stage (i.e. staly®, a full- A ~ - - out
) . ' 1+7 1+7 1+7 Full-addet—p
adder will be utilized to add sum and carry vectors W) A2y Az ) ) Pulladde
together at a frequency @f/N to get the final output
of the CIC filters.

CLK_1 |CLK 2 |CLK 3 |CLK 4

. —> Clock Generator —>
4 Design and Results CLK CLK O
To demonstrate the feasibility of this proposed struc- Fig. 6 Block diagram of the filter core.

ture, a 3rd-order comb filter with decimation factor
16 and 1-bit input has been designed in a6 3.3 CLk JUuUUiuuurUuyL

V CMOS process. Fig. 6 is the block diagram of the cLk 1 LML UL
filter core. A is the 1-bit input. CLK is the input clock clk2 [ 1T 1M I ririr

signal. Since decimation factor is 8, three stages are —
used to perform (1+)® function. The full-adder CLK_3 I
block is used to add the sum vector and carryvector CLK 4 [ 1 [
together to get the final 10-bit output. Clock genera- CLK_O
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 gyt clock rate.
signals are shown in Fig. 7. CLK_1 is directly  Fig 9 is the chip layout of the filter. It was
derived from CLK by a clock buffer which has large - gesigned using the COMPSS EDA tools. Datapath
driving ability. Then we use frequency divider 10 complier is utilized to generate the standard-cell
generate other clock signals. Note that to avoid tim- peyjists of all computational blocks. In layout design,
ing problem, clock buffers should be carefully the core area is splitted into 7 standard-cell areas to
inserted between the clock generator and the compugnsyre the row length of each standard-cell area is
tational blocks. o within 517\ (herex = 0.3um , SG17A = 155um ) for
For testing purpose, a frequency-multiplier is used high-speed operation. Two pairs of power pads are
to increase the low frequency input clock to high fre- specially used to supply power to internal core area.
quency clock and a PN-generator is included on-chip 5 ar power pads supply power to the I/O pads. The
to provide high-speed inputs to the filter core (Fig. 8). chin contains 11470 transistors in a core area of 2.0
The filter's output bits will be examined using an mm? The simulated highest sampling rate is 380

osllosope or & o analyerand compate 0 P, s poerdispaton 5216 1. e s
putp 9 9 - "€ marize the chip data in Table 2.

input clock frequency will be increased until the out-
put bit pattern fail, which occurred at the highest

Fig. 7 Clock signals generated by the clock generator.

Table 2. Chip data of the non-recursive CIC filter.
Process 0.6um 3.3 V CMOS

S[] Cout S[0] C[1] C[o] Chip Size 8.3 mnt
4 4 res 4 4 4 Core Size 2.0 mnt
' ' Number of Transistors 11470
S Cout S Cout : Highest Sampling Rate 380 MHz
' Power C t
1-bit full-adder | *** | 1-bit full-adder Owsr Consumplion 215 mW (at 330 MH2)
a_b cn a2 B Gnl 5 Conclusions
Cin . .
T In this paper a non-recursive carry-save-adder-

based structure for CIC (cascaded-integrator-comb)
decimation filters are proposed. The advantages of
Fig. 5 Block diagram of a carry-save adder. this structure are: 1) by breaking up the recursive

A3[] A2[] AL[j] A3[0] A2[0] A1[0] Cin



References:

A § ouT [1] J. C. Candy and G. C. TemeSversampling Delta-Sigma
%_ - Filter Cord—> Data Converters: Theory, Design and SimulatidEEE
= Press, 1992.
CLK_H_’ PN-generator— § [2] A. Kwentus, O. Lee, and A. N. Willson, Jr., “A 250 Msam-
T ple/sec programmable cascaded integrator-comb decimation
TEST filter,” in Proc. VLSI Signal ProcessingX, pp. 231-240,

Oct.-Nov. 1996.

[3] Kei-Yong Khoo, Zhan Yu and Alan N. willson, Jr., “Efficient
High-Speed CIC Decimation Filter,” iRroc. 11th Annual
IEEE International ASIC Conferengpp. 251-254, Sep. 13-
16, 1998, USA.

[4] Yonhhong Gao, Lihong Jia, Jouni Isoaho and Hunnu Ten-
hunen, “A comparison design of comb decimators for delta-
sigma ADC,” Proc. of IEEE Norchip’98, Nov.10-12, 1998,
Sweden.

[5] Nianxiong Tan,Switched-Current Design and Implementa-
tion of Oversampling A/d Convertergluwer International
Series in Engineering and Computer Science, 1997.

[6] E. Dijkstra, O. Nys, C. Piguet and M. Degrauwe, “On the use
of modulo arithmetic comb filters in sigma delta modula-
tors,” IEEE Proc. ICASSP’88p.2001-2004, April 1988.

[7]1S.Chu and C. S. Burrus, “Multirate filter designs using comb
filters,” IEEE Trans. Circuits and Sysvol. CAS-31, pp.
913-924, Nov. 1984.

[8] T. Saraméki and H. Tenhunen, “Efficient VLSI-realizable
decimators for sigma-delta analog-to-digital converters,”

B IEEE Proc. ISCAS’88pp. 1525-1528, June 1988.
Fig. 9 Test chip layout of the filter. [9] R. E. Crochiere and L. R. Rabind{ultirate Digital Signal

; ) - ProcessingPrentice-Hall, Inc., 1983.
loop in the Hogenauer's CIC filters, the proposed |, 5o JE Raghavan G, Cosand-AE and Walden-RH, A

structure (fan aCh_|eve more hlghe_r_ speed than 3.2-GHz second-order delta-sigma modulator implemented
Hogenauer’s CIC filters since the critical path has in InP HBT technology,lEEE Journal of Solid State Cir-

been reduced to 1-bit full-adder delay between pipe- cuits, vol.30, no.10, Oct. 1995, pp. 1119-27.
line registers, which also implies that the decimation [11] Brian P. Brandt and Bruce A. Wooley, “A low-power, area-
ratio, filter order and number of input bits will not efficient digital filter for decimation and interpolation,”

Fig. 8 Test structure of the filter.

IEEE Journal of Solid-State Circuitd/ol. 29, No. 6, pp.

affect the circuitry speed; 2) each stage in the non- 679-687, June 1994.
recursive architecture is a simple FIR filter which can [12] Tapio saramaki, Hilkka Paloméki, and Hannu Tenhunen,
be easily realized into silicon without stability prob- “Multiplier-free decimators with efficient VLS| implemen-

lems; 3) low power consumption due to the fact that tation for sigma-delta A/D converters,” Robert W. Brod-
the sampling rate through each stage is reduced by a  érsen and Howard S. Moscovitz (EdsYLSI Signal

T _ Processing Il IEEE Press, pp. 523-534, 1988.
factor of 2. To demonstrate the feasibility of the pro [13] Tapio Saraméki, Teppo Karema, Tapani Ritoniemi, and Han-

p‘?sed strl_Jcture, a 3rd-order CIC demm_atlon flthr nu Tenhunen, “Multiplier-free decimator algorithms for su-
with a decimation factor of 8 has been designed using perresolution oversampled converters|EEE  Proc.
a 0.6 um 3.3 V CMOS technology and contains ISCAS'90 pp. 3275-3278, May 1990.

[14] Teppo Karema, Tapani Ritoniemi, and Hannu Tenhunen,
“An oversampled sigma-delta A/D converter circuit using
two-stage fourth order modulatorlEEE Proc. ISCAS’90

11470 transistors in a core area of 2.0 tnithe sim-
ulated highest sampling rate is 380 MHz and the

power dissipation is 215 mW. pp. 3279-3282, May 1990.
[15] T. Karema, T. Husu, and H. Tenhunen, “A filter processor for
Acknow|edg ments interpolation and decimation,” iRroc. of IEEE Custom In-

. . . tegrated Circuit Conferen¢c@oston, USA, May 1992.
This work is financially supported by SSF (Founda- 9 ¢ Y

tion for Strategic Research in Sweden).



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

