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ABSTRACT

Current research on radio frequency transceivers
focuses on multi-standard architectures to attain
higher system capacities and data rates. Multiple
communication standards are made adaptable by per-
forming channel select filtering on chip at baseband
in digital domain. The computationally intensive
decimation filter in a sigma-delta analog-to-digital
converter plays an important role in channel selec-
tion for multi-mode systems. As these architectures
are targeted for portable applications, an area and
power efficient reconfigurable implementation is an
implicit requirement. To this end, a multi-stage, pro-
grammable decimation filter based on residue num-
ber system (RNS) that is adaptable for WCDMA
and WLAN standards is presented in this research.
Multi-stage decimation filter implementation offers
low computational complexity and power dissipation.
The FIR filters of the multi-stage decimator operat-
ing in RNS domain offers high data rate because of
the carry free operations on smaller residues in par-
allel channels. Further power saving is achieved by
reconfiguring the hardware architecture, and power-
ing down the unused blocks in each mode of opera-
tion. For increased programmability modulo multi-
plication is performed by index addition utilizing the
arithmetic benefits associated with Galois field. Fi-
nally, a performance comparison of the proposed RNS
based decimation filter with traditional binary imple-
mentation is done in terms of area, critical path delay
and power dissipation.

Keywords:  multi-standard transceivers, sigma-
delta ADC, decimation filter, residue number system,
index addition

1. INTRODUCTION

The demand for higher system capacities and data
rates led to the rapid development of wireless commu-
nication systems that allow coexistence of multiple
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standards. Reduction in cost and power in the im-
plementation of multi-standard wireless transceivers
is drawing market and research interest. Multi-
standard operation is achieved by using a receiver ar-
chitecture that performs channel selection on chip at
baseband. The adaptability to different communica-
tion standards is achieved by processing the received
signals in digital domain. Sigma-delta analog-to-
digital converters (SD-ADCs) are widely used in wire-
less systems because of their superior linearity, ro-
bustness to circuit imperfections, inherent resolution-
bandwidth trade off and increased programmabil-
ity in digital domain [1]. The SD-ADC consists
of a sigma-delta modulator and a decimation filter.
The sigma-delta modulator is based on over-sampling
technique to achieve high resolution. It shapes the
noise spectrum so that most of the noise energy
is pushed to the high frequency end. This allows
noise suppression at low frequencies and provides high
signal-to-noise ratio (SNR) in the signal band. The
decimation filter removes the out-of-band quantiza-
tion noise as well as the blocking and interference
signals. Also it reduces the sampling rate from over-
sampled frequency of the modulator to the Nyquist
rate of the channel. A programmable decimation fil-
ter is required in multi-standard transceiver to adapt
to the channel bandwidths, sampling rates, carrier to
noise (C/N) ratio, and blocking and interference pro-
files needed for different communication standards [2].

Several researchers have addressed the design is-
sues of decimation filters for multi-standard wireless
transceivers. A fifth order comb decimation filter
with programmable decimation ratios and sampling
rates for GSM and DECT standards is presented in
[3]. The design and implementation of digital filter
processors that can be used as downsamplers in wire-
less transceivers is detailed in [4]. A low complex-
ity decimation filter architecture is presented in [5]
by using infinite impulse response (IIR) filters im-
plemented by all-pass sum that avoids multiplica-
tions. A low-power high linearity variable gain am-
plifier (VGA) embedded in a multi-standard receiver
that meets the standard requirements is reported in
[6]. Decimation filter design for GSM, WCDMA,
802.11a, 802.11b, 802.11g and WiMAX standards are
given in [7]. A decimation filter structure based on
cascaded integrator comb (CIC) filters and polyno-
mial interpolation filters to perform fractional sam-
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ple rate conversion is presented in [8]. A digital
IF down-converter with quadrature sampling based
on polyphase filter, high rate CIC filter and inter-
polation filters, and compatible with WCDMA and
EDGE is demonstrated in [9]. Multi-rate digital fil-
ters and fractional frequency conversion techniques
are adopted to implement the front end of a dual-
mode receiver for WCDMA /cdma2000 in [10]. A fast
RNS field programmable logic (FPL) based commu-
nication receiver design and implementation is pre-
sented in [11].

In the previous work [12], the authors have inves-
tigated the FIR design in RNS and traditional tech-
niques. The critical path delay and area requirement
for implementing filters of different orders are ana-
lyzed in this work. The speed-up and area reduction
of RNS implementation is utilized in the proposed
programmable decimation filter. In addition, the pre-
liminary section is improved by eliminating the for-
ward converter as the front end of the proposed ar-
chitecture is a sigma-delta ADC. This reduces the
area about 10% compared to a traditional RNS fil-
ter. Also, the modulo multiplication is performed
by index calculus approach to achieve increased pro-
grammability required for a multi-mode operation.

The principle contribution of this paper is the de-
sign and implementation of a programmable RNS
based multi-stage decimation filter for dual-mode
WCDMA and WLAN receiver. This technique differs
fundamentally from the implementation proposed by
[11] in two critical issues. Firstly, this technique ad-
dresses the problem of multi-standard decimation fil-
tering. Secondly, and more importantly, since the im-
plementation is multi-rate, the subsequent filters op-
erate at lower sampling rates. The filter specifications
of individual filters are relaxed to reduce the filter or-
der while the multi-stage structure meets the overall
decimator specifications. Thus it reduces power con-
sumption compared to a single stage implementation
given in [11]. Furthermore, the forward converter is
eliminated in the proposed architecture by suitably
selecting the moduli set.

The rest of the paper is organized as follows:
Section 2 gives the RNS basics, modulo multipli-
cation by index arithmetic and the general RNS
FIR filter architecture. Section 3 describes the re-
ceiver architecture and sigma-delta modulator suit-
able for multi-standard operation. Section 4 presents
the RNS based programmable multistage decima-
tion filter structure with design specification for
WCDMA /WLAN standards. Section 5 demonstrates
the simulation results obtained for dual-mode deci-
mation filter. The area requirement and critical path
delay are tabulated, and is compared with the tradi-
tional FIR filter implementation. Finally, Section 6
gives the conclusion.

(1?1,$27 cee

2. BACKGROUND
2.1 RNS Basics

RNS is defined by a set of ‘r’ relatively prime in-
tegers (mjp, mg,..., m,) which are called the moduli.
Any integer ‘X’ in the interval of [0, M) can be rep-
resented as a set of ‘v’ residues (x1, Xa,.. ., X;), where
xi = X mod mi and M = II/_;m;. ‘M’ is defined
as the dynamic range of the number system. Nega-
tive numbers can be represented by partitioning the
dynamic range into two sets. A common assignment
is that all numbers X, 0 < X < (M/2)-1 are consid-
ered positive and the rest are considered as negative.
In RNS, arithmetic operations are computed by the
formula:

T )OOy, Y2, - yr) = (21,22, -5 20) (1)
where z; = |2;0y;|m, and O denotes one of the
operations of addition, subtraction or multiplication
[13]. Thus arithmetic operations on residues can be
performed in parallel without any carry propagation
among the residue digits. However, before performing
any operations on residues the number is converted
from binary to residue by performing modulo oper-
ations with respect to each modulus in the moduli
set. The process of translating a binary integer X, in
the range 0 to M-1, to the residue representation (xi,
Xa,..., X;) with respect to a relatively prime mod-
uli set (my, mo,..., m,) is called forward conversion.
Getting back to the weighted representation of ‘X’
from a given residue representation is referred to as
reverse conversion.

The reverse conversion can be done using Mixed
Radix Conversion (MRC) and Chinese Remainder
Theorem (CRT). MRC is usually used for sign deter-
mination, magnitude comparison and overflow detec-
tion while CRT is more adapted for generation of bi-
nary number directly from its residue. CRT is based
on the general formula:

X =

~ M
,where M; = — and a; =
(2)
CRT implementation presented in [14]
ROMs to store the precomputed values

T
E aimiMi
i=1

M

The
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CRT implementation to a summation of ‘r’ values
followed by modulo correction with ‘M’ using carry
save adder stages and a final carry propagate adder.
The overall hardware including the size of ROM stage
used in the design is further reduced in [15]. This is
achieved by selecting one of the moduli of the form
2n for the direct availability of the least significant
‘n’ bits of the binary number.

each being indexed by xz;. This reduces
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2.2 RNS Multiplier using Index Calculus

An algebraic field with finite number of elements
is called a finite field or Galois field. There are two
types of Galois fields: prime fields GF'(,,) and poly-
nomial fields GF'(,m), where p is a prime number
and m is any positive integer. It has the property
that all non-zero elements of the field can be gener-
ated by non-negative integer powers of certain ele-
ments, say ¢, called primitive roots. This property
is exploited to perform multiplication over GF(},) us-
ing the isomorphism between a multiplicative group
{gn} ={1,2,...,p — 1}, with multiplication modulo
p, and the additive group {i,} = {0,1,...,p — 2},
with addition modulo (p — 1) [16]. The relatively
prime moduli in an arbitrary moduli set take any of
the three forms p, 2™, and p™, or a value with any of
these as a factor, where p is prime and m is a positive
integer. Number theoretic approach shows that the
groups formed by p, 2", and pm integer elements fall
into the category of Galois field GF(p), and integer
rings Z,™ and Z,”. For prime modulus the normal
index mapping in GF(p) is done as ¢, = ’gi" . Mul-
tiplication of two numbers ¢; and g is performed by
adding their indices i; and i, modulo (p — 1), and
then by doing the inverse index operation. Hence by
index calculus approach, the product is represented
as

— g\ij+ik|,,_1 (3)

The elements of the integer ring Z2m are repre-
sented by a triplet index code < «, 3,7 > as detailed
in [17, 18]. Any integer X € {1,2,...,2™ — 1} can
be coded using the triplet index set as

|(Ij(Ik|p

X =2%|5°(-1)7],,. (4)

wherea € {0,1,...,m—1},8 € {0,1,...,(2m 22—
1)} and v € {0,1}. Multiplication of two integers
X1 and X5 is carried out as follows: X1, Xo € Zom
where X1 # 0, Xo # 0, X; = 24 [5%(—1)n
and X, = 22 [5%2(—1)%2| .
given by

2’"L
Then the product is

|)(1)(2‘2m — gaitaz ‘5ﬂ1+52(_1)’71+’72

gn (5)

The index addition is performed with the following
constraints: 3, and 3, are added modulo 22, v;
and v, are added modulo 2, and «; and a9 are added
in normal binary mode. When the sum of ‘o’ indices
is equal to (m — 1) the corresponding ‘3’ and ‘v are
made ‘zero’; and when the sum exceeds (m — 1), the
final product is made ‘zero’.

Similarly, the elements of the integer ring Z,™,
where p is odd, are represented by an index pair <
a, B > [17, 18] and any integer X is represented by
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X = |9’

(6)

where ¢ is the primitive root of p. The mod-
ulo multiplication of X; and X5 in this finite field
is carried out as follows: X;,Xo € Z,m where
X1 # 0,Xy # 0,X; [gp™] , and X3 |g*2p™|
Then the product is given by

m

pm

|X1X2|pm _ |ga1+a2pﬁ1+ﬁ2| (7)

The index additions are performed subject to the
following constraints: «; and «ao are added modulo
d(p™), where ¢(p™) = (p — 1)p™~" , and f; and S,
are added in normal binary mode. When the sum of
‘3’ indices exceeds (m — 1), the final product is made
‘zero’.

pm

2.3 RNS FIR Filter Architecture

An FIR filter is described by (8), where X (n) is
the input to the filter, H(k) represents the filter co-
efficients, N is the order of the filter and Y (n) is the
output from the filter.

N
Y(n)=>_ H(k)X(n-k) (8)
k

=0

For a very large N, filters implemented in tradi-
tional binary weighted number system suffer from the
disadvantages of carry propagation delay in binary
adders and multipliers. In high data rate wireless sys-
tems such as WCDMA and WLAN, large number of
multiplications and additions must be executed dur-
ing a short sample interval. This will be seriously
limited by the speed of the filter.

In RNS a large integer is broken into smaller
residues which are independent of each other. Each
residue digit is processed in parallel without carry
propagation from one to another. This leads to sig-
nificant speed up of multiply and accumulate (MAC)
operations which in turn results in high data rate for
RNS based FIR filters [12, 19]. Fig. 1 shows the gen-
eral block diagram of RNS based FIR filter. For the
moduli set (mq,ma,...,m;), there will be ‘r’ paral-
lel filter channels, which process the signals from the
forward converter. The forward converter is shown in
dotted lines as it is not used in the proposed design
by suitably selecting the moduli set. Finally, the re-
verse converter combines the signals from all parallel
channels and puts the output in binary form.

3. RECEIVER ARCHITECTURE FOR MULTI-

STANDARD OPERATION

Multi-standard operation is achieved by perform-
ing channel select filtering on chip at baseband [20].
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Fig.1: RNS based FIR filter

The baseband channel selection is performed in dig-
ital domain. This allows programmability to adapt
to the channel bandwidths, sampling rates, carrier to
noise (C/N) ratio, and blocking and interference pro-
files needed for multiple communication standards.
The direct conversion homodyne receiver architec-
ture shown in Fig. 2 is suitable for high integration
and multi-standard operation [2]. This is capable for
multi-standard operations because channel select fil-
tering is done at baseband. The noise and DC off-
set created at the output of the mixer are to be re-
duced to achieve adequate dynamic range. A wide-
band high dynamic range sigma-delta (> A) modu-
lator is used to digitize both the desired signal and
potentially stronger adjacent channel interferers. A
highly linear > A modulator for multi-standard op-
eration that can achieve high resolution over a wide
variety of bandwidth requirements remains challeng-
ing. A reconfigurable ADC [21, 22] is a promising
solution to keep the power dissipation as low as pos-
sible.

Multi-stage noise shaping (MASH) structures can
be adopted for Y A modulator considering the sta-
bility and reconfigurability. The theoretical dynamic
range has been used in conjunction with the imple-
mentation attributes to choose the optimal topol-
ogy for different RF standards. The dynamic range,
DR[1] of a Y A modulator is given by

32L+1
9 2L

where L is the order of the modulator, M is the
over-sampling ratio (OSR), and B is the number of
bits of the quantizer. For WCDMA and WLAN, the
dynamic range requirements are chosen as 79 dB and
69 dB respectively. In order to meet the DR require-
ment demanded by WCDMA, a fourth order cas-
caded MASH topology is sufficient with a single-bit
quantizer and an OSR of 16. A fifth order topol-
ogy is a good compromise to achieve the required
DR for WLAN, with a 4-bit quantizer and an OSR
of 8. Sigma-delta modulator is followed by a pro-
grammable decimation filter operating in the digi-
tal domain. The proposed work focuses on the de-
sign of programmable multistage decimation filter for
WCDMA /WLAN standards, which is highlighted in

DR = M2EFL (28— 1)2 (9)

Fig. 2.

a-delta Decimation
1l

ulator filter »

ADC

Sigma-delta Decimation
Modulator filter

Fig.2:
tecture

Direct conversion homodyne receiver archi-

4. DESIGN OF RNS BASED DECIMA-
TION FILTER PROGRAMMABLE FOR
WCDMA /WLAN

The specifications for WCDMA and WLAN stan-
dards and the corresponding decimation filter design
parameters are given in Table 1. In order to set the
parameters for decimation filter, the receiver spec-
ifications and the blocking and interference profiles
are defined first. The interference signals are to be
limited within a certain range for proper reception
of the desired signals. The decimation filter is gener-
ally designed to minimize the undesired signals in the
desired band of operation. The output C/N ratio is
calculated from the bit error rate (BER) of each stan-
dard and the modulation scheme used. The passband
frequency edge is taken as 80% of the bandwidth. The
passband ripples are chosen to minimize signal distor-
tions in the signal band. The stopband attenuations
are selected according to the interference profile and
C/N ratio for each standard.

The decimation filter consists of a lowpass filter
and a down-sampler. Decimator can be implemented
either by single stage or by multi-stage approach. Sin-
gle stage implementation of sampling rate converter
(SRC) requires excessively large filter order to meet
the specification. The power consumption of the fil-
ter depends on the number of taps as well as the rate
at which it operates. So computational complexity is
high for a single stage decimation filter, and it con-
sumes much power. This can be overcome by mul-
tistage approach. Implementing decimation filter in
several stages reduces the total number of filter co-
efficients. The filters operating at higher sampling
rates have larger transition bands, and the filters with
lower transition bands operate at reduced sampling
frequencies. Subsequently, the hardware complexity
and computational effort are reduced in multistage
approach. This will lead to low power consumption.
To prevent aliasing in the overall decimation process,
the individual filter of each stage is to be designed
within the frequency band of interest. The cutoff fre-
quency for the first stage can be less constraining.
But the final stage filter operating at lower sampling
rate is responsible for attaining the overall filter speci-
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fications. For stage ‘", passband is from 0 < F' < F,,
where Fj, is the passband edge. If F;_; and F; are
the input and output sampling frequencies for stage
‘’, and F, is the stopband edge, transition band for
stage ‘i’ is from Fy,. < F' < F; — F,. and stopband is
from (fwZ - Fsc) S F S (Fi_1/2).

Table 1: Standard specifications and design param-
eters for decimation filter

Specification WCDMA WLANa
Frequency range(GHz) | DL: 2.11-2.17 5.15-5.35
UL: 1.92-1.98
Channel Spacing 5 MHz 20 MHz
Data rate 3.84 Mchips/s | 12 Msymbols/s
OSR 16 8
Input sampling 61.44 MHz 96 MHz
frequency, Fs
Passband edge 2 MHz 8 MHz
Stopband edge 2.5 MHz 10 MHz
Offset frequency 5:-63 20 : -63
(MHz) : 10 : -56 40 : -47
Interference 12.5:-44
magnitude(dBm)
C/N ratio 7.2 dB 28 dB
Passband ripple 0.5 dB 0.5 dB
Stopband attenuation 55 dB 44 dB

The OSR is selected as 16 for WCDMA and 8
for WLAN to meet the DR requirements. Decima-
tion filter is implemented in 3 stages with decimation
factors of 4, 2 and 2 for WCDMA, and in 2 stages
with decimation factors of 4 and 2 for WLAN. Re-
mez Parks-McClellan optimal equiripple FIR filter is
chosen for implementation. The filter orders obtained
for WCDMA are 14, 11 and 37 for the first, second
and third stages respectively. For WLAN, filter or-
ders are 33 and 25 respectively. The block diagram
for programmable decimation filter is shown in Fig. 3,
where N1, N2 and N3 denote the filter orders in each
mode. The third filter is operating only in WCDMA
mode and is bypassed in WLAN mode. First 14 MAC
units of the first stage and first 11 MAC units of the
second stage are shared for both modes. The unused
hardware in each mode are bypassed to get power
saving.

The FIR filters used in all the three stages are im-
plemented in residue number system defined by the
moduli set (25, 29, 31, 37, 43, 47, 59, 64), which pro-
vides 43-bit dynamic range. A key point in the design
of RNS filter is the choice of proper moduli set. The
dynamic range required for RNS is decided based on
the values of filter coefficients and maximum possible
output from the filter. The filter coefficients are taken
with 14-bit accuracy. The first stage filter receives
maximum of 4-bits from sigma-delta modulator as
the input. The moduli set is selected to get sufficient
dynamic range such that there exists a unique repre-
sentation for each possible value of filter output. The
moduli set chosen for RNS affects both the represen-
tational efficiency and the complexity of arithmetic
algorithms. Since the magnitude of the largest mod-

ulus decides the speed of arithmetic operations, all
the remaining moduli can be chosen so that they are
comparable with the largest one. The proposed work
uses index transform based multipliers to reduce the
complexity of modular multipliers, which are ideally
suited for prime and powers of prime moduli [16]. In
the selected moduli set, the prime moduli include 29,
31, 37, 43, 47 and 59, and the powers of prime moduli
include 25 and 64. The modulus 64 is of the form 2n
so that including it in the moduli set simplifies the
reverse converter [15]. The modulo operations on mi
= 64, are easily implemented by normal binary oper-
ations limited to the least significant 5-bits. Moduli
of the form 2n-1 are also desirable as modulo addition
is easily performed by n-bit binary adder with end-
around carry [13]. As input to the filter has max-
imum of 4-bits and the moduli set consists of 5-bit
and 6-bit numbers, no forward converter is required
in the proposed filter. The reverse converter at the
last stage converts filtered outputs from parallel chan-
nels to binary form. A filter channel corresponding
to modulus 'mi’ of the first stage is shown in Fig. 4,
where and represent modulo multiplication and addi-
tion respectively. A demultiplexer is used at the input
to load filter coefficients sequentially for each mode
or to distribute input through the register chain as
shown in Fig. 4. The filter structure is made recon-
figurable for WCDMA /WLAN using switch 'S’ and
multiplexer, leading to power saving. In each stage,
the outputs from multipliers are combined using mod-
ulo adder trees. The filtered output corresponding to
each mode is selected using a multiplexer.

Modulo multiplication is performed by index cal-
culus. In the selected moduli set of (25, 29, 31, 37,
43, 47, 59, 64), the moduli 29, 31, 37, 43, 47 and 59
are prime numbers and performs multiplication by in-
dex addition in the corresponding Galois field GF(p).
The primitive roots used for generating the Galois
fields for these numbers are shown in Table 2. The
modulus 25 is power of a prime number denoted as
p™, with p = 5, m = 2, primitive root ¢ = 2 and
d(p™) = 20. So any integer X in this field is repre-
sented as X = |20‘5'B|257 where « € {0,1,...,19} and
B € {0,1} . Multiplication is performed by addition
of a and ( indices in the integer ring Z?™. The modu-
lus 64 being power of 2 form integer rings of the form
7Z2m where each number is represented by a triplet
index code < a, 3,y >. Here multiplication is done
by normal binary addition for o, modulo 16 addition
for B, and modulo 2 addition with an XOR gate for
~ indices. When the residue digit becomes zero, as
index can not be defined, extra logic is incorporated
in the design for each modulus. As modulus 31 is of
the form (2" — 1) and 64 is of the form 2", modulo
multiplication can be performed more efficiently by
combinational logic than using index calculus [23].
So, combinational circuits are implemented to per-
form modulo multiplication for these two channels.
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Table 2: Primitive roots for the selected moduli set

Prime modulus | Primitive root
(p) (8)
29 2
31 3
37 2
43 3
47 5
59 2

5. SIMULATION RESULTS AND ANALY-
SIS

The input sampling frequency is 61.44 MHz for
WCDMA and is down-sampled to the data rate of
3.84 Mchips/s in three stages. The cascaded two
stage filter structure down-samples the input sam-
pling frequency of 96 MHz for WLAN to the data
rate of 12 Msymbols/s. The overall decimation filter
responses obtained for WCDMA and WLAN, satis-

fying the standard specifications, are shown in Fig. 5
and Fig. 6 respectively.

The programmable decimation filter architecture
is defined by VHDL code and the functional verifi-
cation is performed using ModelSim. The hardware
synthesis is done with Synopsys design compiler. The
area requirement and critical path delay of each block
of the RNS decimation filter is shown in Table 3. The
critical path delay and area for each block of the filter
is normalized with respect to a full adder critical path
delay of 0.33 ns and area of 76um?. The percentage
area requirement for each block of the RNS decima-
tion filter is shown in Fig. 7. The area requirement
of the decimation filter in single mode WCDMA re-
ceiver and the additional area required for making it
adaptable for dual-mode operation are given in Table
4. Tt is observed that programmability is achieved at
the expense of 34% of additional area compared to
single mode WCDMA receiver.
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Fig.6: Decimation filter response for WLAN

Table 3: Area, critical path delay and dynamic
power dissipation for RNS decimation filter

Block Area Critical path

delay

Filter 1 15983.5 58.95

Filter 2 12200.1 52.41

Filter 3 17875.2 58.95

Reverse converter 852.18 79.12
Total area 46910.9

Dynamic power 479.1387 mW
dissipation

Table 4: Area requirement for programmability

Type of transceiver Area Percentage
area (%)
Filter 1 6780.8
Filter 2 5368
Single mode Filter 3 17823.04 65.7
WCDMA Reverse 852.18
converter
Total 30824.02
Dual-mode transceiver 46910.9 100
Additional area for 16086.88 34.3
programmability

Reverse converter

Filter 1
34%

-

Filter 2
26%

Fig.7: Area requirement for RNS decimation filter

In order to operate the first stage of RNS filter at
96 MHz, two-stage pipelining is done to meet the crit-
ical path delay. The second and third stages are op-
erating at down-sampled frequencies of 24 MHz and
7.68 MHz respectively. They do not require pipelin-
ing due to the fast MAC operations in RNS domain.
Table 5 reports the characteristics of decimation fil-
ter implemented in traditional binary number sys-
tem performing signed multiplication and addition.
RNS filter implementation requires only 87% of area
with respect to the traditional implementation. The
dynamic power dissipation for the RNS based dual-
mode decimation filter is 28.4% less than that for tra-
ditional case. The inherent delay for each stage of
traditional implementation is more, compared to the
RNS implementation. The first stage of RNS deci-
mation filter operates 2.6 times faster compared to
the traditional implementation. Similarly, the sec-
ond and third stages of RNS decimation filter oper-
ate 5 and 7.4 times faster than the traditional filter.
The pipelining used for the RNS filter will not meet
the critical path delay for traditional case. Hence,
pipelining is required in the multipliers as well as in
the adder chain of all the stages for traditional im-
plementation to meet the critical path delay.

Table 5: Area, critical path delay and dynamic
power dissipation for traditional decimation filter

Block Area Critical path
delay
Filter 1 2966.59 153.68
Filter 2 14504.41 259.58
Filter 3 36165.2 437.91
Total area 53636.2
Dynamic power 669.621 mW
dissipation

To evaluate the design techniques, the proposed
architecture is implemented using RTL synthesizable
VHDL code. Also the design is synthesized with Ar-
tisanTM 0.18 m and VDD=1.8V technology using
Synopsys design compiler tools. The back end pro-
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cess, place and route, are done using Cadence En-
counterTM tool set. The placed cell structure and
routed design for the RNS decimation filter is shown
in Fig. 8 and Fig. 9 respectively.

Fig.8: Placed cell structure forRNS based decima-
tion filter

Fig.9: Routed view of RNS decimation filter

6. CONCLUSION

A dual-mode programmable RNS based decima-
tion filter that meets the performance requirements
of WCDMA and WLAN standards is presented in
this paper. The preliminary section is improved by
eliminating the forward converter, as the front end
of the proposed architecture is a sigma-delta ADC.
This reduces the area about 10% compared to a tra-
ditional RNS filter. Also, modulo multiplication is
performed by index calculus approach to achieve in-
creased programmability required for multi-mode op-
eration. Multi-stage sampling rate conversion results
in reduced hardware complexity and power consump-
tion for the decimator. Powering down or bypass-
ing of the unused hardware in each mode of opera-
tion leads to further power saving. Since the entire

filter stages are implemented in RNS and are oper-
ating with the same moduli set, a reverse converter
is needed only at the last stage’s output. The per-
formance comparison shows that the proposed RNS
implementation requires only 87% of total area, and
operates faster compared to the traditional FIR fil-
ter implementation. Also, the total dynamic power
dissipation for the RNS based dual-mode decimation
filter is 28.4% less than that for traditional implemen-
tation. The programmability for dual-mode architec-
ture that can handle both WCDMA and WLAN, is
achieved with an increase of 34% of total area com-
pared to that for single mode WCDMA transceiver.
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