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A B S T R A C T  

An N-path multirate Sigma-Delta Modulator (SDM) was 
recently proposed where the first integrator was implemented 
using an N-path architecture and a comb fi lter. The 
replacement of the first integrator in the N-palh struelure and 
the comb fi lter can relax the speed requirements o f  the opamps 
i n  the first stage and alleviate various mismatch effects. An 
improved structure for the comb f i l ter i s  proposed here which 
eliminates thoroughly the mismatch effects between paths. 

makes the N-path mullirate SDM more stable and mismatch 
msensitive. 

Analys~s and Simulations also show that the proposed structure ---Y---- 
The fin, S.LI The second s t a s  

Fig. 1 N-path multirate second-order sigma-delta modulator 

1. I N T R O D U C T I O N  

One o f  the l imitations for implementing SDM i n  high- 
frequency i s  the internal clack rate and the op-amp bandwidth. 
In order Io obtain resolution equivalent 10 8-bit PCM for the 
video signal, the sampling rate has IO be over 200MHz which 
increases the diff iculty o f  design o f  an active f i l ter  for 
operation at such high frequency. A new type o f  SDM, called 
N-path multirate SDM was proposed [I] where the f irst 
integrator i s  implemented by an N-path architecture combined 
with a comb filter. Figure I shows the linear model o f  the N- 
path multirate SDM. The f imt stage operafes at low sampling 
r i l e  and the second remains at higher sampling rate. By using 
N-path integrator, i t  can eliminate the aliasing caused by 
sample rate conversion due to its perfecl reconstruction nature. 
However, even as a l l  N-path filters, this N-path integrator i s  
subject to the mismatch effects between the N paths. The 
effect o f  coefficient mismatch on the performance o f  a block 
digital f i l t e r  as presented tn [2] shows that due to mismatches, 
the overall Structure becomes time-varying and hence al iasing 
w i l l  be present. I t  was also emphasized that those portions of  
the spectrum around 2vUN (i = 1. 2, .., N) would he  folded 
back into the baseband. In N-parh fi l ter version, the aliased 
components A ( z )  can be described as, 

where M, i s  the order o f  each FIR term in a sub-filter H,(z)> 
0,;s are the mismatch ratios and h,;s are the ideal coefficients. 

In olher words, aliased components of the input speclrum 
X ( i W )  which w i l l  first get mult ipl ied by the terms originaled 
by the mismatch ratios and the ideal coefficients arc then U 

folded back into the baseband. 
Fig.2 N-path comb/ilter plus integrator with N=4 
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As it is'known, the comb filter iI a good solution to eliminate 
the major aliased components by placing the zeros on ZailN. 
Therefore, a comb filter i s  applied prior to the N-path 
integrator to lance1 the re-sample effect and to alleviate the 
mismatch effects on the N-path integrator. 

By carefully analyzing the model in Figure 1, the output of the 
modulator can be described as, 

that will  lead finally to, 

which is a typical transfer function of  a second-order SDM. 
However, its first stage i s  operating at low sampling rate so as 
to relax the design requirements and reduce the power 
Consumption,. which means that the use of CMOS op-amp 
applied in  here becomes possible. Because the performance of 
second-order SDM depends more critically an the first 
integrator, keeping the second integrator at a high sampling 
rate doesn't affect the .pdormance  but can Simplify the circuit. 

In order to lower the sampling rate for the comb filter, this can 
be combined into the N-path mtegratar, as shown in Figure 2.  
Because all summation and integration are done among 
dawnsamplers and'upsamplers,  this combined S ~ T U C ~ U ~ ~ ,  N- 
path comb filter plus.integrator. will  operate at low sampling 
rate. 

However, although.the comb filter can eliminate the mismatch 
effects on the. N-path integrator, it suffers from its own 
coefficient mismatch effects. For example, in the N-path comb 
filter plus integrator, the transfer function can be described by, 

where the first factor is the transfer function of the comb filter 
and the secondis d t h e  N-path integrator. 

Ideally, the N zeros of the comb filter can exactly cancel out 
the N-path integrator's N poles located on the unit circle. When 
coefficient mismatch occurs between branches of the comb 
filter in Figure 2, i l l  N zeros will  dislocate away from their 
original positions and can not cancel the N-path integrator's N 
poles. This causes the SDM unstable and the' Signal-to-Noise 
Ratio (SNR) greatly dropping down which is schematically 
represented in Figure 3, where the comb filter's branches 
mismatch affects the performance of the SDM. 

In order to overcome this shortcoming, a new architecture is 
developed that uses a cascade form in the comb decimation 
filter instead of.a parallel direct farm. In the following analysis 
and simulations,, it will  be demonstrated that the coefficient 
mismatch on the cascade comb decimalion filter can be 
represented I S  path gain error and eventually eliminated.by the 
comb filter itself. 

2. I M P R O V E D  S Y S T E M  A R C H I T E C T U R E  

2.1. The cascade  comb decimalion filter 

The cascade comb decimation filler mentioned before as 
shown in Figure 4, and its  transfer function can be expressed 
as, 

where N is a power of  2 

In this structure, the coefficient mismatch ratios of the 
different blocks, q, will  be multiplied together and the result 
will represent the gain error of the comb filter, 

( 6 )  

SNORvr input signal amplitude 

-a I I 
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Fig.3 SNDR drops due lo coefficient mismnlch on 
Ihe direct form combfilter 

----- e 
Fig.4 Cascude comb decimation filler 

Fig3 Improved N-path combfilter plus integralor by 
using cascade comb decimolionfilter. N=4 
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Fig.6 Onepalh of lhe improved 4-path combfilter plus inlegrator 

2.2. Improved N-path comb f i l t e r  plus integrator 

Figure 5 shows the combined architecture o f  the improved 
structure where cascade comb decimation fi l ters replace direct 
form comb filters. 

The coefficient mismatch on the cascade comb decimation 
filler can be represented as a gain error, which implies that for 
the overall structure of  Figure 5, the gain errors o f  the comb 
filter i n  each path can be considered as the path mismatch o f  
the N-path integrator. Eventually, there mismatch ratios w i l l  
be eliminated by the comb filter itself. 

2.3. N-pa th  comb-f i l ter plus in tegrator  c i r cu i l  

Figure 6 shows the SC realization o f  one path o f  the 4-path 
comb filter plus integrator with the use o f  cascade comb 
decimation filter. 

Compared with the case o f  direct form, this improved N-path 
comb filter plus integrator not only reduces the number of the 
clock phases, but also the switched-capacitor elements. 
Furthermore, the double-sampling circuits used in  original 
structure [I J are al l  abandoned to prevent the influence o f  the 
nonuniform sampling and path gain error [3]. 

This circuit, however, presents a drawback related with the 
increment o f  the amount o f  opamps in each path and also the 
introduction o f  parasitic effects similar to a gain error from the 
charge transfer process between the two  opamps. 

3. DESIGN EXAMPLE FOR VIDEO APPLICATIONS 

In accordance with the specifications given i n  CCIR-601 
which describes studio digital video coding, the chrominance 
signals (C, and C,) are sampled at a frequency of 6.75MHz 
(3MHz X 2.25) and are coded with %bit PCM words. Herein, 
we choose oversampling rate (OSR) o f  36 (3MHz X 2.25 X 

32 = 216MHz) because 32 is a power a i  2, for simplif ication 
o f  the decimator. Theoretically, i f  O S R  = 36, i t  w i l l  give a 
maximum o f  70dB SNR, equivalent t o  11.5-bit PCM words. 

A fully differential balanced circuit for the 4-path multirate 
second-order S U M  has been designed and its behavioral 
simulation i s  demonstrated by using SWlTCAPZ [4-61. 

4.  SIMULATION R E S U L T S  

Figure 7 shows the Signal to Noise plus Distortion Ratio 
(SNDR) of the iniproved 4-path multirare second-order SDM 
compared with the conventional second-order SDM and the 
original 4-path multirate SDM,  where the curves were 
obtained by simulation with Matlab [7], and i f  the OSR of  the 
conventional second-order SDM i s  36, a good matching can he 

Fig. 7 SNDR comparison of models withour coefficienl 
mismatch 

-80 -70 -60 .60 -40 -30 -a -10 0 
Input signal amplitude (dB) 

Fig.8 0.4% coefficient mismatch on the whole N- 
pofh combfilter plus inlegrator 

observed. Figure 7 also indicates that the peak S N D R  for N- 
path multirate SDM i s  5OdB (equivalent to %bit PCM). 

Figure 8 shows the comparison of  the improved model and 
original model when mismatch exists on the whole N-path 
comb fi lter plus integrator, I t  is clear that by using the cascade 
comb decimation fi l ter the improved N-path mult irate SDM 
has excellent performance m terms of  mismatch insensitivity. 

The output spectrum o f  the circuits for the proposed SDM and 
the original N-path multirate SUM are compared in Figure 9 
with -IOdB input amplitude and with 0.4% coefficient 
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mismatch effects on the whole N-path comb fi lter plus 
integrator. 

When mismatch exisls an the N-path comb fi lter plus 
integrator, the aliasing causes a raise o f  the noise floor in the 
baseband, as shown in Figure 9. Moreover, multirate SDM 
tends to  generate l imi t  cycles at frequencies o f  f)2N*iJn where 
Lm i s  the input frequency. Due to mismatch, these l imi t  cycles 
w i l l  also fold back into the baseband and cause tones at 4. as 
i f  they were harmonics of the input frequency f,.. Note that 
these tones are originated from the time-varying nature of the 
st ru~ture rather than i t s  nonlinearity [SI. When a comb f i l ter i s  
applied, because of  Ihe existence o f  nolcher atLl2N. the noise 
floor i n  the baseband w i l l  have apparent improvemenl since 
the effect a f  the aliased component i s  negligible, as wel l  as, 
the tones at If,- However, in addition, due l o  the fact that the 
coefficient mismatch effects occur on the comb f i l ter  itself, the 
notches can not locate exactly atQ2N and therefore i t  can not 
efficiently remove the aliased components and l imi t  cycle 
t0"CS. 

With the use o f  cascade comb decimation filter, the coefficient 
mirmalches on the comb filter will be transferred to the path 
mismatch o f  the N-palh integrator and w i l l  be neutralized by 
the comb f i l t e r  itself. Hence. the improved N-path multirate 
SDM becomes mismatch-insensitive. 

In order to illustrate the mismatch effects, Monte Carlo 
simulation for 200 samples has been performed on the 
proposed SDM. Typically, the mismatch ratio for capacitors 
can be controlled within 0.4%. Herein, supposing that the 
mismatch ratio 1s described by Gaussian Distribution and 
supposing that the standard deviation U is equal to 0.2%. Also 
these mismatch ratios are appl ied on the whole N-path comb 
f i l ter  plus integrator. Then the simulation results from Figure 
10 show that ASNDR are less than 1.13dB within U. 3.06dB 
within Z v  and 4 . 8 3 4 8  within 30 ,  respectively. I t  clearly 
indicates that the circuit I S  mirmatch-insensitive. 

5 .  CONCLUSIONS 

N-palh multirate SDM performance has been reviewed in this 
paper. Furthermore, haw the coefficient mismatch on the 
comb f i l ter  affects the performance of the SDM has also been 
analyzed. An improved architecture i s  consequently proposed 
in the paper, obtained by using cascade comb decimation filter, 
where the coefficient mismatch on Ihe comb fi lter i s  
transferred to the path mismatch o f  the N-path integrator. 
Evenlually, these path mismatch effects are contrarily 
eliminated by the comb f i l trr .  In the same way o f  the original 
model, the cascade comb decimation filter i s  also combined 
with the N-path integrator IO allow the comb fi lter and the 
integrator to operate at low sampling rate. Furthermore, while 
relaining a l l  the advantages from the original S~~UEIU~I, this 
improved architecture has given up the need to use double- 
sampling technique to prevent the inllusnce of the nonuniform 
sampling and path gain error A Monte Carlo simulation has 
verified the efficiency of this impiovrd model with the use of  
cascade comb decimation filter. 
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