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Abstract— In this paper, we show that the signal
transfer function of continuous-time YA modulators
can be used to remove the baseband analog filters
in radio receivers. General expressions for the sig-
nal transfer function of continuous-time XA modula-
tors are derived. Comparisons between the frequency
response of feedforward and feedback architectures of
discrete-time and continuous-time YA modulators are
established. Filtering of GSM adjacent channel block-
ers using a 5! order continuous-time YA is given as an
example.

I. INTRODUCTION

YA modulators [1] are popular in radio-receivers where
the continuous-time (CT) YA architectures are suitable
for high-frequency and low-power [2], [3] compared to the
discrete-time XA architectures. Another advantage of CT
3A modulators is to have a continuous-time filter in its
loop. This filter is used to shape the quantization noise but
also provides an inherent anti-aliasing behavior [4]-[6] to
the CT YA modulators. In this work, we show than in ad-
dition to anti-aliasing filtering, the signal-transfer-function
(STF) of CT LA can be used to significantly attenuate
adjacent channel blockers in telecommunication applica-
tions. This characteristic has already been discussed in
[2], [7] but rarely used [8] due to the choice of unsuitable
CT XA architectures. In [8] the architecture is modified
to improve the filtering behavior but the same thing may
be done with simple CT XA architectures as shown in this
paper.

This paper addresses the study of the STF of the CT
YA modulators. In order to predict the behavior of dif-
ferent CT XA architectures we have to define a linear
model of the modulator and then to determine the STF
of each architecture, section II. From the STF formulae
we may notice differences between the 2 kinds of architec-
tures, feedback and feedforward (Fig. 1), in lowpass and
in bandpass. Therefore we can deduce the STF impact
on the receiver architecture, section III. In section IV., we
discuss the architecture of the receiver baseband part and
illustrate our point with the filtering effect of a lowpass
5" order CT YA modulator on the GSM blockers.

II. SIGNAL TRANSFER FUNCTION DETERMINATION
METHOD

We consider 4 different architectures of XA modula-
tors : CIFF (Cascade of Integrators FeedForward), CIFB
(Cascade of Integrators FeedBack), CRFF (Cascade of
Resonators FeedForward), CRFB (Cascade of Resonators
FeedBack). The CIFB and CIFF architectures are respec-
tively the same as the CRFB and CRFF architectures

Fig. 1.
tizer is considered as a noise adder :
Feedforward architecture (b).

Common architectures of XA modulator where the quan-

Feedback architecture (a) and

shown in Fig. 1 without the resonator feedback loops. All
these architectures can be described by a general model [4]
shown in Fig. 2(a) where H.(s) is the open-loop transfer
function, Hy(s) is the loop transfer function and Hpac(s)
is the DAC transfer function which can define a return-
to-zero or a non-return-to-zero feedback pulse. Therefore
the XA modulator output Y (z) can be written as follows

E(z)
1+ Zm [Hq(s) - Hpac(s)]
1+ Zn [Ha(s) - Hpac(s))

where X(s) is the CT input signal of the YA modulator,
E(z) is the quantization noise, Z stands for Ztransform.
Z,, stands for the modified Z-transform which is used to
take into account return-to-zero feedback signals [9] and
loop delay [10]. From equation (1) we can deduce the
NTUF(z) expression in Z-domain :

Y(2) 1
B(z) 1+ Zy[Ha(s) - Hpac(s)]

On the other hand we can not deduce the STF expression
in Z-domain from equation (1) because Z{X (s)- H.(s)} #
Z{X(s)} - Z{H.(s)}. Hence we have to consider another
model to determine an expression for the STF. Since we
want to focus on the filtering effect resulting from the
¥ A modulation we define a model without sampling, Fig.
2(b). From this model we have the STF expression :
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Fig. 2. General models of XA modulators for the NTF calculation (a) and for the STF calculation (b).

TABLE I Expressions of a n*® order CIFF (left) and CIFB (right) 3A modulators.

n

> ai(sT)" i -
STF(s) = = = STF(s) =
(sT)t14(1—e=3T) 3= a;(sT)n—* (sT)ntl4(1—e=*T) > a;(sT)*~ 1
i=1 i=1
From equation (2), we deduce general expressions of the 20
STF for the different CT YA architectures (CIFF, CIFB, P DTORESTF (s
CRFF and CRFB). These expressions are listed in Table 0 ' e
I, Table IT and Table ITI. To compute these expressions %l » N cramrse
we have assumed that the integrator transfer function is: :
Hint(s) = % and that the feedback loop signal is a rectan- g a0l !
gular pulse: Hpac(s) = 1*:;”, where T is the sampling £ \e, D e '."
period. £ 6ol SUERY
With the STF formulae defined we can compare the two a0l
different CT YA modulator architectures considered and
study the advantages and the drawbacks of each one. 1001 cTeresI
III. COMPARISON OF YA MODULATORS 120
ARCHITECTURES 107 107 - 10°

At system level, the modulator design is usually focused
on maximizing the Signal to Noise Ratio (SNR). Consid-
ering only the SNR criterion, feedforward and feedback
topologies are equivalent because they can be designed to
provide the same NTF, Fig.3 and Fig.4. Nevertheless, if
we consider the STF, these topologies have different per-
formances. The feedforward architectures, Fig.1(a), have
a filtering characteristic as a 1°¢ order filter due to the
path from the 1°¢ integrator output to the adder before
the sampling. This is confirmed by the STF expressions
in tables I and IIT which have the form :

a1 (sT)" + ch(ST)”fl + CY3(ST)"72 + a4(sT)"*3 + ...
By (sT) 1 + Ba(sT)" + B3(sT)— + Ba(sT)—2 4 - --

In the feedback architectures, Fig. 1(b), the input signal
pass through all the integrators, the STF formulae, listed
in tables I and II, show the filtering characteristic of a n**
order filter :

a1 8T
Bi(sT) 1 + Bo(sT)™ + B3(sT)"—1 + Ba(sT)"—2 + - --

This feature is illustrated in Fig. 3. A 4 order CIFF
and a 4'" order CIFB have been designed having the same
NTF. The values of the CT YA coefficients have been
obtained by considering the discrete-time modulator given
by Schreier [11] and using a discrete-time to continuous-
time transformation presented in [9]. CIFF and CIFB
STFs are plotted in the frequency domain thanks to the

Normalized Frequency (f/fs)

Fig. 3. STF comparison between 4" order CIFF and CIFB A
modulator architectures.

following expressions :

o a1 (sT)* +a2(sT)>+a3(sT)?+assT
STFCIFF(S) - (sT)5+(11—e*5T)(2a1(sT)3+3a2(sT)2+4agsT+a4)
STFC]FB(S) a1 5T

= (sT)o+(1—e—=T) (a1 +;25T+a3(sT)2+a4(sT)3)

These expressions show the low-pass behavior of each ar-
chitecture. The attenuation for the high frequencies are
-20dB/decade and -80dB/decade for CIFF and CIFB re-
spectively. These values confirm that the CIFB YA ar-
chitecture is, in that case, a 4" order filter whereas the
CIFF XA architecture is a 1%¢ order filter.

Two CT bandpass XA architectures, CRFF and CRFB,
are considered in Fig. 4. The values of the modulator coef-
ficients are obtained by the same method described above.
The STFSs of the 4" order bandpass modulators plotted
in Fig. 4 are given by :

STFCRFF(S) =
(a1(sT)*4a28T)(g2+(sT)*)+(a3(sT)% +assT)

ST(g1+(5T)%) (g2 + (ST)2)F (1—e~ *T)[(ar T azsT) gz + (sT)2) ¥ as T azsT]

STFCRFB(S) =
a1sT

sT(g1+(sT)?)(g2+(sT)?)+(1—e*T)[a1+azsT+(as+assT)(g1+(sT)?)]

Fig. 4 illustrates another problem of feedforward archi-
tectures : out of band peaks. As explained in [2], this is
due to the zeros which do not exactly cancel the poles.



TABLE II Expressions of a nt"

order CRFB XA modulator.
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Fig. 4. STF comparison between 4*" order CRFF and CRFB Band-
Pass ¥A modulator architectures.

This problem also exists in feedforward low-pass architec-
tures as seen in Fig. 3. This becomes a major drawback
when the input signal contains adjacent channel blockers,
because the blockers may be amplified by these peaks, re-
sulting in integrator overload.

Considering the STF, the feedback architectures are
better than the feedforward architectures. Nevertheless,
when it comes to the circuit implementation the specifica-
tions of the integrators are more stringent in feedback than
in feedforward architectures. This usually leads to higher
power consumption. Hence, the feedforward architectures
are often preferred to the feedback architectures [2], [5]—[7].

Our previous discussion concerning STF is valid for both
DT and CT XA modulators as shown Fig. 3. The main
difference is that, in the case of CT XA, the STF filters
out-of-band signals beyond f? These out-of-band signals
are aliased in the signal band from 0 to f? during sam-
pling. This implies that CT modulators with feedback
architectures have more relaxed specifications on both the
anti-aliasing analog filters and the digital decimation fil-

ter, than their DT counterparts.

IV. FILTERING OF ADJACENT CHANNEL BLOCKERS OF
THE GSM STANDARD
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Fig. 5. The STF of a FB CT XA allows to remove the filter in the
baseband part of the radio-receiver

In the radio-receivers the RF-filter is only used to at-
tenuate the blockers at the out-of-band frequencies. The
adjacent channel blockers, which stand besides the desired
channel, are filtered in the baseband part of the receiver,
Fig. 5(a). By considering the previous section and by
choosing the appropriate order of the modulator, a feed-
back CT XA can be used instead of the baseband filter,
Fig. 5(b). We are aware that this architecture implies
more constraints on the remaining blocks in term of dy-
namic and distortion but it improves the power consump-
tion. A very stringent example is the GSM standard be-
cause of the amplitude of the blockers and their proximity
from the desired signal.

From the in-band blocking requirements for the GSM
[12] we may deduce the filtering constraints on the CT
YA modulator. Hence we have to consider a desired sig-
nal in the band which has 3 adjacent channel blockers.
The ratios between the desired signal and the blockers
remain the same but the amplitudes are defined by the
maximum level that can be applied to a XA modulator in
order to ensure its stability. These amplitudes have been
determined by simulation. To determine the attenuation
of the blockers, Fig. 6, we apply the formula of the STF
for a 5" order CT CRFB XA :

STFCRFB(S) =

a1 sT
(sT)2(g1+(sT)?)(g2+(sT)?)+-
(I—e7*T)(a1+sT[a2sT+az(sT)?+(as+assT) (g1 +(sT)?)])

We did a matlab simulation with 1 tone in the bandwidth
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Fig. 7. The PSD (N = 64536) of the output of a 5*" order CRFB CT
3A modulator (OSR = 32) with 4 input tones : 1 in the bandwidth
and 3 at the GSM adjacent channel blockers frequencies.

and 1 tone at the beginning of each adjacent-channel.
Only the 1st blocking signal, at 600 kHz, has an ampli-
tude higher than the quantization noise, Fig. 7. This
allows to compare the attenuation determined with the
formula, Fig. 6.

The digital decimation filter following the modulator will
have to attenuate this signal along with the quantization
noise.

V. CONCLUSION

In this paper we presented general expression for the
STF in function of the open-loop filter, the loop filter
and the feedback DAC transfer function. This expres-
sion was used to determine the STF of the 4 commonly
used YA modulator architectures. We determined that
the feedback architectures are the most suitable for adja-
cent channel blockers filtering and thus allow to remove
the baseband filter by inducing only slight modifications
on the digital filters. An example of a 5" order CT CRFB
modulator with GSM blocking signals has shown that it is
possible to significantly attenuate out of band signals and
let the digital filters to completly eliminate the remaining
blocker signals.
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