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Abstract—The use of the polyphase decomposition technique ap-
plied to the noise transfer function (NTF) of band-pass sigma-delta
(BPXA) modulators is introduced and theoretically analyzed.
Schemes for a second-order and fourth-order band-pass noise
shaping are discussed in detail. The method is usable for any
order but the analog inaccuracy limits its application. It is shown
that an extension to MASH configurations is possible. The method
allows tunability of the centre frequency over a wide frequency
range. Moreover, MASH schemes allow a rough-fine tuning with
the rough tuning in the analog section followed by a fine digital
adjustment. Simulation results verify the benefits and outline
possible limits.

Index Terms—Band-pass, noise transfer function, polyphase de-
composition, sigma-delta modulators, tunability.

I. INTRODUCTION

HE PRESENT trend in communication systems is to place

the ADC as close as possible to the antenna. This maxi-
mizes the signal processing in the digital domain and realizes the
so-called software defined radio (SDR) [1], [2]. The very high
speed granted by scaling of CMOS nanometer technologies al-
lows designing analog blocks running at GHz; this will lead,
in the near future to analog interface of wireless receivers just
made by an LNA and a band-pass ADC that will select the used
frequency band, as shown in Fig. 1. The ADC must be tunable
over a wide frequency range allowing the receiver to be able to
support multiple standards.

Band-pass sigma delta (BPXA) converters are very conve-
nient solutions because the shaping of the quantization noise
occurs only in the frequency band of the signal. The noise
outside that region is then removed in the digital domain. In
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Fig. 1. Software-radio receiver with a directly sampled band-pass ADC and
tunable anti-aliasing filter.
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the literature there are many examples of BPXA implemen-
tations [3]-[8]. They use various techniques to realize the BP
noise transfer function (NTF). Many of them are based on
the use of resonators that replace the integrators of low-pass
(LP) XA architectures. The circuit implementations can use
the discrete time (DT) [9]-[15] or the continuous-time (CT)
approach [16]-[20]. DT architectures replace the resistors or
the transconductors used in the integrator with a switched
capacitor circuit. This ensures a better accuracy and linearity,
while speed and power are normally penalized. However, with
Si-CMOS nanometer technologies it will be possible to operate
DT modulators with very high sampling frequencies [21] that
are reaching the GHz range and this opens new possibilities to
band-pass DT solutions with band-pass response centered in
the many hundred mega-Hz or even giga-Hz range.

For software-radio applications obtaining tunability in a wide
frequency range is important. Also ensuring accuracy of the
band-pass frequency and having a solid link with the clock fre-
quency is crucial. Conventional solutions control the band-pass
frequency by tuning resonators. However, the frequency shift
is limited because of the request on the quality factor Q of the
resonant loop [22]. Therefore, in practice, the maximum shift is
limited.

Changing z ! to —z 2 transforms the integrator block into
the resonator. The zeros of the NTF of a LP XA modulator
move around = on the unity circle. The method, as we will see
shortly, is a simple implementation of the polyphase decompo-
sition. The circuit uses two equal paths running at half of the
clock frequency. A possible mismatch between the two paths,
however, causes tones. An offset mismatch gives rise to a tone
at fn /2, where fn is the Nyquist frequency; a gain mismatch
(1+€¢) determines a mirrored tone with amplitude e V;,, . Both
tones fall in the band-pass region. Timing mismatch imposes
mirrored tones that fall in the same locations of one generated
by gain mismatch. As shown in this paper, the choice of a proper
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Fig. 2. (a) Conceptual scheme of a band-pass modulator. (b) Typical STF and
NTE.

architecture leads to polyphase interleaved sigma-delta modula-
tors mismatch-free, an important property that makes them su-
perior to their conventional interleaved counterparts.

The class of architectures studied here does not use resonators
and avoids spur tones in the signal band. Those architectures are
based on the polyphase decomposition applied only to the NTF
of band-pass modulators (or to any other NTF responses). The
signal transfer function (STF) remains unchanged with respect
to the originating single path.

This paper is organized as follows. Section II recalls
conventional methods proposed in the literature. Section III de-
scribes the polyphase method for obtaining a desired NTF.
Section IV analyzes circuits used in the implementation;
Sections V and Section VI focus on low-order and high-order
architectures. Section VII presents polyphase MASH schemes.
Tunability is studied in Sections VIII and Section IX; Finally,
the conclusions are given in Section X.

II. TUNABLE BAND-PASS ¥ A ARCHITECTURES

A BPX A modulator consists of a quantizer, a band-pass loop
filter H(z) and a feedback digital-to-analog converter (DAC).
The conceptual scheme and the expected STF and NTF are
shown in Fig. 2 [23], the center frequency f. of the band-pass
loop filter correspond to the zeros of the NTF. The transfer func-
tion of a BPXA modulator can be derived as

Y(z) = STF(2) X (2) + NTF(z)e(z) (1)

where €(z) is the quantization error.

To realize a DT BPXA modulator normally it first starts
from a LPYX.A prototype, then the integrators in the modulator
loop are replaced with resonators by an appropriate LP-to-BP
transformation. To design a tunable BPYXA modulator in this
way there are two possible transformation approaches, either
to change the loop coefficients or to change the sampling fre-
quency [24].

A. Changing the Loop Coefficients

In general, there are two types of architectures proposed to
change the loop coefficients. First, using a DT loop filter based
on a tunable resonator expressed in the z—domain as [25]

_ azt— 272
1 —20z L4 z2

Hpp(z) ()
where « is the only tuning parameter between —1 and 1, re-
sulting in the corresponding f. of the band-pass filter changing
from DC to half of the sampling rate (f/2).

The tunable resonator of (2) is obtained from the integrator

with one delay by the following transformation
o, 2?7 —az! cos(we)

FT a1 and o= cos(B/2) ®)
where w. is the center angular frequency and B is the bandwidth
of the pass-band.

This architecture is first implemented in [26] using double
sampling techniques, then a tunable DT BPXA modulator
based on the cascade of the tunable resonators with noise
coupled architecture to effectively increase the order of the
NTF by two was reported in [27].

Second, BPYA modulators can also be implemented in
single-loop or cascade of the fundamental blocks with transfer
function 1/(1 £ z~1) or/and 271 /(1 £ 2z~ 1), including feed-
back, feedforward and hybrid topologies. There are three
generic DT topologies of a XA modulator with such structure:
(a) Cascade of Resonators with distributed Feedback (CRFB)
[28]; (b) Cascade of Resonators with distributed Feedforward
(CRFF) [29], [30]; and (c) low-spread CRFF (LSCRFF) [31].
All three of them require that the input feedforward coefficients
match the feedback coefficients for a flat STF, which imposes
difficulties in the control of the NTF when tuning the desired
fe by these coefficients, although an automatic coefficient
design methodology for such high-order BPYXA modulators
has already been proposed [32].

The approach of changing loop coefficients, however, re-
quires the use of a loop filter with order 2L-th to achieve
Lth-order noise shaping, thus introducing the stability issue. In
addition, a single biquad resonator requires two-amps, resulting
in poor power-efficiency.

B. Changing the Sampling Frequency

To overcome the limits from the approach of changing loop
coefficients, another approach changing the sampling frequency
is used. A BPX A modulator tuned at f, /4 can be designed from
its LP counterpart by the standard transformation z =% — —z72,
then changing the sampling frequency is equivalent to change
the f.. The scheme can be implemented by an interleaved two-
path architecture [33].

Another solution is using the transformation 27+ — 2
to change an Lth-order LP modulator into interleaved N-path
structures, each path operated with a clock frequency f,/N, to
realize the (IV - L)th-order BPEX A modulators [23]. This so-
lution leads to f. = fs/N without introducing stability issues,
but suffers from tones mirrored in the signal band caused by the
offset, gain and timing mismatches among paths [34].

For the approach of changing the sampling frequency another
disadvantage results from the fact that it is not practical for a
wide tuning range. A wide tuning range means the switched
capacitor circuits have to adapt to a wider sampling frequency.

LPXA prototypes and transformation approaches aside, an-
other way to design the BPXA modulator is directly starting
from the synthesis of NTF [35]-[38]. The use of a novel NTF
synthesis technique, based on across-coupled two-path archi-
tecture, can obtain a mirror image free f., which is far away
from f,/2. The NTF synthesized in [36] is (1 + az~! + 272)2,
where a is the cross-coupled coefficient. They set « to 1, and

1 —-N
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Fig. 3. Architecture of the polyphase filter.

a band-pass response centered around f;/3 is implemented. As
mentioned, changing the sampling frequency to tune the center
frequency has a limitation, however, for this type of architec-
ture, the tunability can also be obtained by adjusting «.. Since
the STF is just a delay in the NTF synthesis technique, which is
free of a, it is easy to tune f. by a capacitor ratio.

On the other hand [36] is just a specific case. This paper will
propose a systematic approach using the polyphase decomposi-
tion of the NTF to design this kind of tunable BPX. A modulator
with cross-coupled M -path architecture.

III. POLYPHASE DECOMPOSITION OF THE NTF

The polyphase decomposition is a technique used in signal
processing for operating a digital filter at a lower frequency
when compared with conventional architectures. For a given
decimation factor M the response of a pth-order FIR filter

p
- Za'(k)sz =ag+tarz '+a®++apz P (4)
k=0

is decomposed into

P(z) = Polz M)+ 2Py (z M) - .. +37(M*1)PM_1(2’M)
M1
- Z 2 Pz M) 5)
i=0
where
2 M) ZGM;M —Mj ©

the number of terms of the addition k& is a integer, which is not
more than p/M to hold 0 < Mk+i < p.Fig. 3 shows a possible
architecture of the filter.

The polyphase decomposition can be used for determining
the requested NTF of a A converter. This would require an in-
terleaved connection of modulators like the one of Fig. 3. How-
ever, the signal to be filtered, the quantization noise, is generated
inside the modulator. The output equals the input passed through
the STF added to the quantization noise, that's supposed to be
white spectrum, passed through the NTF. A polyphase 2~ de-
composition applied to XA modulators leads to M quantizers;
therefore, it is necessary to perform the polyphase decomposi-
tion of the NTF with M quantization noise sources.
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Fig. 4. Polyphase sigma-delta modulator.

Supposing that the pth-order NTF of a given XA modulator
is

NTFga(z) =1+ aiz " +asz 24+ +ayz P (7)

its decomposition into the polyphase terms is

NIFsa(2)=No(z~")+2 "Ny (2= M)+
_"_Zf(A{fl)N]wil(sz) (8)
where
No(ZfM) =1+ oaMz’M + 0621\4272M + .-
;7\7—1(27]\{) —oa1 + OZM+127M + 0&21\4+1272M + -
Nyoa(zM) =anm 1+ 0o 127 +agy 127 + (9)
Let us define the following intermediate functions
—1 —M
R Z—M _ =z Ny(z )
1( 71\4) 2721\‘?21}in”[)
Ry(z™) = —FFr— (10)

Z—(M—I)N]\/Iil(z—l\l)
STF

where the suffix indicates both the polynomial function and
the number of delays added by the block to the function
]\r ( —M ) / STFE.

Notice that the STF is a delay. It ranges from 21 to 2=,
depending on how the deal of M clock periods available is dis-
tributed along the 2~ XA loop.

Using the functions of (10) we obtain the polyphase version
of the ¥A modulators shown in Fig. 4.

Each modulator generates the digital output and at the analog
output the quantization errors, €1, €2, . . ., and e3y. For example,
€1, multiplied by NTFsa (z~™M) is part of the digital output
y1(z~M). In the second path ¢; multiplied by R;(z~*) passes
through the STF' of the modulator and appears as part of the
output y; (Z’M ), and so forth. Therefore, €1, as well as all the
other quantization noise generators, are processed as it is done
in the conventional polyphase scheme of Fig. 3.

The simplest case is when all the R;(z~™) are equal to 0 and
this is, actually, a plain time-interleaving of ¥ A architectures.
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Fig. 5. (a) Third-order £ A modulator. (b) Main and auxiliary inputs.

For example, the NIF = (1 + z~2) that originates a band-
pass response around half of the Nyquist frequency fn /2 can be
decomposed into two polynomials Ng = (142~2) and N; = 0.
The implementation is the time interleaving of two ¥ A realizing
the basic NTFga = (1 + 27 1),

Since high order XA architectures are realized with the cas-
cade of integrators, they allow multiple inputs for the quanti-
zation noise injection. For example, the third-order scheme of
Fig. 5(a), stable for three or more bit quantization, has three in-
jection points. In addition, it is possible to inject the delayed
quantization noise before the quantizer, as Fig. 5(b) illustrates.
Since the transfer function from auxiliary inputs other than the
signal input and output are not the STF, the transfer function re-
lated to the used input must replace STF in (10).

IV. REALIZATION OF POLYPHASE YA

For a polyphase realization it is convenient to have an NTF
that suitably matches No(z~*7). The use of blocks with transfer
function 1/(1 + 2~ 1) and feedback leads to a useful set of
transfer function to match the required No(z~*). Fig. 6 shows
several possible options.

The schematic of Fig. 6(a) corresponds to a conventional first-
order XA modulator. The one of Fig. 6(b) uses a block whose
transfer function is 1/(1 + 2~1) with positive DAC feedback.
By inspection

-1

(z+y) +e=y (11)

14271
which leads to the expected NTF of (1 + z~1). Similar deriva-
tions determine the NTF of other schemes in Fig. 6.

The functions of Fig. 6 are realized with conventional cir-
cuits. They are SC integrators for the 2=%/(1 — z~!) transfer
function (¢ = 0,1) and similar integrators with two square
wave modulators one in front and the other at the output for
generating the 2¢/(1 + 2~ 1) transfer function [36].

The circuit implementation of the first term of 2~ 1 Ny (»
a1 271, can be problematic because of the time required by the
quantizer. Since the total delay available is one clock period, it
would be necessary to have a signal transfer function of each
path equal to 2! and to share part of this delay with the quan-
tizer.
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Fig. 6. Different alternatives of polyphase sigma-delta building blocks.

In Fig. 7 let us consider the z~# polyphase path. The avail-
able M clock period delay is divided into p, 3/ — p between
the forward and the feedback path. The result is STF = 277
and NTF = 1+ 2™ In order to realize the a1 2! term of the
NTFsa(z) it can be convenient to add a; 2~ ¢; just before the
quantizer of the next path. Since it results at the output multi-
plied by the NTF it is necessary to compensate for the additional
a1z~ M~L¢; term. This would be possible realized by the paths
in the grey blocks of Fig. 7. Since the a;z~! term is already
implemented, the rest of Ny (z~*) becomes

1o —My _ -M —2M
Ni(z")=ampms1z ™ + aopsaz +o-

(12)

that foresees suitable delays for an easy implementation.

The number of paths of the polyphase architecture depends
on the specific NTF and a trade-off between benefits and costs.
For example, the NTF

NTFsrn =1—-32 1432223 (13)

can be realized with three paths whose NTF generates the (1 —
z~3) term and two cross coupled connections for the remaining
terms.

The 2 3 polyphase decomposition of (13) leads to

No(z?)=1-27"
Nl(Zia) =-3

Ny(z7%) =3 (14)
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Fig. 8. A 3-path polyphase sigma-delta ADC.

One possible three-path polyphase implementation of the
third-order NTF of (13) is shown in Fig. 8 [39].

Higher order NTF like, for example

NTFga =1—42" 1 +5272 5274+ 427° — 2% (15)
that leads to five zeros at z = 1 and one at z = —1 can be
realized by three paths giving NTF = (1 +z 3)(1 — 2 %) and
cross coupled branches that realize other terms.

For high order NTFs the sensitivity to coefficients is high and
the method can become suitable for digital sigma-delta imple-
mentations.

V. SECOND- AND FOURTH-ORDER POLYPHASE YA
The NTF of a second-order BPY A modulator with zeros at
~ — ptja
L =€ 1S

NTFsa =146z 1+ 22 (16)

where 8 = —2cos(a). It is a single parameter for tuning the
band-pass frequency. Changing it from —2 to +2 moves the

N |/  ouT
0 \A% ‘4
z! +
TNy
z1 J_l_'_
| 7’
{PATH 2
Fig. 9. Second-order band-pass polyphase sigma-delta ADC.
poles on the unity circle form z = 1toz = —1. 5 = -2

corresponds to the low pass response. Since the STF is the one
of the generating ¥ A architecture, if it is just a delay, the tuning
of the noise shaping does not affect the signal and its amplitude
at the output remains unchanged.

The 2~2 polyphase decomposition of (16) leads to

No(z%)=1+2"7
Ni(z7%) = 3. (17)
Fig. 9 shows the equivalent block diagram, already imple-
mented and experimentally verified in [35] with 3 = 1. Each
branch of Fig. 9 is a first-order block with transfer function
27 1/(1+ 272). The feedback of the quantized signal ¢; obtains
for each path the following signal and noise transfer functions:
STF=z! and NIF=1+z2 (18)
The NTF is the required Ny (2 ~2); the cross coupled injection
realizes the second term of the polyphase decomposition,
Nl(Z—Q).

Behavioral simulations conform the band-pass response.
Moreover simulations estimate the effect of the limitations
caused by non-idealities. Fig. 10 shows the output spectrum
for 8 = 0.8 that sets the band-pass frequency at 0.315 f,. The
resolution of the quantizer is 4 bits. A gain mismatch between
the channels gives rise to a tone at the mirrored frequency
fn — fin, because the gain mismatch corresponds to a square
wave modulation of the input at the frequency fn/2. The
spur tone is outside the band of interest, provided that |53] is
large enough to move the band-pass frequency sufficiently far
away from fn /2. An offset mismatch only causes a tone at
fs/M, where M is the number of paths used. For two-path
architecture, it is f/2, so the offset mismatch is an irrelevant
limit in the case of Fig. 10.

The NTF of a fourth-order band-pass A modulator with
double zeros at z = =7 is

NTFya = 14+2827 ' + (2438822 +23:3 + 27 (19)
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Fig. 11. Fourth-order band-pass polyphase sigma-delta ADC.
with z=2 polyphase decomposition expressed as
No(22)=1+@2+p%)2 2274
Ni(z72) =28(1 + 2 7%). (20)

A possible generating block diagram is shown in Fig. 11 [36].
It uses a two-path polyphase decomposition. Each path is the
cascade of two blocks with transfer functions

1
Hl(z) = 1+ =2
51
HZ(z) = 1+272 (21)

The signal and noise transfer function of the path are

STF = z~*

NTF =142z 2424 (22)

Moreover, the transfer function from the auxiliary input of
the second block to the output is

Hoe =2 "1+ 272). (23)
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Comparing (20) and (22) it results that 3%z~2 is missing
from the NTF. Moreover, H,,x has a convenient expression for
achieving V;(22). These two observations lead to the two in-
jections, and one cross coupled branch, of Fig. 11.

The output spectrum of Fig. 12 for 3 = 0.8 and 4-bit quanti-
zation verifies the fourth-order noise shaping. Even for this ar-
chitecture a gain mismatch between the two paths generates a
mirrored spur tone. The simulation of Fig. 12 uses a gain error
of 0.02; the offset mismatch is an irrelevant limit as it leads to
spur tones at zero frequency and Nyquist frequency.

Another possible polyphase decomposition uses four paths,
in this case

No(zH)=1+2""

Ni(z %) =28

Ny(z™H =2+ 32

N3(z~*) =28 (24)

whose equivalent block diagram can be derived with the
methods discussed above.

The tuning capability of the band-pass response depends on
the value of the parameters 3 and its square value 32. In the
circuit implementation suitable capacitors realize these two co-
efficients. The effect of a mismatch between them moves the
zeros of the NTF s A . This limit will be studied shortly.

VI. HIGH ORDER POLYPHASE ¥ A

The method discussed for second and fourth-order band-pass
responses can be further extended to higher orders. For ex-
ample, the use of the third-order scheme of Fig. 5 and a two-path
polyphase decomposition leads to a sixth-order band-pass
response. The NTF of the sixth-order BPXA modulator with
zeros at z = eI is

NTFsa =1+332 14 3(1+ 3%z 2+ (6 + )23
+3(14+ 622 +332°+ 275 (29

with 8 = —2 cos(«).
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The NTFxA can be decomposed into two or four polyphase
terms for a suitable implementation using the methods discussed
above.

The issue, in common with any high-order band-pass
schemes that realize the resonant frequency based on the value
of the passive element, is the accuracy of the coefficients. A
small change of them moves the zeros out of the unity circle.
Fig. 13 shows the position of zeros and the corresponding
frequency responses for a variation of 0.1% of the coefficient
of z=*. The required accuracy makes it impossible to foresee
tuning because it is necessary to trim the value of used elements.

VII. POLYPHASE MASH YA

Multi-stage noise shaping (MASH) structures use the cascade
of X As to avoid problems related to stability. The outputs of a
cascaded modulator are combined to produce a digital signal
with high order noise shaping. The same method can be used
for polyphase band-pass architecture.

The quantization noise at each output of a polyphase XA is
at the decimated frequency. At the input of the cascaded mod-
ulator there are M noise generators with one sample every M
clock periods. As a result, the polyphase processing of all inputs
can be done in parallel. Supposing that the first modulator has
used a z 2 decomposition and that the cascaded modulator must
implement a 1 + 3z~ 4+ 22 noise shaping, Fig. 14 shows the
MASH architecture. The first modulator gives rise at the even
and odd output digital signals and the quantization errors. The
even and odd digital signals are

Yle = $gSiFF1 + E]eNQ(Ziz) + 2’71610*‘7\]’1(2’72)

Y10 = T,S5TF1 + 610N0(272) + 27161eN1(Z72) (26)

where part of the noise shaping of the even quantization noise,
€1e, exits from the even output, while the remaining part exits
from the odd outputs and vice-versa for the odd quantization
noise, €1,.

The outputs of the second modulator are

Yre = €10 STFy + €2,(1 + 272) + €3,82 7"

Yoo = €16STFy + €2,(1 + 27%) + 3,82 1. 27

The digital processing block generates the two outputs ¥ (z)
and y2(z) by time interleaving the even and odd data streams

y1(2) = y1e(57%) + 27 o (+77)

y2(2) = yae (= %) + 2 Hyo(272) (28)
moreover,

a(z) = cre(27?) + 2 e (272

e2(2) = €2(2 2) + 2 teao (2 ?). 29)

The power of ¢;(#) and ex(z) are A3/12 and AZ/12 (A,
and A, are the quantization steps of the quantizer in the first
and second modulator, respectively), spreading over the f; fre-
quency interval. This, because the noise power of the each time
interleaved term contributes with half of its A% /12 power to the
total.
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Fig. 13. Pole-zero plots and NTFs for polyphase band-pass XA (a) with no
mismatch; (b) with 0.1% mismatch; (¢) with —0.1% mismatch of the coefficient
of z %
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Fig. 14. MASH band-pass polyphase architecture.
Since input and outputs are
-2 -1 -2
x(z) =2 (27%)+ 27 2,(277)
-2 -1 —2
0 (Z) = yle(z ) +z 910(3 )
-2 -1 -2
Y2 (Z) = Y2e (Z ) +2 Y (Z ) (30)
combining the above equations, it results in
y1(z) = a(2)STF) + €1 (2) NTFy
yz(z) = El(Z)STFQ +€2(Z)JVTF2 31

where, according to the definition of Ng(2~2) and Ny (27 2), N
TF; = No(272)+2z 1Ny (27?) and, for this specific considered
case, NTFy =1+ Bz 1+ z72.
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The following MASH processing

yout(z) - yZ(z)]VTFl - yl(z)gFQ (32)

results in

Yout (2) = (2)STFy STFy + e5(2) NTFy NTF, (33)
leading to higher order band-pass noise shaping, as expected.

An implementation of the polyphase MASH is proposed in
[35]. Itis a2+4-242 MASH architecture, moreover, each stage is
a two-path second-order polyphase A modulator, which gen-
erates transmission zeros at 1/3 of the clock frequency, thereby
achieving a mirror image free band-pass response.

VIII. BAND-PASS TUNABILITY

Tuning a circuit requires changing its electrical parameters.
The operation is feasible when changing one or two parameters
with simple and easy to implement relationships. Since digital
sections often control tuning, the step of changes is quantized
and this must be small enough within the pass-band interval.

The centre frequency of the scheme of Fig. 9 depends on the
value of 53, a single parameter set by two capacitors that realize
cross coupled paths. The mismatch between nominally equal ca-
pacitors caused by technology inaccuracy introduces tones out
of the band of interest as verified by the simulations that lead to
the spectrum of Fig. 10. As a result, the second-order architec-
ture is easily tunable.

The centre frequency of a fourth-order scheme depends on
two parameters, 23 and 232. Unfortunately, their relationship is
not simple and tuning can require a look-up table that digitally
controls pair of capacitors. Since the values of capacitors change
in a discrete manner with the quantization interval A, also the
tuning parameters change in a discrete manner

25(7-') = ,YH(Z-')A’UJ ,BQ(i) = ’VK(i)Au (34)
where H (i) and K (¢) are integer numbers. If the capacitor C,,
that makes 3 = 1 is made by r? quantized parts, because of the
constraint of the second relationship in (34), the discrete values
of 3 are only r. The used technology determines the minimum
value. If C,, is 0.5 pF and A,, = 5 {F the number of selectable
frequencies over the entire range is only 20.

Using for the capacitor realizing /32 an approximated value,
kA, (with k rounded integer), splits the zeros. If the rounded
value is less than the nominal, the zeros still stay on the unity
circle; if higher, the zeros move in orthogonal directions. Con-
sider, for example, 3 = 0.88, realized with 88 elements of an
array of 100 C',. It originates a notch at 0.322 f,, but the value
of 32 = 0.7744 must be rounded. If it goes to 0.77 the position
of zeros and spectrum look like what is shown in Fig. 15(a). The
response pops up between the split zeros and the expected SNR
becomes worse. With a +0.5% f; bandwidth the SNR drops
from 87.6 dB to 79.8 dB. For lower bandwidth the loss is worse.
If the value of 32 = 0.7744 is rounded to 0.78 the position of
zeros and spectrum become the ones shown in Fig. 15(b).

The method grants a full tunability over the entire Nyquist
range. However, the mismatch and stability requirements can
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Fig. 15. Position of zeros and frequency response with rounded 52 coefficient.
(a) Lower than nominal. (b) Higher than nominal.

limit the region of operation of architectures. Mismatches and
offsets generate tones and it is not recommended to use signal
intervals for which tones are not far away enough from the band
of interest. For example, a gain mismatch between the channels
gives rise to a tone at the mirrored frequency fs/2 — fin. From
fs/2— fin = fin, wWe get that the modulator cannot be used for a
center frequency at f, /4, so the tuning range of the modulator is
from DC to 0.5 f, without the range let's say 0.225 f, to 0.275
fs (depending on the considered bandwidth).

However, if such small limitation can be tolerated (depending
on application bandwidth requirement), then the polyphase
sigma-delta architecture can significantly improve the sam-
pling frequency (and thus OSR-bandwidth tradeoff) over the
single-channel technology limit, while completely insensitivity
to the very headache interleave-mismatch problems that is
always happening in the Nyquist TI converters. This is an
important advantage and indeed a very worthy trade-off.

IX. TUNABLE POLYPHASE BAND-PASS MASH

The main limit to the tunability of band-pass A con-
verters derives from the use of multiple tuning elements
and their matching. The NTF of ¥ A architectures imple-
mented by a cascade of resonators with transfer functions
H;(z) = P;(2)/Q;(z) is the product of the Q;(z)s. The zeros
of the NTF are the superposition of complex zeros generated
by the resonators. The accuracy and the resolution depend on
the precision of the resonant frequencies. A shift in the same
direction shifts the NTF resonant value. Random variations
of the resonant frequencies enlarge the pass-band region and
diminishes the noise shaping. If, for example, two zeros at
0.325f; define the resonant frequency and this is set with a
capacitor of 0.25 pF, an error of £2.5 fF splits the zeros by
0.2% fs. With a clock of 4 GHz the split is 8 MHz.

The coefficients of a polyphase decomposition globally de-
fine the NTF; a possible error in one of them changes all the
zeros of the NTF. For a fourth-order architecture and very small
errors the zeros can remain on the unity circle: for higher order
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Fig. 16. (a) Noise spectrum of a fourth-order modulator with split zeros around
the notch frequency. (b) Noise spectrum of a MASH sixth-order modulator.
(c) and (d) Spectrum of the MASH with the £ coefficient used in the digital
processor changed by +1%.

the zeros definitely move away. Thus, ensuring a reliable tun-
ability of polyphase XA requires extremely high accuracy of
the components.

The use of band-pass polyphase MASH is the solution to the
limit because being a cascade of blocks, the MASH separates
the consequences of mismatch between elements in each modu-
lator. In addition, the MASH architecture enables an interesting
feature: the possibility of rough-fine trimming of the centre fre-
quency.

A two stages MASH cancels the noise of the first modu-
lator, €1, by passing its through a second modulator, shaping
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the output and subtracting the result from the processed second
output in the digital domain. The cancellation relies on using a
digital shaping that matches the NTF of the analog circuitry. If
there is a difference, (33) should include an additional term (the
STFs are supposed to be accurate) and becomes

Yout = -TSTFl STFZ + EQAWF]_d ]\TFZa + EI(MF].KL - J\TF]_d)
(35

where NTF, refers to the analog noise transfer function of the
modulator and NTF}, is the function used in the digital post-
processing. If the first modulator is second order, with ideally
an NTF = 1+ 8z ' + 22, the possible error is due to the
mismatch between the 5s and the additional term, limited by
Af, and it causes an unshaped leakage of ¢; attenuated by the
OSR ratio, fep/fs.

For a very large OSR and reasonable accuracy in the analog /3
the leakage can be acceptable. Therefore, being the shaping of ¢,
given by NTFy 4 NTF5,, the result depends on the product of an
analog NTF and a digital function. The analog NTF can provide
a rough tuning by setting zeros on the unity circle around the
desired centre frequency, the digital function can set precisely
another zero at the centre frequency with a solid relationship
with the clock frequency.

Behavioural simulations of a fourth-order 4-bit YA with 3
= 1.2 and the coefficient of z 2 equal to 5% — 0.08 leads to a
spectral response with split zeros centred around 0.3525 f and
separated by 0.06 f, (Fig. 16(a)). The use of that modulator after
a second-order scheme with the same 5 determines after digital
processing the spectrum of Fig. 16(b). The zero of the second
order at 0.3525 f, reduces the relative maxima at the two sides
by about 25 dB. That corresponds to more or less +4-bit bonus
in a relatively wide range. For small bandwidths the bonus is
higher. Changing the value of 3 in the digital processing moves
the centre zero but, as anticipated, a leakage of ¢; augments the
noise floor. A change of the digital 8 by 1% moves the centre
frequency by +0.001 f, but the increased noise floor almost fills
the notch, as shown in Fig. 16(c) and (d), leaving just 1-bit of
extra benefit with respect to the four bits of relative maxima.
That is, for the considered design, the maximum range of fine
tuning.

X. CONCLUSION

This paper proposes to synthesize the NTF of BPXA mod-
ulators using the polyphase decomposition technique. The im-
portant benefit, other than a reduction of operating frequency
in the processing paths, is that spur tones caused by interleaved
mismatch are far away from the signal band, thus ensuring a
virtual interleaved-mismatch-free operation. The technique can
be used for high order shaping and is suitable for MASH archi-
tectures. It is shown that at the cost of a limited noise leakage
the NTF can be rough-fine tuned with the rough tuning estab-
lished by the analog modulator and the fine tuning embedded
in the signal processing required to enhance the shaping order.
The use of a fine digital tuning with centre frequency linked to
the sampling frequency permits a careful selection of the desired
small bands.
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