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Abstract—This paper presents a two-path design of quadrature
band-pass A modulators and discusses the architectural level
implementation issues for power reduction. The methodology
uses an architecture which locks IF frequencies to the sampling
frequency. The basic delay based solution is converted into
integrator based solution for the implementation. Robustness
of the structure against the mismatch is analyzed and a two-
path quadrature cascaded modulator is proposed to alleviate
signal band gain error tone. Simulations at the behavioral level
verify the architecture implementation and the effectiveness of
the approach.

Index Terms—Analog-to-Digital conversion, band-pass XA
modulation, Image band, complex filters, Two-path, MASH,
Cascaded, quadrature,

1. INTRODUCTION

Performance of a XA modulator can be improved by in-
creasing the over sampling ratio (OSR) and/or increasing the
order of filter and/or increasing the quantizer levels. However
increasing the OSR results in additional burden on the op-amp
bandwidth requirement, eventually dissipating more power.
Increasing the quantizer levels beyond 4-5 bits is not good,
as the number of comparators needed rises exponentially. Per-
formance of the modulator can also be increased by increasing
the order of the filter, however beyond second order, modulator
requires extensive stability analysis and the number of op-
amps rises. Thus for a given power and SNR requirement
[1], combination of the above factors should be carefully
optimized. On the other hand power requirement in the system
level can be reduced by N-path [2] architectures. Research
activities in N-path architectures are still in the development
stage. A few of the existing architectures in the literature are in
Pipeline ADC [3], low pass [4] and band-pass [5] sigma delta
modulators. This paper explores the N-path design techniques
in quadrature band-pass £A modulators. Fig. 1 shows a general
N-path quadrature [6] band-pass £A modulator, where each
path operates N-times slower than the sampling frequency (f;)
of the complete system. The solution is attractive for reducing
the system power requirement as the power consumption of
an op-amp is proportional to square of the (a * f;) and for an
N-path system the op-amp power requirement is proportional
to square of (a * f;/N) at the cost of duplicating the hardware
N-times. Here « lies between 3 and 5, since for a discrete time
implementation, op-amp bandwidth requirement varies in that
range. Additional duplication of the hardware can be saved
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Fig. 1. Generic N-path quadrature band-pass XA modulator.

by careful interleaving operation without compromising the
settling requirement.

This paper presents an architectural solution for signal
band gain mismatch tones in quadrature XA modulators. The
provision of placing a zero in the image band helps reducing
the injection of quantization noise from image band to signal
band. The paper is organized as follows. Section II reviews
the basic scheme for a delay based second order quadrature
modulator and conversion of the delay based scheme into
an integrator based solution. Section III describes the two-
path scheme with mismatch analysis. Section IV introduces
cascaded architectural solution to the gain mismatch problems.
Finally, Section V draws some conclusions.
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Fig. 2. z-plane, zero placement of a second order quadrature modulator.
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II. SYNTHESIS OF NOISE TRANSFER FUNCTION

One of the possible quadrature noise transfer function (NTF)
[7] with two zeros on the unit circle is given by

NTF=1- 7'k(1 + j) + jz 2 )

For k=1.375 with IF at fy/4, the positions of the zeros
are as shown in Fig. 2. Synthesized architecture for the
above NTF is as shown in Fig. 3. More details about the
architecture can be found in [7]. The next step is to convert
the delay based solution to integrator based architecture for
the implementation. In-order to convert the delay to integrator
based architecture consider the quadrature delay based filter
of the modulator shown in Fig. 3. For simplicity, Fig. 4(a)
shows the delay based filtering part of the modulator without
injection of quantization error. Since the implementation is
done in discrete time, choppers and integrators are used to
map the output using iterative use of the following equation.

Zpi(n+ 1) = Xp1(n) — Yp1(n)
Zoi(n+ 1) = Xg1(n) + Yri(n)
Yri(n+1) = Zg1(n)
YQI(I’Z+ 1) ZZQI(H)

(@)

Fig. 4(b) shows the integrator based scheme. The outputs
of the two filters are the same, hence these two topologies are
equivalent. The derived topology is extended to incorporate
injection of the quantization error between the delays in order
to complete the mapping from delay based system to integrator
based one. The complete integrator system is as shown in Fig.
5. Ideal spectrum output of Fig. 5 exactly matches with that
of Fig. 3.

III. TWO-PATH SECOND ORDER QUADRATURE MODULATOR.

In case of a A modulator, the main power consuming
blocks are op-amps used to implement integrators, which
increases with the order of the filter. For N=2, number of
path will be two and each paths will operate at a frequency of
fs/2, hence the power consumption of each op-amp is reduced
to (f;)?/4. Second order NTF requires z> term, which are
implemented by cascading of two integrators, which operates
at a frequency (a * f;). It is advantageous to implement the
7272 term by two first order integrators operating in two-
paths at a frequency (a * f;/2), which also reduces the
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Fig. 3. Second order quadrature band-pass XA architecture for

NTF = 1 — z7'%(1 + j) + jz~2 with IF = fy/4.
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Fig. 4. Conversion from Delay based to Integrator based scheme

settling requirement of the op-amp. Hardware requirement
can be reduced by careful time-interleaving operation without
compromising settling requirement. This is possible due to
unit delay between even and odd paths. Thus one op-amp is
sufficient to implement a second order z2 term. Fig. 6 shows
the two-path implementation quadrature architecture of Fig.
5. The architecture is referred to system clock frequency f,
hence each integrator is shown with a z~2 term, in reality four
op-amps (two for R path, two for Q path) are required for
two-path operation with each path operating at a frequency of
£i12.

The output spectrum of the modulator considering the gain
mismatch is shown in Fig. 7. Image tone due to nominal
mismatch in the feedback path is problematic like any conven-
tional higher order quadrature modulator as quantization error
will be leaked from image band to signal band. For a second
order quadrature modulator with IF at fy/4 and reasonable
bandwidth (OSR=9), image band quantization error is still
shaped by the quadrature filter, hence leakage is negligible.
Leakage would be critical if the IF is at fy/2 as quantization
error reaches maximum power in the image. However for a
two-path integrator based architecture, gain mismatch tones
fall in the signal band, which is undesirable in a sensitive
receiver architecture. Thus the power reduction advantage of
a two-path quadrature architecture is limited by tones in the
signal band.

The leakage of image band quantization error into the signal
band can be reduced by placing a zero in the image band [6]
[8] or selecting a signal band near to the image band [9]. The
same solution is applicable in the reduction of gain mismatch
error. This can be verified by the following quadrature band-
pass design. Consider the following NTF with one zero in the
signal band and one zero in the image band given by

NTF=1- 7'k-z77 3)
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Fig. 6. Two-path implementation scheme.
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Fig. 7. PSD of the fy/4-IF second order quadrature band-pass modulator
with 1% mismatch.

For k = 1.98 with IF at 2fy, the positions of the zeros are as
shown in Fig. 8. Synthesized architecture for the above NTF
is as shown in Fig. 9. The architecture is converted from delay
based to integrator based scheme and implemented in two-path
scheme as shown in Fig. 10 based on the previously derived
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Fig. 8. Zero analysis of the 2fy architecture.

design steps. Output spectrum considering gain mismatch and
feedback path mismatches are shown in Fig. 11. It is worth
noting that there is no gain mismatch tones in the signal band.

However the present design has only two zeros, hence
placing one zero in the image band will reduce the effec-
tiveness of signal band shaping. One possible solution is to
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Fig. 10. Two-path implementation of the 2fy architecture.
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Fig. 9. Second order quadrature band-pass XA architecture for

NTF = 1 — z 'k —z72 with IF = 2fy.

extend the architecture to a third order such that two zeros
are used for signal band shaping and one zero for image
band suppression. This requires a z~! to 7> conversion, which
is possible only if, N=3 with the advantage of each path
operating at a frequency of f;/3. However path mismatch
analysis would be complicated and single coefficient control
over three zeros would not be possible. In-order to retain the
advantage of the signal coefficient control over the two zeros,
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Fig. 11. PSD of the two-path 2fy/-IF second order quadrature band-pass
modulator with 1% mismatch.
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a two-path 2-2 cascaded architecture is proposed.

IV. Two-PATH 2-2 QUADRATURE CASCADED XA MODULATORS

Cascading [9] is a well known technique to improve the
stability compared to direct synthesis of higher order modula-
tors. The proposed 2-2 quadrature cascaded XA modulator is
shown in Fig. 12, where an individual second order sigma delta
modulator is implemented with two-path topology. The pro-
posed modulator has an advantage of placing the zeros using
two independent zero controlling coefficients, whereas a fourth
order single stage modulator requires three coefficients without
locking of IF to sampling frequency. Stability requirement is
not a problem with 2-2 cascaded scheme as the architecture
inherently uses a second order modulator, which is not a case
for the conventional fourth order modulator. The conventional
processing used for cascaded scheme cancels the quantization
noise of the R and Q paths of the first modulator and obtains
a quadrature output ¥ = Y + j- Yy for a quadrature input
X = Xz + j- Xp. Noise transfer functions NTF, and NTF, of
Fig. 12 is given by

NTF, = 1- 7'k -2 @
NTFy = 1- 7'kl +j)+j72 ®)
Y = X4 &(NTF)(NTF») (6)

where &y = &8 + j - £20.

The first modulator uses the architecture proposed in Fig.
10 with zero placements as shown in Fig. 12 for k; = 1.98
and the second modulator uses the architecture shown in Fig. 6
with zero position as shown in Fig. 12 for k, = 1.375. The
effective IF of the architecture is given by fy/8.

Output spectrum of the modulator considering the mismatch
is as shown in Fig. 13. Inset of Fig. 13 confirms the effective-
ness of the cascaded architecture with input signal applied at
2 fy+0 and gain error tone at 2 fy—¢. There is no gain mismatch
tones in the signal band as image band is suppressed by the
first stage of the modulator and second stage further increases
the bandwidth of the modulator. It is worth mentioning that
interchanging stages creates problems as shown in Fig. 14.
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PSD of the cascaded architecture with IF at 7y /8 using zero position of Fig. 12. Inset shows that for input signal at 2 fy + ¢ the gain error tone is

Gain mismatch of the first stage creates tones in the signal
band and the second stage image suppression is not useful
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as tones are already leaked by the first stage. Hence it is
important to suppress the gain error tone in the first stage.
An additional benefit of this topology is the suppression of
image band quantization error. This reduces the leakage of
the quantization error from image band to signal band.

V. CONCLUSION

This work extensively studied power reduction techniques
in the system level using N-path quadrature band-pass XA

=

Fig. 14. PSD of the cascaded architecture with IF at fy/8 using interchanged

modular stages Fig. 12.
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modulators. Two-path design of integrator based quadrature
XA modulator has been proposed. Gain mismatch problem
associated with the architecture is analyzed and solution is pro-
vided by using a two-path second order band-pass architecture
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with one zero in the image band. Higher performance without
compromising stability was demonstrated through a proposed
two-path 2-2 cascaded architecture. Cascaded architecture
holds the advantage of the locking of IF to sampling frequency

s

The effectiveness of the proposed scheme was proved by

simulations at the behavioral level.

[1]
[2]

[3]

[4]

REFERENCES

R. Schreier and G. C. Temes, "Understanding Delta-Sigma Data Convert-
ers.”, IEEE Press, 2005

A. Tabatabaei and B.A. Wooley,”A two-path bandpass modulator with
extended noise shaping”, IEEE Journal of Solid-State Circuits, Vol. 35,
No. 12, pp. 1799-1809, Dec. 2000.

L. Sumanen, M. Waltari, and K.A.I. Halonen, ”A 10-bit 200-MS/s CMOS
parallel pipeline A/D converter,” IEEE Journal of Solid-State Circuits,
vol.36, no.7, pp.1048-1055, Jul 2001.

E. Bilhan and F. Maloberti, “A Wideband Sigma-Delta Modulator With
Cross-Coupled Two-Paths” IEEE Transactions on Circuits and Systems-I,
vol. 56, no. 5, pp. 886-893, May 2009.

226

[5]

[6

[7]

[8]

[91

I. Galdi, E. Bonizzoni, P. Malcovati, G. Manganaro, and F. Maloberti,
740 MHz IF 1 MHz Bandwidth Two-Path Band-pass XA Modulator with
72 dB DR Consuming 16 mW?”, IEEE Journal of Solid-State Circuits
no. 7, vol. 43, pp. 1648-1656, July 2008.

S. A. Jantzi, K. W. Martin, and A. S. Sedra, "Quadrature bandpass A
modulation for digital radio”, IEEE Journal of Solid-State Circuits, vol.
32, no. 12, pp. 1935 - 1950, Dec. 1997.

Y. B. N. Kumar, S. Talay, and F. Maloberti, ”On the Design of Band-Pass
Quadrature XA Modulators”, Proc. of IEEE Asia Pacific Conf. on Circuits
and Systems, pp. 1228-1231, Dec. 2008.

R. Schreier, N. Abaskharoun, H. Shibata, D. Paterson, S. Rose, and
I. M. Q. Luu, A 375 mW Quadrature Band-Pass XA ADC with 8.5 MHz
BW and 90 dB DR at 44 MHz”, IEEE J. Solid-State Circuits, vol. 41,
no. 12, pp. 2632-2640, Dec. 2006.

L. J. Breems, R. Rutten, R. H. M. van Veldhoven, and G. van der Weide,
”A 56 mW Continuous-Time Quadrature Cascaded XA Modulator with
77 dB DR in a near Zero-IF 20 MHz Band”, IEEE J. Solid-State Circuits
vol. 42, no. 12, pp. 2696-2705, Dec. 2007.



