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(57) ABSTRACT

A continuous-time band-pass AX AD modulator subtracts an
analog signal from a DA converter from an inputted analog
signal, outputs an analog signal having a subtraction result
to an AD converter via a continuous-time analog band-pass
filter, outputs a digital signal from the AD converter to the
DA converter, and outputs the same digital signal as a digital
signal subjected to a band-pass AZ AD modulation process-
ing. The highest input frequency “fin” of the inputted analog
signal is substantially set to three-fourths of a sampling
frequency “fs”. The DA converter is configured to convert
the inputted digital signal into the analog signal, and outputs
the analog signal, which is inverted or not in response to a
value of the inputted digital signal and has an amplitude of
substantially zero and a gradient of substantially zero at a
timing k/(2fs).
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Fig.7

IN CASE OF NRZ DAC
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IN CASE OF 25% RTZ DAC
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Fig.9

IN CASE OF RF DAC
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Fig.22

IN CASE OF RF DAC
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Fig.23

IN CASE OF RF DAC
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BAND-PASS DELTA-SIGMA AD MODULATOR FOR

AD-CONVERTING HIGH FREQUENCY NARROW

SIGNAL WITH HIGHER PRECISION AND LOWER
CONSUMPTION POWER

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a band-pass AX AD
modulator for AD-converting a high frequency narrow-band
signal with higher precision and lower power consumption
which is provided in an analog front-end of a receiver such
as a radio LAN or a portable telephone, and a digital radio
receiver using the same band-pass AX AD modulator.

[0003] 2. Description of the Prior Art

[0004] The use of a band-pass AX AD modulator has been
examined for AD-converting a high frequency narrow-band
signal with higher precision and lower power consumption
which is provided in an analog front-end of a receiver such
as a radio LAN or a portable telephone (See first to sixth
non-patent documents described later, for example).

[0005] Prior art documents related to the present invention
are as follows:

[0006] (1) first patent document: Japanese patent laid-
open publication No. JP-2000-244323-A;

[0007] (2) second patent document: Japanese patent laid-
open publication No. JP-2002-100992-A;

[0008] (3) first non-patent document: F. Munoz et al., “A
4.7 mW 89.5 dB DR CT Complex AZ ADC with Built-in
LPF”, ISSCC Digest of Technical Papers, Vol. 47, pp.
500-501, February 2004;

[0009] (4) second non-patent document: R. Schreier et al.,
“A 10-300 MHz IF-digitizing IC with 90-105 dB dynamic
range and 15-333 kHz band width”, IEEE Journal of Solid-
State Circuits, Vol. 37. pp. 1636-1644, December 2002;

[0010] (5) third non-patent document: T. Salo et al., “A
Dual-Mode 80 MHz Bandpass AX Modulator for a GSM/
WCDMA IF-receiver”, ISSCC Digest of Technical Papers,
Vol. 45, pp. 218-219, February 2002;

[0011] (6) fourth non-patent document: U. V. Kack et al.,
“Direct RF Sampling Continuous-Time Bandpass AX AD
Converter Design for 3G Wireless Applications”, Proceed-
ings of IEEE ISCAS, Vancouver, Canada, May 2004;

[0012] (7) fifth non-patent document: P. Fontaine et al., “A
Low-Noise Low-Voltage CT AX Modulator with Digital
Compensation of Excess Loop Delay”, ISSCC Digest of
Technical Papers, Vol. 47, pp. 498-499, February 2004;

[0013] (B) sixth non-patent document: H. San et al., “A
noise-shaping algorithm of multi-bit DAC nonlinearities in
complex bandpass AZ AD modulators”, IEICE Transactions
on Fundamentals, Vol. E87-A, N. 4, pp. 792-800, April
2004,

[0014] (9) seventh non-patent document: S. R. Norswor-
thy et al. (editors), “Delta-Sigma Data Converters, -Theory,
Design and Simulation”, IEEE Press, 1997;

[0015] (10) eighth non-patent document: S. Luschs et al.,
“Radio Frequency Digital-to-Analog Converter”, IEEE
Journal of Solid-State Circuits, Vol. 39, No. 9, pp. 1462-
1467, September 2004; and
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[0016] (11) ninth non-patent document: H. Kobayashi et
al., “Sampling Jitter and Finite Aperture Time Effects in
Wideband Data Acquisition Systems”, IEICE Transactions
on Fundamentals, Vol. E85-A, No. 2, pp. 335-346, February
2002.

[0017] Various kind of examinations have been made for
realizing a software radio system according to a prior art
having a minimum-analog and rich-digital circuit configu-
ration, from which a frequency converter circuit for con-
verting an RF signal into a baseband is eliminated so as to
directly AD-convert the RF signal (See FIG. 1A). A digital
radio receiver according to the prior art of FIG. 1A is
constituted by including an antenna 1, a band-pass filter 2,
a low-noise amplifier 3, a frequency converter unit 4 for
converting an inputted signal into a baseband, a pair of
low-pass AZ AD modulators 5a and 55, and a digital signal
processor (DSP) 6. In all the drawings including FIG. 1A
and being subsequent to FIG. 1A, an AD converter (analog-
to-digital converter) will be abbreviated as an ADC, and a
DA converter (digital-to-analog converter) will be abbrevi-
ated as a DAC.

[0018] Referring to FIG. 1A, conventionally, a configura-
tion of a discrete-time circuit (FIG. 3) has been often used
which utilizes a switched capacitor circuit capable of per-
forming AD conversion with higher precision. However,
recently, a configuration of a continuous-time circuit (FIG.
4) is studied which utilizes a continuous-time analog filter in
the continuous-time circuit, because of the possibility of the
operation at a higher rate and with lower power consump-
tion. In this case, an influence of a clock jitter of the internal
AD converter is relatively small because of noise-shaping,
however, such a problem occurs that an influence of a jitter
of an internal DA converter leads to deterioration in preci-
sion of the entire AD modulator.

SUMMARY OF THE INVENTION

[0019] An essential object of the present invention is to
provide a band-pass AZX AD modulator capable of solving
the above-stated problems, and performing a band-pass AX
AD modulation processing with a higher precision to pro-
vide a digital radio receiver having a configuration simpler
than that of a digital radio receiver according to the prior art,
and to provide a digital radio receiver using the same
band-pass AZ AD modulator.

[0020] According to the first aspect of the present inven-
tion, a band-pass AX AD modulator includes an analog
band-pass filter, an AD converter for performing AD con-
version using a sampling clock having a predetermined
sampling frequency “fs”, and a DA converter for performing
DA conversion using the sampling clock having the sam-
pling frequency “fs”. The band-pass AX AD modulator
subtracts an analog signal from the DA converter from an
inputted analog signal, outputs an analog signal having a
subtraction result to the AD converter via the analog band-
pass filter, outputs a digital signal from the AD converter to
the DA converter, and outputs the digital signal as a digital
signal subjected to a band-pass AZ AD modulation process-
ing. In this case, the highest input frequency “fin” of the
inputted analog signal is substantially set to three-fourths of
the sampling frequency “fs”. In addition, the DA converter
converts an inputted digital signal into an analog signal, and
outputs the analog signal, which is inverted or not in
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response to a value of the inputted digital signal and has an
amplitude of substantially zero and a gradient of substan-
tially zero at a timing k/(2fs), where “k” is any integer.

[0021] In the above-mentioned band-pass AZ AD modu-
lator, at a timing near the timing k/(2fs), the analog signal
outputted from the DA converter preferably changes so as to
have a smaller gradient than gradients at the other timings
other than timings near the timing k/(2fs), (the other timings
excluding timings corresponding to the maximum point and
the minimum point of the analog signal).

[0022] In addition, in the above-mentioned band-pass AZ
AD modulator, the DA converter preferably generates the
analog signal by switching a predetermined alternating-
current signal in response to the sampling clock, based on a
value of the inputted digital signal, and by applying a
predetermined bias voltage to a switched signal.

[0023] Further, in the above-mentioned band-pass AZ AD
modulator the DA converter is preferably a multi-bit DA
converter, and the AD converter is preferably a multi-bit AD
converter.

[0024] Still further, in the above-mentioned band-pass AZ
AD modulator, the analog band-pass filter is preferably a
continuous-time analog band-pass filter.

[0025] According to the second aspect of the present
invention, there is provided a digital radio receiver for
band-pass-filtering a received signal using a band-pass filter,
and then executing a band-pass AZ AD modulation process-
ing on the band-pass-filtered signal by the above-mentioned
band-pass AZ AD modulator.

[0026] Therefore, each of the band-pass AX AD modulator
and the digital radio receiver using the same band-pass AZ
AD modulator according to the present invention is config-
ured so that the highest input frequency “fin” of the inputted
analog signal is substantially set to the three-fourths of the
sampling frequency “fs”, and so that the DA converter
converts an inputted digital signal into an analog signal and
outputs the analog signal, which is inverted or not in
response to a value of the inputted digital signal and has an
amplitude of substantially zero and a gradient of substan-
tially zero at a timing k/(2fs), where “k” is any integer.
Accordingly, each of the band-pass AX AD modulator and
the digital radio receiver using the band-pass AZ AD modu-
lator according to the present invention has a configuration
simpler than that of the prior art, can perform the AD-
conversion at a higher precision than that of the prior art, and
can directly convert the RF signal into the digital signal. In
addition, it is possible to deal with a higher frequency input
signal and realize operation with power consumption lower
than that of the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] These and other objects and features of the present
invention will become clear from the following description
taken in conjunction with the preferred embodiments thereof
with reference to the accompanying drawings throughout
which like parts are designated by like reference numerals,
and in which:

[0028] FIG. 1A is a block diagram showing a configura-
tion of a digital radio receiver according to a prior art;
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[0029] FIG. 1B is a block diagram showing a configura-
tion of a digital radio receiver according to a basic configu-
ration of the present invention;

[0030] FIG. 2 is a spectral diagram showing a central
frequency dealt with by a band-pass AZX AD modulator
according to preferred embodiments of the present inven-
tion;

[0031] FIG. 3 is a circuit diagram showing a circuit
configuration of a discrete-time filter according to the prior
art;

[0032] FIG. 4 is a circuit diagram showing a circuit
configuration of a continuous-time filter according to the
prior art;

[0033] FIG. 5 is a spectral diagram showing a usage band
for Nyquist sampling for use in a band-pass AZX AD modu-
lator according to the prior art;

[0034] FIG. 6 is a spectral diagram showing a usage band
for subsampling for use in the band-pass AX AD modulator
according to the prior art;

[0035] FIG. 7 is a diagram showing an output power
spectrum of a continuous-time band-pass AX AD modulator
when the subsampling is performed with using an NRZDA
converter 21 of FIGS. 12A and 12B as an internal DA
converter;

[0036] FIG. 8 is a diagram showing an output power
spectrum of the continuous-time band-pass AZ AD modu-
lator when the subsampling is performed with using a 25%
RTZDA converter 23 of FIGS. 12A and 12B as the internal
DA converter;

[0037] FIG. 9 is a diagram showing an output power
spectrum of the continuous-time band-pass AZ AD modu-
lator when the subsampling is performed with using an
RFDA converter 22 of FIGS. 12A and 12B as the internal
DA converter;

[0038] FIG. 10 is a waveform chart showing an example
of waveforms of output signals from the respective DA
converters 21, 22 and 23 (1-bit DA converters) of FIGS. 7
t09;

[0039] FIG. 11 is a block diagram showing a configuration
of a continuous-time band-pass AZ AD modulator according
to a first preferred embodiment of the present invention;

[0040] FIG. 12A is a diagram showing the waveforms of
the output signals when a digital input signal is “1” and the
digital input signal is inputted to the respective DA convert-
ers 21, 22 and 23;

[0041] FIG. 12B is a diagram showing the waveforms of
the output signals when the digital input signal is “0” and the
digital input signal is inputted to the respective DA convert-
ers 21, 22 and 23;

[0042] FIG. 13 is a circuit diagram showing a configura-
tion of a 1-bit RFDA converter 14 of FIG. 11;

[0043] FIG. 14 is a spectral diagram showing gain-fre-
quency characteristics of the respective DA converters 21,
22 and 23 of FIGS. 12A and 12B;

[0044] FIG. 15 is a circuit diagram showing a configura-
tion of a differential 1-bit RFDA converter 14A according to
a second preferred embodiment of the present invention;
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[0045] FIG. 16 is a timing chart showing timings of
respective signals, and showing an operation of a multi-
plexer MUX 1 of FIG. 15;

[0046] FIG. 17 is a waveform chart showing signal wave-
forms of respective voltages of FIG. 15;

[0047] FIG. 18 is a waveform chart showing signal wave-
forms of respective voltages, and showing simulation results
of FIG. 15;

[0048] FIG. 19 is a conceptual view of a circuit configu-
ration of a segment type 3-bit RFDA converter 14B accord-
ing to a third preferred embodiment of the present invention;

[0049] FIG. 20 is a circuit diagram showing a configura-
tion of the segment type 3-bit RFDA converter 14B accord-
ing to the third preferred embodiment of the present inven-
tion;

[0050] FIG. 21 is a bock diagram showing a configuration
of a band-pass AX AD modulator according to a first
implemental example of the first preferred embodiment;

[0051] FIG. 22 is a diagram showing an output power
spectrum of the continuous-time band-pass AZ AD modu-
lator when the RFDA converter is used as an internal DA
converter of FIG. 21;

[0052] FIG. 23 is a diagram showing a characteristic of
SNDR with respect to an oversampling rate (OSR) of the
continuous-time band-pass AX AD modulator when the
RFDA converter is used as the internal DA converter of FIG.
21;

[0053] FIG. 24 is a diagram showing output power spectra
of the continuous-time band-pass AX AD modulator with
and without a jitter of a sampling clock of the internal DA

converter, respectively, when the RFDA converter is used as
the internal DA converter of FIG. 21,

[0054] FIG. 25 is a diagram showing an output power
spectra of the continuous-time band-pass AZ AD modulator
with and without the jitter of the sampling clock of the
internal DA converter, respectively, when the 25% RTZDA
converter is used as the internal DA converter of FIG. 21;

[0055] FIG. 26 is a graph showing changes in the SNDR
with respect to the oversampling rate (OSR) of the continu-
ous-time band-pass AZX AD modulator with and without the
jitter of the sampling clock of the internal DA converter,
respectively, when the RFDA converter is used as the
internal DA converter of FIG. 21;

[0056] FIG. 27 is a graph showing changes in the SNDR
with respect to the oversampling rate (OSR) of the continu-
ous-time band-pass AZX AD modulator with and without the
jitter of the sampling clock of the internal DA converter,
respectively, when the 25% RTZDA converter is used as the
internal DA converter of FIG. 21;

[0057] FIG. 28 is a bock diagram showing a configuration
of a band-pass AZ AD modulator according to a second
implemental example of the third preferred embodiment;

[0058] FIG. 29 is a diagram showing a waveform of a
digital input signal inputted to a 3-bit RFDA converter 14a
of FIG. 28;

[0059] FIG. 30 is a diagram showing a waveform of an
analog signal outputted from the 3-bit RFDA converter 14a
of FIG. 28;
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[0060] FIG. 31 is a diagram showing output spectra of the
continuous-time band-pass AX AD modulator when a 1-bit
RFDA converter and a 3-bit RFDA converter are used as the
internal DA converter of FIG. 28, respectively; and

[0061] FIG. 32 is a graph showing changes in SNDR with
respect to the oversampling rate (OSR) of the continuous-
time band-pass AZ AD modulator when the 1-bit RFDA
converter and the 3-bit RFDA converter are used as the
internal DA converter of FIG. 28, respectively.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0062] Preferred embodiments according the present
invention will be described below with reference to the
drawings. In the attached drawings, the same numerical
references denote components similar to each other.

Preliminary Investigations in Preferred
Embodiments

[0063] The present invention proposes such a circuit con-
figuration that a high frequency RF signal can be directly
AD-converted with a relatively high precision and with
relatively low power consumption, by performing subsam-
pling with using a DA converter less influenced by a jitter as
an internal DA converter of a continuous band-pass AZ AD
modulator. In particular, in the preferred embodiments, a
configuration will be described below which can further
improve the advantageous effects that the continuous-time
band-pass AX AD modulator “can deal with a high frequency
signal”, and which solves the disadvantageous defects that
the continuous-time band-pass AZ AD modulator has such a
problem that “the clock jitter of the DA converter has a great
influence on the precision of the modulator”. It is noted that
the continuous-time band-pass AX AD modulator according
to the present preferred embodiments can be used, for
example, as a band-pass AZ AD modulator 7 of a digital
radio receiver of FIG. 1B. Referring to FIG. 1B, a received
signal received by the antenna 1 is band-pass-filtered by a
band-pass filter 2. A resultant narrow-band analog signal is
then low-noise-amplified by a low-noise amplifier 3, and is
inputted to the band-pass AZ AD modulator 7 according to
the present preferred embodiments. The band-pass AZ AD
modulator 7 executes a band-pass AZ AD modulation pro-
cessing on the inputted narrow-band analog signal, and
outputs a processed digital signal to a digital signal proces-
sor 6. The digital signal processor 6 performs a processing
such as a demodulation processing on the digital signal.

[0064] In each of many band-pass AZX AD modulators
according to the prior art, a frequency which is four times as
high as a central frequency “fc” of an input signal band is
used as a sampling clock frequency (referred to as a sam-
pling frequency hereinafter) “fs” (where fs=4 fc: Nyquist
sampling frequency), because of such a reason that it is easy
to design a digital filter provided at the subsequent stage of
the modulator (See the seventh non-patent document, for
example). Namely, in a configuration according to the prior
art, a central frequency of an input band that can be dealt
with is a quarter (fc=(¥)fs) of the clock frequency “fs”, at
which an internal AD converter and an internal DA con-
verter can operate. Accordingly, when the modulator is to
deal with a high frequency input signal, the clock frequency
“fs” of the modulator becomes high, and the internal AD
converter and the internal DA converter become unable to
operate.
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[0065] In order to solve the above-described problems,
there was proposed “an analog subsampling technique” for
setting the three-fourths of the central frequency “fc” of the
input signal (fc=(34)fs) to the sampling frequency “fs”.
According to the technique, since the central frequency “fc”
of the input band is the three-fourths of the sampling
frequency “fs”, the modulator can deal with a signal having
a frequency which is three times as high as that of the
configuration according to the prior art described above, at
the same clock frequency (fc=(34)fs). In ordinary Nyquist
sampling, a band of 0=f=(2)fs is used as a signal band,
however, in the subsampling, a band of (*2)fs =f={s is used
as a signal band (See FIGS. 2, 5 and 6).

[0066] A band-pass modulator using a discrete-time cir-
cuit based on the above-mentioned “subsampling technique”
has been already realized as an LSI and an operation of the
modulator is verified. However, such an example has been
hardly reported that the “subsampling technique” is applied
to a band-pass modulator using a continuous-time circuit
(See the fourth non-patent document, for example).

[0067] Next, a subsampling continuous-time band-pass
AZ AD modulator will be examined below. FIG. 7 is a
diagram showing an output power spectrum of the continu-
ous-time band-pass AZ AD modulator when the subsam-
pling is performed with using an NRZDA converter 21 of
FIGS. 12A and 12B as the internal DA converter. In addi-
tion, FIG. 8 is a diagram showing an output power spectrum
of the continuous-time band-pass AX AD modulator when
the subsampling is performed with using a 25% RTZDA
converter 23 of FIGS. 12A and 12B as the internal DA
converter. Further, FIG. 9 is a diagram showing an output
power spectrum of the continuous-time band-pass AX AD
modulator when the subsampling is performed with using an
RFDA converter 22 of FIGS. 12A and 12B as the internal
DA converter. Still further, FIG. 10 is a waveform chart
showing an example of waveforms of output signals from
the respective DA converters 21, 22 and 23 (1-bit DA
converters) of FIGS. 7 to 9. In this case, as apparent from
FIG. 10, the NRZDA converter 21 is a DA converter that
outputs an NRZ (Non-Return-to-Zero) signal as an analog
signal, the RFDA converter 22 is a DA converter that
outputs, for example, a high frequency cosine wave signal of
several time cycles for one sampling cycle as an analog
signal, and the 25% RTZDA converter 23 is a DA converter
that outputs an RTZ (Return-to-Zero) signal having a duty
ratio or a pulse width of 25% as an analog signal.

[0068] First of all, when the NRZDA converter 21 is used
as the internal DA converter, even when the subsampling is
to be performed with using the zero-order hold DA converter
whose output signal is the NRZ in the continuous-time
band-pass modulator, the modulator does not operate as a
band-pass modulator. This is confirmed by the inventors of
the present invention using a MATLAB (registered trade-
mark) simulation apparatus (See FIG. 7). As apparent from
FIG. 7, when the NRZDA converter 21 is used as the internal
DA converter, any noise shaping is not performed at fre-
quencies near the frequency (¥4)fs. Even when the amplitude
of the input signal and filter coefficients are changed, an
oscillation occurs and the modulator cannot operate. This is
because an impulse response of the zero-order hold DA
converter becomes the maximum DC (Direct Current) gain
and shows a great deterioration on a component at the
frequency (¥)fs. In the simulations of FIGS. 7 to 9, a
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first-order continuous-time band-pass filter is used as a loop
filter of the continuous-time AZ AD modulator.

[0069] Next, such a case will be described below where
the RTZDA converter 23 is used as the internal DA con-
verter. In 2004, Lucent Technologies proposed a method of
performing the subsampling with using an internal DA
converter that outputs the RTZ signal in the continuous-time
band-pass modulator (See the fourth non-patent document,
for example). In the MATLAB (registered trademark) simu-
lation, when the RTZDA converter having a pulse width of
25% is used as the internal DA converter, the quantization
noise is shaped at frequencies near the frequency (¥4)fs as
shown in FIG. 8. However, with this method, the jitter of the
sampling clock inputted to the RTZDA converter 23 that
outputs the RTZ signal greatly deteriorates the precision of
the entire AD modulator. Namely, when the output signal of
the DA converter is set to the RTZ signal, the influence of
the clock jitter on the precision of the AD modulator with the
RTZDA converter 23 is larger than that with the NRTZA
converter (See FIG. 10), since the RTZ signal has two edges
for one sampling cycle.

[0070] Further, such a case will be described below where
the RFDA converter 22 is used as the internal DA converter.
In 2004, Massachusetts Institute of Technology (MIT) pro-
posed the RFDA converter 22 for generating a high fre-
quency narrow-band signal (See the eighth non-patent docu-
ment, for example). An ordinary DA converter is a zero-
order hold DA converter whose output signal is the constant
for one sampling cycle, however, the RFDA converter 22
generates a cosine wave signal having several time cycles in
one sampling cycle as an output signal of the DA converter.
The frequency characteristics of the impulse response of the
zero-order hold DA converter have the maximum DC
(Direct Current) gain. However, some of the RFDA con-
verters 22 can obtain the maximum gain at the frequency
(¥4)fc without any Direct Current (DC) component. By using
the RFDA converters 22, it is possible to perform the
subsampling. The inventors of the present invention con-
firmed in the MATLAB (registered trademark) simulations
that the quantization noise is shaped at the frequencies near
the frequency (¥4)fs (See FIG.9). In addition, in the ordinary
DA converter, a data value changes discontinuously at
sampling timings. On the other hand, the RFDA converter
22 outputs the output signal of the continuous cosine wave
signal, and a slew rate of the output signal is zero (dDACout/
dt=0) at the sampling timing. Therefore, the influence of the
sampling clock jitter on the precision of the entire modulator
is extremely small. It is noted that the eighth non-patent
document describes that the RFDA converter 22 is used
solely as a DA converter, and does not describe that the
RFDA converter 22 is used for the AX AD modulator.

First Preferred Embodiment

[0071] Paying attention to the above-stated investigations,
the inventors of the present invention proposes to use the
above-mentioned RFDA converter 22 for the continuous-
time band-pass AZ AD modulator for performing the sub-
sampling. FIG. 11 is a block diagram showing a configura-
tion of the continuous-time band-pass AX AD modulator
according to a first preferred embodiment of the present
invention.

[0072] Referring to FIG. 11, the continuous-time band-
pass AZ AD modulator according to the present preferred
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embodiment is constituted by including a subtracter 11, a
continuous-time analog band-pass filter 12, a 1-bit AD
converter 13, a 1-bit RFDA converter 14, and a sampling
clock generator 15. In this case, the sampling clock genera-
tor 15 generates a sampling clock CLK having the sampling
frequency “fs”, and supplies the sampling clock CLK to the
1-bit AD converter 13 and the 1-bit RFDA converter 14. An
analog input signal having the highest input frequency “fin”
of ()fs (fin=(34)fs) is inputted to the subtracter 11. The
subtracter 11 subtracts an analog signal from the 1-bit RFDA
converter from the inputted analog input signal, and outputs
an analog signal having the subtraction result to the con-
tinuous-time analog band-pass filter 12. Next, the continu-
ous-time analog band-pass filter 12 performs an analog-
band-pass-filtering processing on the inputted analog signal
at continuous time, and outputs the processed analog signal
to the 1-bit AD converter 13. The 1-bit AD converter 13
converts the inputted analog signal into a 1-bit digital signal,
outputs the resultant 1-bit digital signal as a digital output
signal, and outputs the same signal to the 1-bit RFDA
converter 14. The 1-bit RFDA converter 14 converts the
inputted 1-bit digital signal into an analog signal, and
outputs the analog signal to the subtracter 11. By the
above-described configuration, the continuous time band-
pass AX AD modulator can be constituted.

[0073] The continuous time band-pass AX AD modulator
of FIG. 11 according to the present preferred embodiment of
the present invention exhibits the following advantageous
effects by using the RFDA converter 22 as the internal DA
converter:

[0074] (i) The highest input frequency can be set to the
three-fourths of the clock frequency at which the internal
AD converter 13 and the internal DA converter 14 can
operate. Namely, the continuous time band-pass AZ AD
modulator can deal with the input frequency three times as
high as that dealt with by the modulator according to the
prior art; and

[0075] (ii) The influence of the jitter of the sampling clock
to the DA converter 14 on the deterioration in the precision
of the entire AD modulator is extremely small. In addition,
because of use of the continuous time AX AD modulator, the
following advantageous effects can be exhibited as com-
pared with the discrete-time AX AD modulator. Namely, the
continuous time band-pass AX AD modulator can realize
lower power consumption, can operate at a higher clock
frequency, and can simplify an anti-aliasing filter provided
at the previous stage of the AZ AD modulator.

[0076] Next, the principle and operation of the RFDA
converter 22 will be described below. FIG. 12A is a diagram
showing waveforms of output signals when a digital input
signal is “1” and the digital input signal is inputted to the
respective DA converters 21, 22 and 23, and FIG. 12B is a
diagram showing waveforms of output signals when the
digital input signal is “0” and the digital input signal is
inputted to the respective DA converters 21, 22 and 23. In
addition, FIG. 10 shows an example of the waveforms of the
output signals from the respective DA converters 21, 22 and
23 (1-bit DA converters) of FIGS. 7 t0 9.

[0077] When the 1-bit DA converter is used in the con-
tinuous-time band-pass AZ AD modulator, the output signal
from the NRZDA converter 21 at a sampling timing “k” is
represented by the following equations (where “k” is any
integer, and k=0, £1, 2, 3, . .. ):

Jan. 25, 2007

(1) When the digital input signal is “1

k k+1 (69)]
Do nrz0) =1, (where 7 <r=< —]
s

Is

(2) When the digital input signal is “1

D, n=-1 ( h <1< 1] @
- = -1, | where — .
t,NRZ % %

[0078] On the other hand, the output signal from the
RFDA converter 22 is represented by the following equa-
tions:

(1) When the digital input signal is “1

k k+1/2 3
Dour rr(t) = A (1), |where — <t < , and
fs s
k+1/2 k+1 @
Do rr(t) = A (1), | Where <rs——|
fs fs

(2) When the digital input signal is “0:

k k+1/2 ®)
Do rr(®) = Ay (D), (where — =r= ], and
fs s
k+1/2 k+1 (6)
Dosae 0= A1 1. [where srsi)
fs fs
where,
1 1 (@)
A= —zcos{Zﬂ(Zfs)t} + 3 and
®

1 1
Ax(0) = ECOS{ZW(ZfS)I} ~3

[0079] In this case, A,(t) denotes a signal obtained by
biasing a cosine wave having a frequency 2fs so as to be a
higher level so that the lowest level of the biased cosine
wave becomes a zero level. In addition, A,(t) denotes a
signal obtained by biasing the cosine signal with the fre-
quency 2fs so as to be a lower level so that the highest level
of the biased cosine wave becomes the zero level. The
RFDA converter 22 operates as follows. When the digital
input signal is “17, the RFDA converter 22 outputs a signal
waveform which switches over from the signal A,(t) to the
signal A,(t) at a timing 1/(2fs), as shown in FIG. 12 A. In
addition, when the digital input signal is “0”, the RFDA
converter 22 outputs a signal waveform which switches over
from the signal A,(t) to the signal A (t) at the timing 1/(2fs),
as shown in FIG. 12B.

[0080] FIG. 13 is a circuit diagram showing a configura-
tion of the 1-bit RFDA converter 14 of FIG. 11. The above
RFDA converter 22 can be realized by a relatively simple
circuit as configured so that a differential pair of transistors
is connected to a tail current source I, which has one
grounded terminal and outputs an alternating-current (AC)
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signal of cos{2m(2fs)t}. Referring to FIG. 13, MOS field-
effect transistors (each referred to as a MOSFET hereinafter)
Q1 and Q2 constituting one pair of switching elements are
alternately turned on, respectively, in response to control
signals from a switch driver circuit 30. This leads to that the
analog signals (FIG. 10) Iout and Iout represented by the
equations 3 to 6 are generated and outputted. The paired
control signals from the switch driver circuit 30 are applied
to gates of the respective MOSFETs Q1 and Q2, the current
source 1, is connected to sources of the respective MOSFETs
Q1 and Q2, and the sources of the MOSFETs Q1 and Q2
become output terminals for outputting the output signals,
respectively. The switch driver circuit 30 generates and
outputs the control signals based on a digital data signal,
according to a sampling clock having the sampling fre-
quency “fs” which is in synchronization with the AC current
having an AC frequency fosc.

[0081] FIG. 14 is a spectral diagram showing gain-fre-
quency characteristics of the respective DA converters 21,
22 and 23 of FIGS. 12A and FIG. 12B. As shown in FIGS.
12A and 12B, the power spectrum of an impulse response of
the RFDA converter 22 becomes the maximum at the
frequency near the frequency (34)fs, and the DC component
thereof becomes zero. In the circuit configuration of FIG. 11
according to the present preferred embodiment, the subsam-
pling is realized at the input frequency (¥4)fs utilizing the
above-mentioned gain characteristics. In addition, there are
the following properties represented by the following equa-
tions with respect to any integer “k” (where k=0, £1, £2, +3,

R

k ©)
m3z)=0
k (10)

AZ(E] =0

dA (1)
—_— =0, and

dr 1)

44, -0 (12)

di ’:('z%) .

[0082] In this case, when an output value and an output
slew rate are both nearly zero, the switching of the sampling
clock is performed. Due to this, it is considered that the
influence of the jitter (See the ninth non-patent document,
for example) is small.

[0083] In the preferred embodiment described so far, the
1-bit RFDA converter 14 of FIG. 13 switches the cosine
wave signal to generate the analog signal, however, the
present invention is not limited to this. The above analog
signal may be a signal having continuous values that satisty
at least the equations (9) to (12). Preferably, the analog
signal value and gradient of the signal are both zero at a
timing t=k(2fs) (where “k” is any integer), and the analog
signal has continuous values gradually increasing or
decreasing at a timing near the timing t=k/(2fs).

[0084] In the present preferred embodiment described so
far, the current output type 1-bit RFDA converter 14 is
disclosed in FIG. 13. However, as will be described later in
detail with reference to FIG. 15, a voltage output type RFDA
converter may be employed.
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Second Preferred Embodiment

[0085] FIG. 15 is a circuit diagram showing a configura-
tion of a differential 1-bit RFDA converter 14A according to
a second preferred embodiment of the present invention. The
second preferred embodiment is characterized in that the
RFDA converter is configured as a voltage output type
differential RFDA converter, as compared with the first
preferred embodiment. Referring to FIG. 15, the differential
1-bit RFDA converter 14A includes an input signal process-
ing circuit, which is constituted by a multiplexer MUX1 and
two inverters INV1 and INV2 and provided at the previous
stage of input terminals T11 and T12. Further, two pairs of
switching elements MOSFETs Q1 and Q2, and Q11 and Q12
are connected between the input terminals T11 and T12, and
output terminals T21 and T22. A current source Iy, is
connected to the MOSFETs Q1 and 2, and a current source
I, 1s connected to the MOSFETs Q11 and Q12. In addition,
in order to provide the RFDA converter 14A as the voltage
output type RFDA converter, respective sources of the
respective MOSFETs Q1, Q2, Q11 and Q12 are connected
to a voltage source V44 via resistors R11 and R12, respec-
tively. In this case, current signals I___,and I__._ from the
current sources g, and I, are represented by the following
equations, respectively:

Toser (A1 —c0s{27(2/$)t}+0nc, ana
Lo == () 1-cos{2n2f5)t}+apcy.

[0086] In the circuit configuration of FIG. 15, at a certain
first timing, a control voltage signal V, | is set to a high level
and a control signal V,,_ is set to a low level. On the other
hand, at a second timing a half cycle after the first timing, the
control voltage signal V,, is set to the low level and the
control signal V,,_ is set to the high level. FIG. 16 is a timing
chart showing timings of respective signals, and showing an
operation of the multiplexer MUX 1 of FIG. 15. By con-
trolling the multiplexer MUX1 based on an input signal Tn
inputted to the DA converter, the sampling clock CLK is
processed as shown in FIG. 16, and the control voltage
signal V, ., of a non-inverted output signal “Z” and the
control voltage signal V,,_ of an inverted output signal Z are
generated and outputted to the terminals T11 and T12,

respectively.

[0087] The circuit of FIG. 15 inputs the signals and
operates as shown in FIG. 17. Accordingly, as apparent from
FIG. 17, the differential 1-bit RFDA converter 14A can be
constituted. FIG. 18 is a waveform chart showing wave-
forms of the respective voltage signals, and showing a
simulation result of FIG. 15. As shown in FIG. 18, the
differential 1-bit RFDA converter 14A operates as intended.
The circuit of FIG. 15 may be applied to a differential 3-bit
or multi-bit RFDA converter described below.

[0088] The 1-bit differential RFDA converter configured
as described so far can allow the signal amplitude to be
larger, is hardly affected by the noise, and can always apply
any current. Accordingly, the 1-bit differential RFDA con-
verter exhibits such an advantageous effect, that a common
mode voltage noise becomes extremely small, and the
converter is hardly affected by any distortion.

Third Preferred Embodiment

[0089] FIG. 19 is a conceptual view of a circuit configu-
ration of a segment type 3-bit RFDA converter 14B accord-
ing to a third preferred embodiment of the present invention,
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and FIG. 20 is a circuit diagram showing a configuration of
the segment type 3-bit RFDA converter 14B according to the
third preferred embodiment of the present invention. Refer-
ring to FIG. 19, a voltage source V4, is grounded via a
resistor R11 or R12, and respective switches S51-1 to S51-N
and respective current sources Ig; to Iqy. In addition, a
connection point between the resistor R11 or R12 and one
end of each of the switches S51-1 and S51-N becomes an
output terminal T30 for outputting the analog signal.

[0090] When the circuit of FIG. 19 is actually constituted,
the plurality of “N” current sources I, to I, are replaced by
one current source Iy as shown in FIG. 20. Referring to FIG.
20, the voltage source V 4, is grounded via the current source
I5 and a MOSFET Q50 of a switching element. In addition,
the voltage source V 4 is grounded via the resistor R11, and
switching elements MOSFETs M1, M3, . . ., and M(2N-1)
and MOSFETs Q51-1, Q51-2, . . ., and Q51-(N/2) each of
a switching element. Further, the voltage source V., is
grounded via the resistor R12, and switching elements
MOSFETs M2, M4, . . ., and M(2N) and the MOSFETs
Q51-1, Q51-2, . . ., and Q51-(N/2) each of a switching
element. A signal decoder and switch driver circuit 40
converts inputted digital binary data signals into thermom-
eter codes, then generates control signals for controlling the
MOSFETs M1, M2, M3, . . ., and M(2N) of the switching
elements, and applies the generated control signals to gates
of the respective MOSFETs M1, M2, M3, . . ., and M(2N).
In this case, Table 1 shown below is a conversion table used
when the digital binary data signals B2, B1, and B0 are
converted into the thermometer codes T7 to T1.

TABLE 1
B2 BL BO T7 T6 T5 T4 T3 T2 TI
0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 1
0 1 0 0 0 0 0 0 1 1
0 1 1 0 0 0 0 1 1 1
1 0 0 0 0 0 1 1 1 1
1 0 1 0 0 1 1 1 1 1
1 1 0 0 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1

[0091] A circuit constituted by the MOSFETs M1, M2,
M3, . . ., and M(2N) each of a switching element is
equivalent to such a configuration in that seven 1-bit RFDA
converters are connected in parallel to each other. The
MOSFETs M1, M2, M3, . . ., and M(2N) are controlled to
be turned on or off based on the control signal of a
thermometer code after the conversion. Accordingly, as the
number of switching elements that are turned on increases,
the current amount increases and the voltage which is
proportional to the current increases. As shown in FIGS. 29
and 30, the voltage of the analog output signal obtained as
described above changes in response to the digital input
signal. The segment type 3-bit RFDA converter 14B outputs
DA-converted analog signals from output terminals T31 and
T32 connected to one ends of the resistors R11 and R12,
respectively.

[0092] The segment type 3-bit RFDA converter config-
ured as described so far exhibits such an advantageous effect
that a glitch noise can be reduced and the monotony between
the input and the output thereof can be established.
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[0093] According to the respective preferred embodiments
stated so far are characterized by being constituted as
follows. Namely, the highest input frequency “fin” of the
inputted analog signal is substantially set to the three-fourths
of the sampling frequency “fs”. In addition, each of the DA
converters 1414A, and 14B converts the inputted digital
signal into the analog signal, and outputs the analog signal,
which is inverted or not in response to a value of the inputted
digital signal and has an amplitude of substantially zero and
a gradient of substantially zero at the timing k/(2fs), where
“k” is any integer. In addition, it is preferable that each of the
analog signals outputted from the DA converters 14, 14A,
and 14B changes so as to have a smaller gradient at the
timing near the timing k/(2fs) than gradients at the other
timings other than timings near the timing k/(2fs), (the other
timings excluding timings corresponding to the maximum
point and the minimum point of the analog signal). Prefer-
ably, each of the DA converters 14, 14A and 14B generates
the analog signals by switching a predetermined alternating
current signal based on the value of the inputted digital input
signal and by applying a predetermined bias voltage to the
switched signal. It is further preferable that each of the DA
converters 14, 14A and 14B is a multi-bit DA converter, and
the AD converter 13 is a multi-bit AD converter. Then, the
conversion precision can be improved as compared with that
of the 1-bit DA converter or 1-bit AD converter. In the
preferred embodiments described so far, the analog band-
pass filter is the continuous-time analog band-pass filter 12,
however, the present invention is not limited to this. When
a discretization interval is set to be sufficiently small, the
analog band-pass filter may be discrete-time analog band-
pass filter.

FIRST IMPLEMENTAL EXAMPLE

[0094] In order to confirm the operation by the simula-
tions, and of the continuous-time band-pass AZX AD modu-
lator according to the above-stated preferred embodiments,
the inventors of the present invention carried out simulations
using a MATLAB (registered trademark) tool.

[0095] FIG. 21 is a bock diagram showing a configuration
of a band-pass AX AD modulator according to a first
implemental example of the first preferred embodiment.
Referring to FIG. 21, the band-pass AX AD modulator
according to the first implemental example is characterized
by constituting the continuous-time analog band-pass filter
12 by a second-order continuous-time band-pass filter that
includes two filters 12a and 12¢ and a subtracter 125 inserted
between the filters 12a and 125, as compared with the circuit
configuration of FIG. 11. In this case, the analog signal
outputted from the subtracter 11 is outputted to the sub-
tracter 126 via the filter 12a having a transfer function
(b,s/(s*+m.)). The subtracter 125 subtracts the analog sig-
nal from the 1-bit RFDA converter, from the analog signal
from the filter 12a, and outputs an analog signal having the
subtraction result to the 1-bit AD converter 13 via the filter
12¢ having a transfer function (b,s/(s>+m_?)). In this case, m,
denotes a carrier wave frequency of the input analog signal.

[0096] In the first implemental example, in order to con-
firm the validity of the continuous-time band-pass AZ AD
modulator having the circuit configuration of FIG. 21, the
simulation was carried out using the MATLAB (registered
trademark) tool. In the modulator of FIG. 21, the 1-bit
RFDA converter 14 was incorporated as the internal DA
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converter, and the second-order continuous-time band-pass
filter having the central frequency (3)fs was used as the loop
filter. In the simulation, the analog signal having the highest
input frequency fin=(%4)fs was inputted to the modulator.
The coefficients of the loop filters 12a and 12¢ were set as
represented by the following equations, respectively. The
highest input frequency “fin” of the inputted analog signal is
preferably set to be the same as or substantially the same as
the three-fourths of the sampling frequency “fs”:

W, = Zn(gfg], 13

b = 1.5 d (14)
1= 3 We> ANt
5 (15)
by = %wc.

[0097] The above coefficients are set so that the output
amplitude of the filter is closer to 1 (that is, equal to or
substantially equal to 1) when an output amplitude of the
1-bit RFDA converter 14 is set to 1.

[0098] FIG. 22 is a diagram showing an output power
spectrum of the continuous-time band-pass AZ AD modu-
lator when the RFDA converter is used as the internal DA
converter of FIG. 21. FIG. 23 is a diagram showing a
characteristic of SNDR with respect to an oversampling rate
(OSR) of the continuous-time band-pass AX AD modulator
when the RFDA converter is used as the internal DA
converter of FIG. 21. The output power spectrum of the
modulator of FIG. 21 becomes as shown in FIG. 22, and the
quantization noise is shaped at the frequency (34)fs. As
shown in FIG. 23, the SNDR of a ratio of ((noise power)+
(distortion noise power)) to a signal power has a gradient 15
dB/oct., and it could be confirmed that the modulator having
the circuit configuration according to the first implemental
example operates as the second-order band-pass AZ AD
modulator that performs the subsampling.

[0099] Next, the influence of the clock jitter in the DA
converter on the precision of the band-pass AZ AD modu-
lator will be described below with reference to FIGS. 24 and
25. FIG. 24 is a diagram showing output power spectra of
the continuous-time band-pass AX AD modulator with and
without the jitter of the sampling clock of the internal DA
converter, respectively, when the RFDA converter is used as
the internal DA converter of FIG. 21. FIG. 25 is a diagram
showing an output power spectra of the continuous-time
band-pass AZ AD modulator with and without the jitter of
the sampling clock of the internal DA converter with and
without, respectively, when the 25% RTZDA converter is
used as the internal DA converter of FIG. 21.

[0100] The simulations were carried out under the follow-
ing conditions. When the internal DA converter is the RFDA
converter 14 or the RTZDA converter 23 (See the fourth
non-patent document, for example) having a pulse width of
25%, a clock jitter having a Gaussian distribution is given in
a range from -1% to +1% of the clock frequency “fs” to the
clock of the DA converter 14. The output power spectra
obtained as described above are shown in FIGS. 24 and 25,
respectively. As apparent from FIGS. 24 and 25, when the
25% RTZDA converter 23 is used, the noise floor remark-
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ably increases due to the influence of the jitter. On the other
hand, when the RFDA converter 14 is used, the noise floor
hardly changes.

[0101] FIG. 26 is a graph showing changes in the SNDR
with respect to the oversampling rate (OSR) of the continu-
ous-time band-pass AZX AD modulator with and without the
jitter of the sampling clock of the internal DA converter,
respectively, when the RFDA converter is used as the
internal DA converter of FIG. 21. FIG. 27 is a graph showing
changes in the SNDR with respect to the oversampling rate
(OSR) of the continuous-time band-pass AX AD modulator
with and without the jitter of the sampling clock of the
internal DA converter, respectively, when the 25% RTZDA
converter is used as the internal DA converter of FIG. 21. As
apparent from FIGS. 26 and 27, when the 25% RTZDA
converter 23 is used, the SNDR greatly deteriorates. On the
other hand, when the RFDA converter 14 is used, the
deterioration is reduced.

SECOND IMPLEMENTAL EXAMPLE

[0102] FIG. 28 is a bock diagram showing a configuration
of a band-pass AZ AD modulator according to a second
implemental example of the third preferred embodiment. In
addition, FIG. 29 is a diagram showing a waveform of a
digital input signal inputted to a 3-bit RFDA converter 14a
of FIG. 28, and FIG. 30 is a diagram showing a waveform
of'an analog signal outputted from the 3-bit RFDA converter
14a of FIG. 28.

[0103] As shown in FIG. 28, in the second implemental
example, as compared with the first implemental example of
FIG. 21, a multi-bit DA converter 14a and a multi-bit AD
converter 13a are used as the internal DA converter and the
internal AD converter of the continuous-time band-pass AZ
AD modulator, respectively, so as to constitute a multi-bit
continuous-time band-pass AX AD modulator. In this case,
in the second implemental example, such an example is
shown that the multi-bit is 3-bit. The multi-bit circuit
configuration can realize AD conversion with higher preci-
sion.

[0104] A relationship between the input and output of the
3-bit RFDA converter 14a is shown in FIGS. 29 and 30. The
simulations were carried out using the 3-bit RFDA converter
14a as the internal DA converter with the following condi-
tions. In a manner similar to that of the case where the loop
filter is incorporated in the 1-bit RFDA converter, the
second-order continuous-time band-pass filter having the
central frequency (34)fs and having coefficients set so that
the output amplitude after filtering is closer to 1 when the
largest output amplitude of the RFDA converter 14a is 1, is
used as the loop filter. In the simulations, the analog signal
having the highest input frequency fin=(34)fs was inputted to
the modulator. The coefficients of the loop filter are repre-
sented by the following equations:

=) w

b d a7n
1= %wc, an
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[0105] FIG. 31 is a diagram showing output spectra of the
continuous-time band-pass AZ AD modulator when the 1-bit
RFDA converter and the 3-bit RFDA converter are used as
the internal DA converter of FIG. 28, respectively. FIG. 32
is a graph showing changes in SNDR with respect to the
oversampling rate (OSR) of the continuous-time band-pass
AZ AD modulator when the 1-bit RFDA converter and the
3-bit RFDA converter are used as the internal DA converter
of FIG. 28, respectively. In the second implemental
example, as shown in FIG. 31, when the 3-bit AD converter
134 and the 3-bit RFDA converter 14a are used as the AD
converter and the DA converter, respectively, the noise floor
decreases as compared with the case where the 1-bit AD
converter and the 1-bit RFDA converter are used as the AD
converter and the DA converter, respectively. In addition, as
shown in FIG. 32, the SNDR is increased by about 27 dB at
an oversampling rate (OSR) of 2°. It is noted that, when the
multi-bit configuration is used, the entire precision of the
modulator relatively deteriorates because of nonlinearity of
the output characteristic of the DA converter (See the sixth
non-patent document, for example). Accordingly, the mis-
matching reducing method is required which utilizes an
algorithm such as a DWA (Data Weighted Averaging;
weighted averaging of data) algorithm. In this case, the
DWA algorithm is provided for performing the dynamic
element matching by providing a DSC circuit at the previous
stage of an internal DA converter so as to perform noise-
shaping on the nonlinearity of the multi-bit DA converter of
the AZ AD modulator (See the sixth non-patent document,
for example).

[0106] As described so far, it was confirmed by the simu-
lations that the subsampling can be realized by using the
RFDA converter as the DA converter of the continuous-time
band-pass AZ AD modulator, and that the influence of the
clock jitter having the disadvantageous effects of the con-
tinuous-time modulator can be reduced. The continuous-
time band-pass AX AD modulator according to the preferred
embodiments of the present invention utilizing the RFDA
converter as the internal DA converter exhibits the following
advantageous effects:

[0107] (i) The highest input frequency can be set to the
three-fourths of the clock frequency at which the internal
AD converter and the internal DA converter can operate.
Namely, the continuous time band-pass AX AD modulator
can deal with the input frequency three times as high as that
dealt with by the modulator according to the prior art; and

[0108] (ii) The influence of the jitter of the sampling clock
to the DA converter on the deterioration in the precision of
the entire AD modulator is extremely small. In addition,
because of use of the continuous time AX AD modulator, the
following advantageous effects can be exhibited as com-
pared with the discrete-time AX AD modulator. Namely, the
continuous time band-pass AX AD modulator can realize
lower power consumption, can operate at a higher clock
frequency, and can simplify an anti-aliasing filter provided
at the previous stage of the AZ AD modulator.
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[0109] As described so far in detail, each of the band-pass
AX AD modulator and the digital radio receiver using the
same band-pass AZ AD modulator according to the present
invention is configured so that the highest input frequency
“fin” of the inputted analog signal is substantially set to the
three-fourths of the sampling frequency “fs”, and so that the
DA converter converts an inputted digital signal into an
analog signal and outputs the analog signal, which is
inverted or not in response to a value of the inputted digital
signal and has an amplitude of substantially zero and a
gradient of substantially zero at a timing k/(2fs), where “k”
is any integer. Accordingly, each of the band-pass AZ AD
modulator and the digital radio receiver using the band-pass
AX AD modulator according to the present invention has a
configuration simpler than that of the prior art, can perform
the AD-conversion at a higher precision than that of the prior
art, and can directly convert the RF signal into the digital
signal. In addition, it is possible to deal with a higher
frequency input signal and realize operation with power
consumption lower than that of the prior art.

[0110] Although the present invention has been fully
described in connection with the preferred embodiments
thereof with reference to the accompanying drawings, it is to
be noted that various changes and modifications are apparent
to those skilled in the art. Such changes and modifications
are to be understood as included within the scope of the
present invention as defined by the appended claims unless
they depart therefrom.

What is claimed is:
1. A band-pass AZ AD modulator comprising:

an analog band-pass filter;

an AD converter for performing AD conversion using a
sampling clock having a predetermined sampling fre-
quency “fs”; and

a DA converter for performing DA conversion using the
sampling clock having the sampling frequency “fs”,

wherein said band-pass AX AD modulator subtracts an
analog signal from said DA converter from an inputted
analog signal, outputs an analog signal having a sub-
traction result to said AD converter via said analog
band-pass filter, outputs a digital signal from said AD
converter to the DA converter, and outputs the digital
signal as a digital signal subjected to a band-pass AX
AD modulation processing,

wherein the highest input frequency “fin” of the inputted
analog signal is substantially set to three-fourths of the
sampling frequency “fs”, and

wherein said DA converter converts an inputted digital
signal into an analog signal, and outputs the analog
signal, which is inverted or not in response to a value
of the inputted digital signal and has an amplitude of
substantially zero and a gradient of substantially zero at
a timing k/(2fs), where “k” is any integer.

2. The band-pass AZ AD modulator as claimed in claim 1,

wherein, at a timing near the timing k/(2fs), the analog
signal outputted from said DA converter changes so as
to have a smaller gradient than gradients at the other
timings other than timings near the timing k/(2fs), (the
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other timings excluding timings corresponding to the
maximum point and the minimum point of the analog
signal).

3. The band-pass AX AD modulator as claimed in claim 1,

wherein said DA converter generates the analog signal by
switching a predetermined alternating-current signal in
response to the sampling clock, based on a value of the
inputted digital signal, and by applying a predeter-
mined bias voltage to a switched signal.

4. The band-pass AX AD modulator as claimed in claim 2,

wherein said DA converter generates the analog signal by
switching a predetermined alternating-current signal in
response to the sampling clock, based on a value of the
inputted digital signal, and by applying a predeter-
mined bias voltage to a switched signal.

5. The band-pass AX AD modulator as claimed in claim 1,

wherein said DA converter is a multi-bit DA converter,
and said AD converter is a multi-bit AD converter.
6. The band-pass AX AD modulator as claimed in claim 2,

wherein said DA converter is a multi-bit DA converter,
and said AD converter is a multi-bit AD converter.
7. The band-pass AX AD modulator as claimed in claim 3,

wherein said DA converter is a multi-bit DA converter,
and said AD converter is a multi-bit AD converter.
8. The band-pass AX AD modulator as claimed in claim 4,

wherein said DA converter is a multi-bit DA converter,
and said AD converter is a multi-bit AD converter.
9. The band-pass AX AD modulator as claimed in claim 1,

wherein said analog band-pass filter is a continuous-time
analog band-pass filter.
10. The band-pass AX AD modulator as claimed in claim
25

wherein said analog band-pass filter is a continuous-time
analog band-pass filter.
11. The band-pass AZ AD modulator as claimed in claim
35

wherein said analog band-pass filter is a continuous-time
analog band-pass filter.
12. The band-pass AX AD modulator as claimed in claim
45

wherein said analog band-pass filter is a continuous-time

analog band-pass filter.

13. A digital radio receiver for band-pass-filtering a
received signal using a band-pass filter, and then executing
a band-pass AZ AD modulation processing on a band-pass-
filtered signal by a band-pass AZ AD modulator,

wherein said band-pass AX AD modulator comprises:
an analog band-pass filter;

an AD converter for performing AD conversion using a
sampling clock having a predetermined sampling fre-
quency “fs”; and
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a DA converter for performing DA conversion using the
sampling clock having the sampling frequency “fs”,

wherein said band-pass AX AD modulator subtracts an
analog signal from said DA converter from an inputted
analog signal, outputs an analog signal having a sub-
traction result to said AD converter via said analog
band-pass filter, outputs a digital signal from said AD
converter to the DA converter, and outputs the digital
signal as a digital signal subjected to a band-pass AX
AD modulation processing,

wherein the highest input frequency “fin” of the inputted
analog signal is substantially set to three-fourths of the
sampling frequency “fs”, and

wherein said DA converter converts an inputted digital
signal into an analog signal, and outputs the analog
signal, which is inverted or not in response to a value
of the inputted digital signal and has an amplitude of
substantially zero and a gradient of substantially zero at
a timing k/(2fs), where “k” is any integer.

14. The digital radio receiver as claimed in claim 13,

wherein, at a timing near the timing k/(2fs), the analog
signal outputted from said DA converter changes so as
to have a smaller gradient than gradients at the other
timings other than timings near the timing k/(2fs), (the
other timings excluding timings corresponding to the
maximum point and the minimum point of the analog
signal).

15. The digital radio receiver as claimed in claim 13,

wherein said DA converter generates the analog signal by
switching a predetermined alternating-current signal in
response to the sampling clock, based on a value of the
inputted digital signal, and by applying a predeter-
mined bias voltage to a switched signal.

16. The digital radio receiver as claimed in claim 14,

wherein said DA converter generates the analog signal by
switching a predetermined alternating-current signal in
response to the sampling clock, based on a value of the
inputted digital signal, and by applying a predeter-
mined bias voltage to a switched signal.

17. The digital radio receiver as claimed in claim 13,

wherein said DA converter is a multi-bit DA converter,
and said AD converter is a multi-bit AD converter.
18. The digital radio receiver as claimed in claim 14,

wherein said DA converter is a multi-bit DA converter,
and said AD converter is a multi-bit AD converter.
19. The digital radio receiver as claimed in claim 13,

wherein said analog band-pass filter is a continuous-time
analog band-pass filter.
20. The digital radio receiver as claimed in claim 14,

wherein said analog band-pass filter is a continuous-time
analog band-pass filter.
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