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1
BANDPASS DELTA-SIGMA MODULATOR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a delta-sigma
modulator, and more particularly to a continuous-time (CT)
radio-frequency (RF) bandpass delta-sigma modulator.

2. Description of Related Art

A delta-sigma (AXZ) modulator or sigma-delta (XA) modu-
lator is a feedback system that employs simple circuit blocks
to achieve high-resolution output signals. The delta-sigma
modulator is widely adapted to electronic circuits such as
analog-to-digital converters (ADCs), digital-to-analog con-
verters (DACs) or frequency synthesizers, and is highly
attractive in wireless communications due to its simplicity
and low-power consumption. The radio-frequency (RF)
bandpass delta-sigma modulator is one type of delta-sigma
modulator that is well adaptable, for example, to RF signal
reception and subsequent digitization without frequency
down-conversion.

FIG. 1A shows a block diagram of a conventional continu-
ous-time RF bandpass delta-sigma modulator. FIG. 1B shows
an equivalent mathematical model of the block diagram of
FIG. 1A. With respect to the circuit implementation of the
bandpass filter 10, an LC bandpass filter provides better lin-
earity and low-power consumption as compared to an active-
RC resonator mainly for the reason that an operational ampli-
fier of the active-RC resonator is unrealizable under high
frequency. However, the delta-sigma modulator using the LC
bandpass filter causes a second-order function itself with only
one input node. This therefore causes a problem of insuffi-
cient control variables.

In order to resolve the insufficient-control-variable prob-
lem, a multi-feedback DAC is adopted such that at the same
input and output node two different DACs 20 and 22 are used,
as shown in FIG. 2, instead of using the single DAC 12 as
shown in FIG. 1A. Specifically, the two DACs of different
DAC type are utilized to generate different path equations in
order to overcome the insufficient control variables at each
feedback point. FIG. 3 shows three different types of DACs,
that is, a non-return-to-zero (NRZ) DAC, return-to-zero (RZ)
DAC and half-return-to-zero (HRZ) DAC, which are com-
monly used in bandpass delta-sigma modulators. The DAC
feedback impulse response dac(t) and the corresponding
Laplace transform DAC(s) are both shown in the figure. It can
be observed in the figure that the NRZ DAC pulse has only
one transition in one sampling period, while the RZ DAC and
the HRZ DAC pulses have two transitions in one sampling
period.

Nevertheless, adoption of the multi-feedback DAC can
cause a relatively serious problem of clock-jitter (e.g., clock-
jitter effect). Clock-jitter affects the falling/rising times of the
feedback DACs 20 and 22 (FIG. 2), and will degrade the
performance of the modulator.

For the reason that the conventional bandpass delta-sigma
modulator cannot effectively solve both problems of insuffi-
cient control variables and the clock-jitter effect, a need has
arisen to propose a novel bandpass delta-sigma modulator in
order to overcome the aforementioned problems.

SUMMARY OF THE INVENTION

In view of the foregoing, it is an object of the embodiment
of the present invention to provide a radio-frequency (RF)
bandpass delta-sigma modulator with a digitally-assisted fil-
ter and a single digital-to-analog converter (DAC) feedback
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path. Compared to conventional bandpass delta-sigma modu-
lators, the proposed embodiment uses fewer feedback DAC
units and has better signal-to-noise ratio (SNR).

According to one embodiment, the bandpass delta-sigma
modulator primarily includes a bandpass filtering circuit, an
analog-to-digital converter (ADC), a digital lowpass filter
(LPF) and a non-return-to-zero (NRZ) digital-to-analog con-
verter (DAC). The bandpass filtering circuit bandpass filters
an input signal. The ADC receives an output of the bandpass
filtering circuit and generates an output quantization code.
The digital LPF lowpasses the output quantization code. The
NRZ DAC receives an output of the digital LPF and scales the
value of the output quantization code by DAC coefficients to
the bandpass filtering circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a block diagram of a conventional continu-
ous-time radio frequency (RF) bandpass delta-sigma modu-
lator;

FIG. 1B shows an equivalent mathematical model of the
block diagram of FIG. 1A;

FIG. 2 shows a mathematical model of a conventional
bandpass delta-sigma modulator using two different DACs;

FIG. 3 shows three different types of DACs;

FIG. 4 is a block diagram that illustrates a radio-frequency
(RF) bandpass delta-sigma modulator according to one
embodiment of the present invention, as well as the equivalent
mathematical model of the block diagram; and

FIG. 5 shows the signal-to-noise ratio (SNR) versus nor-
malized root-mean-square (rms) jitter between the conven-
tional delta-sigma modulator with NRZ DAC and RZ DAC
and the present embodiment with only NRZ DAC.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 4 is a block diagram that illustrates a radio-frequency
(RF) bandpass delta-sigma (AX) modulator according to one
embodiment of the present invention, as well as the equivalent
mathematical model of the block diagram. Some analysis of
the mathematical model is discussed in a disclosure entitled
“Bandpass Delta-Sigma Modulator with a Digitally-Assisted
Loop Filter,” by Yu-Yu Chen, one of the inventors of the
present application, the disclosure of which is hereby incor-
porated by reference.

In the embodiment, the delta-sigma modulator includes a
bandpass filtering circuit 40 and an analog-to-digital con-
verter (ADC) or quantizer 42 in the feedforward path, and
includes a digitally-assisted filter 44 and a digital-to-analog
converter (DAC) 46 in the feedback path. In the embodiment,
the digitally-assisted filter 44 may be a digital filter, such as a
digital lowpass filter (LPF).

Specifically, the bandpass filtering circuit 40 can be made
of' a number of series-connected bandpass filters 401. Each
bandpass filter 401 may be, but is not limited to, an LC
(inductor-capacitor) resonator. In general, a 2n-th order delta-
sigma modulator has n bandpass filters 401. Every two neigh-
boring bandpass filters 401 is inserted with an adder 403. The
adder 403 adds the output of a preceding bandpass filter 401
(or adds an (analog) input signal Vin if the adder 403 is the
first one), subtracts the output of the DAC 46, and then out-
puts the difference to a succeeding bandpass filter 401. The
ADC (e.g., a quantizer) 42 receives the output of the bandpass
filtering circuit 40, and then outputs its resultant (digital)
output quantization code D, ,,. The LPF 44 receives the output
quantization code D,,,, and feeds its output to the DAC 46.
The DAC 46 provides coeflicients Konn, Ko a1y - - - Ko to the
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n adders 403 of the bandpass filtering circuit 40 respectively
in order to scale the value of the output quantization code.
Compared to the conventional delta-sigma modulator such as
that shown in FIG. 3, the present embodiment illustrated in
FIG. 4 uses only half DAC units.

In a preferred embodiment, the DAC 46 is, but is not
limited to, a non-return-to-zero (NRZ) DAC. The rationale
for using the NRZ DAC, in this embodiment, over other types
of DAC, e.g., the RZ DAC or HRZ DAC (FIG. 3) is that the
NRZ DAC pulse has only one transition in one sampling
period compared to two transitions in other types of DAC.
With consideration to the clock-jitter, fewer transitions result
in better performance. The transfer function of the NRZ DAC
may be expressed as

1- e—xT

Hygz(s) =

where T is a period.
In the embodiment, the transfer function of the digital LPF
44 may be expressed as

H, = —
pr(@) = § =

where k, is a predefined constant.

According to mathematical analysis, when the value ofk,
is equal to 1, the performance of the delta-sigma modulator of
FIG. 4 may be comparable to that of a conventional delta-
sigma modulator such as that shown in FIG. 2. In practice, it
is infeasible to design a real digital LPF 44 with k~1.
Accordingly, it is preferable and acceptable to design a digital
LPF 44, for example, with k<1, for example k,=0.4, which
does not affect the loop gain at the frequency range of interest.

In the embodiment, the time-domain representation of the
digital LPF 44 may be expressed as: y[n]=Q{x[n]+k*y[n-
1]} where Q{ } represents a quantize-like behavior, y[n-1] is
the previous LPF’s output, y[n] is the present LPF’s output,
and x[n] is the present output of the ADC 42.

Table 1 shows an exemplary signal value flow of the digital
LPF 44. A finite-state machine (FSM) may be adapted to
simplify the implementation of the digital LPF.

TABLE 1

Current value Next value y[n - 1], Next value y[n - 1],

y[n] while x[n] =1 while x[n] = -1
L5 Q{1.6} =15 Q{-0.4} =-0.5
1 Q{14} =15 Q{-0.6} =-0.5
0.5 Q{1.2} = Q{-0.8} =-1

-0.5 Q{0.8} = Q{-1.2} =-1

-1 Q{0.6} =0.5 Q{-14}=-15

-1.5 Q{0.4} =0.5 Q{-1.6} =-1.5

According to the embodiment described above, the present
embodiment may substantially reduce the sensitivity to
clock-jitter. FIG. 5 shows the signal-to-noise ratio (SNR)
versus normalized root-mean-square (rms) jitter between the
conventional delta-sigma modulator with NRZ DAC and RZ
DAC and the present embodiment with only NRZ DAC. It can
be observed that about a 5 dB increase of SNR may be
attained.

Although specific embodiments have been illustrated and
described, it will be appreciated by those skilled in the art that
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various modifications may be made without departing from
the scope of the present invention, which is intended to be
limited solely by the appended claims.

What is claimed is:

1. A bandpass delta-sigma modulator, comprising:

a bandpass filtering circuit configured to bandpass filter an
input signal;

an analog-to-digital converter (ADC) coupled to receive
output of the bandpass filtering circuit and generate an
output quantization code;

a digital filter coupled to receive the output quantization
code; and

a digital-to-analog converter (DAC) coupled to receive an
output of the digital filter and scale a value of the output
quantization code by DAC coefficients to the bandpass
filtering circuit, wherein the digital filter comprises a
transfer function H(z) in z-domain according to

HR) = —
(z) TraT

with k , being a predefined constant.

2. The modulator of claim 1, wherein the ADC comprises
a quantizer.

3. The modulator of claim 1, wherein the digital filter
comprises a digital lowpass filter (LPF).

4. The modulator of claim 3, wherein the digital LPF has a
transfer function H,; » in z-domain expressed as

1
Hpp(z) = Tkt

where k, is a predefined constant.

5. The modulator of claim 4, wherein the predefined con-
stant k, has a value less than 1.

6. The modulator of claim 3, wherein a time-domain rep-
resentation of the digital LPF is expressed as y[n]=Q{x[n]+
k,*y[n-1]} where Q{ } represents a quantize-like behavior,
y[n-1] is a previous output of the digital LPF, y[n] is a present
output of the digital LPF, and x[n] is a present output of the
ADC.

7. The modulator of claim 1, wherein the DAC comprises a
non-return-to-zero (NRZ) DAC.

8. The modulator of claim 7, wherein the NRZ DAC has a
transfer function H,, in s-domain expressed as

1—eT

Hypz(s) =

where T is a period.
9. The modulator of claim 1, wherein each of the bandpass
filters comprises an L.C resonator.
10. A bandpass delta-sigma modulator, comprising:
a bandpass filtering circuit configured to bandpass filter an
input signal;
an analog-to-digital converter (ADC) coupled to receive an
output of the bandpass filtering circuit and generate an
output quantization code;
a digital lowpass filter (LPF) configured to lowpass the
output quantization code; and
a non-return-to-zero (NRZ) digital-to-analog converter
(DAC) coupled to receive an output of the digital LPF
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and scale a value of the output quantization code by DAC

coefficients to the bandpass filtering circuit; L—eT
wherein the digital LPF has a transfer function H,, , in Hygz(s) =

z-domain expressed as

where T is a period.
15. The modulator of claim 10, wherein the bandpass fil-
Hprp@) = 71—1 tering circuit comprises:
a plurality of series-connected bandpass filters; and
10 aplurality of adders, wherein every two neighboring band-
pass filters is inserted with one of the adders, with each
of the bandpass filters being preceded by one of the

with k; being a predefined constant.
11. The modulator of claim 10, wherein the ADC com-
prises a quantizer.

. . adders;
12t. Tthlf III:OdUIat?r Olf Cl?}llm 110’ wherein the predefined wherein the adder adds output of the preceding bandpass
constant X, has a value less thai 1. 15 filter or adds the input signal if the adder is the first one,

13. The modulator of claim 10, wherein a time-domain

representation of the digital LPF is expressed as the adder further subtracts output of the NRZ DAC, and

the adder then outputs a difference to the succeeding
y[n]=Qfx[n]+k;*y[n-11} bandpass filter.
where Qf } represents a quantize-like behavior, y[n-1] is a 16. The modulgtor of claim 15, wherein each of the band-
previous output of the digital LET, y[n] is a present output of 20 Pass filters comprises an LC resonator.
the digital LPF, and x[n] is a present output of the ADC.
14. The modulator of claim 10, wherein the NRZ DAC has
a transfer function H,y, in s-domain expressed as ok ok ok ok
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