
WO 2004/008643 PCT/US2003/015846  SIGMA DELTA
MODULATOR TECHNICAL FIELD This invention relates to
sigma delta modulators, and more particularly to high
speed, low power sigma delta modulators. 5 BACKGROUND
As is known in the art, sigma delta modulators have a
wide variety of  applications, such as in analog to
digital converters (ADCs). The modulator operates  at
a relatively high rate compared to the Nyquist rate in
converting an analog input 1o signal into a stream of
typically one bit digital signals. In the ADC
application, the  stream of bits is fed to a
decimation filter to produce a series of multi-bit
digital words  at the converters sampling rate, fs.
More particularly, ADC includes a modulator and  a
decimator. The modulator converts an input voltage
into a one-bit data stream at a  rate determined by
the sampling frequency Kfs. The modulator performs 15
oversampling and noise shaping on the input voltage.
The one-bit data stream is  provided to decimator
which low-pass filters the data stream to reduce the
quantization noise component thereof, and provides
filtered N-bit output samples at a  rate fs. In short,
the decimator decimates, by a factor K, the one-bit
data stream. In many applications there is a
requirement for very low power, (i.e., less than  20 5
milli-watts as may be provided by batteries), high
resolution (i.e., 16 bit digital  words) ADCs. SUMMARY
A sigma delta modulator is provided having an
integrator with a first input for  coupling to an
analog signal and a second input for coupling to a
reference voltage. A 25 comparator is provided having
a first input coupled to an output of the integrator
and  a second input for coupling to the reference
voltage. The comparator produces signal  



having a logic state in accordance with the relative
magnitude of signals at the first  and second inputs
thereof. The logic state is latched at the output of
such comparator  during latching transitions in a
series of latching pulses fed to the comparator. A one
3o bit quantizer is provided for storing the logic
state of the output of the comparator at  sampling
transitions of a series of clock pulses fed to the
one-bit quantizer. The series  of clock pulses and the
series of latching pulses are synchronized one with
the other. 1  SUBSTITUTE SHEET (RULE 26) WO
2004/008643 PCT/US2003/015846  Each one of the
latching transitions occurs prior to a corresponding
one of the  sampling transitions. In one embodiment, a
buffer is coupled between an output of the quantizer
and  the first input of the integrator. 5 In one
embodiment, the modulator includes a voltage
regulator. The regulator  produces a voltage to power
the buffer. The reference voltage is the voltage
produced  by the regulator for the buffer. In one
embodiment, the modulator including a second
integrator having a first  input coupled to the output
of the first integrator, a second input for coupling
to the 10 reference voltage, and an output coupled to
the first input of the comparator. A  second buffer is
included coupled between an output of the quantizer
and the first  input of the second integrator. In one
embodiment, the first and second buffers are CMOS
inverters used to  charge the first and second
integrators, respectively. 15 The details of one or
more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other
features, objects, and  advantages of the invention
will be apparent from the description and drawings,
and  



from the claims. DESCRIPTION OF DRAWINGS 20 FIG 1 is a
block diagram of a sigma delta modulator in accordance
with the  invention; and FIG 2 is a timing diagram
useful in understanding the operation of the
modulator of FIG. 1. Like reference symbols in the
various drawings indicate like elements.  25 DETAILED
DESCRIPTION Referring now to FIG. 1, a second-order
sigma delta modulator 10 is shown  having a pair of
integrators 12, 14, a one-bit quantization section 16,
a voltage  regulator 18 and a timing unit 20. The
one-bit quantization section produces a pair of
trains of bits at outputs Q and Q). One of the pair of
trains is the compliment of the 30 other one of the
pair of trains. One of the trains of bits (i.e., here
the train at the Q  2 WO 2004/008643 PCT/US2003/015846
output) is fedback to a non-inverting input (+) of
integrator 12 via an inverting buffer  24 and resistor
26 to be summed with the analog input signal at input
terminal 22.  The other one of the trains of bits
(i.e., here the train at the Q output) is fedback to a
non-inverting input (+) of integrator 14 via an
inverting buffer 28 and resistor 30 to be 5 summed
with the output of the integrator 12. The input signal
and cancelling current  from the one-bit quantizer 34
drive the charge on the integrators 12, 14. The
voltage regulator 18 is fed by a voltage source, here
a +V=3.5 volt source  and produces a reference voltage
VREF here +3.0 volts. The reference voltage VREF is
coupled to ground through a pair of serially connected
resistors R1 and R2, as shown. 10 Here R1 equals R2 so
that a second reference voltage VREF /2 = 1.5 volts is
produced  at the junction 19 between the resistors RI
and R2. This second reference voltage  



VREF /2 is fed to the inverting (-) inputs of the
integrators 12and 14, as shown. The quantization unit
16 includes a comparator 32 and a one-bit quantizer
34.  The comparator 32 has a first input
(non-inverting input (+)) coupled to the output of  15
the second integrator 14 and a second input (inverting
(-)) coupled to the second reference voltage VREF/2,
as shown. The comparator 32 is fed by a signal on line
NOT_LATCH produced by the timing unit 20 in a manner
to be described in  connection with FIG. 2. Suffice it
to say here, however, that comparator 32 produces  a
binary signal having a logic state in accordance with
the relative magnitude of 20 signals at the
non-inverting (+) and inverting (-) inputs thereof.
That is, the  comparator 32 quantifies as a logic 1 or
logic 0 whether the integrator 12, 14 is above  or
below the reference zero, here VREF/2. Further, the
produced logic state is latched  at the output of such
comparator 32 during latching transitions in a series
of latching  pulses fed to the comparator on line
NOT_LATCH by the timing unit 20 in a manner  25 to be
described in more detail in connection with FIG. 2.
The one-bit quantizer 34, here a D-flip/flop, stores
the logic state of the output  of the comparator 32 at
sampling transitions of a series of clock pulses fed
to the one- bit quantizer by the timing unit 20 in a
manner to be described in connection with  FIG. 2. As
will be shown in connection with FIG. 2, the series of
clock pulses and the 30 series of latching pulses are
synchronized one with the other. Further, each one of
the  latching transitions occurs prior to a
corresponding one of the sampling transitions.  Thus,
the one-bit quantizer 34 is clocked at 192fs from the
PLL 42 and provides the 3 WO 2004/008643
PCT/US2003/015846  negative feedback current to
balance the charge injected into the integrators 12,
14 by  the input signal. 4 



WO 2004/008643 PCT/US2003/015846  Referring to FIG. 1,
the Q output of the D flip/flop 34 is fedback to the
non inverting input (+) of the first integrator 12
through an inverting buffer 24 and resistor  26, as
shown. The Q output of the D flip/flop 34 is fedback
to the non-inverting  input (+) of the second
integrator 14 through an inverting buffer 28 and
resistor 30, as 5 shown. The rail voltages of the
buffers 24 and 28 are VREF and ground. The timing unit
20 is coupled to an oscillator 40 which produces
pulses for a  phase lock loop (PLL) 42. The phase lock
loop (PLL) 42 produces a train of pulses at  a
frequency 384fs, where fs is, in an ADC application,
the frequency at which the  multi-bit digital words
are produced by a decimation filter fed by the train
of bits at 10 either the output Q or the output Q of
one-bit quantizer 34. The output train of  pulses
produced by the PLL 42 is fed as clock pulses to a
D-flip/flop 44. The Q output of the D flip/flop 44 is
fed to the D input thereof, as shown. The Q output of
the D-flip/flop 44 thus produces a train of pulses
having a frequency 192fs or half the  frequency of the
pulses produced by the PLL 42. The train of pulses
produced by the 15 PLL 42 at the frequency 384fs and
the train of pulses produced at the Q output of the  D
flip/flop 44 are fed as inputs to a NAND gate 46. The
output of NAND gate 46 is  fed to both inputs of a
NAND gate 48 (i.e., now therefore serving as an
inverter). The  output of NAND gate 48 provides the
signal on line NOT LATCH and the pulses at  the Q
output of the D-flip/flop 44 provides the clock pulses
for the one-bit quantizer  20 34, as shown in FIG. 1.
Referring now to FIG. 2, the top timing diagram shows
the train of pulses at  the frequency 384 fs produced
at the output of the PLL 42. Note that the train of
pulses has four phases, Ti, T2, T3 and T4. The second
from the top timing diagram  shows pulses at the
frequency 192fs produced at the Q output of the D
flip/flop 44. 25 The next lower diagram shows the
signal on the NOT LATCH line. Note that there  



is only one pulse for every four phases of the pulses
at the frequency 384fs produced  at the output of the
PLL 42. More particularly, there is one pulse on line
NOT_LATCH during the phase T4. During each one of the
pulses on line  NOT_LATCH the comparator 32 is
enabled. However, only the decision of the 30
comparator 32 (FIG. 1) at the falling edge of the
pulse on line NOT LATCH is  latched at the output of
the comparator 32. Thus, the falling, or trailing
edges of the  5 WO 2004/008643 PCT/US2003/015846
pulses on line NOT_LATCH (i.e., latching transitions
of the pulses on line  NOT_LATCH) are here at latching
transition times TA, TB, TC, TD, .... It is noted
that while the comparator's decision switches between
a logic 1 (i.e.,"high") and logic  0 ("low") during
the phases T4 (i.e., when the comparator 32 is
enabled) that the logic 5 level of the comparator 32
is latched at the output of the comparator 32. Thus,
the  latching transition times TA, TB, TC, TD etc, is
that which is latched at the output of  the comparator
32. Thus, the comparator 32 produces a binary signal
having a logic  state in accordance with the relative
magnitude of signals at the non-inverting (+) and
inverting (-)inputs thereof, but the produced logic
state is latched at the output of such 10 comparator
32 during latching transitions TA, TB, TC, TD etc, in
a series of latching  pulses fed to the comparator on
line NOT_LATCH by the timing unit 20. Thus, in the
example shown in FIG. 2, a logic 1 is latched at the
output of  comparator 32 (shown by the fourth timing
diagram from the top in FIG. 2) at  latching
transition time TA. This latched logic 1 remains at
the output of comparator 15 32 until the next decision
phase T4 prior to latching transition time TB. Here,
at  latching transition time TB the decision of the
comparator 32 indicates a logic 1. This  latched logic
1 remains at the output of comparator 32 until the
next decision phase  T4 prior to latching transition
time TC. Here, at latching transition time TC the  



decision of the comparator 32 indicates a logic 0.
Thus, at time TC the output of the 20 comparator 32
latches to a logic 0. This latched logic 0 remains at
the output of  comparator 32 until the next decision
phase T4 prior to latching transition time TD.  Here,
at latching transition time TD the decision of the
comparator 32 indicates a  logic 0. This latched logic
0 remains at the output of comparator 32 until the
next  decision phase T4 prior to latching transition
time as the process continues. 25 As noted above in
connection with FIG. 2, the pulses produced Q output
of the  D flip/flop 44 at the frequency 192fs are fed
as clock pulses to the one-bit quantizer  (here D
flip-flop 34). The D flip flop 34 responds to the
leading or rising edges of the  pulses produced at the
Q output of the D flip/flop 44 at the frequency 192fs
(shown in  the second from the top timing history of
FIG. 2). Thus, the D flip/flop 34 responds 30 to clock
pulse, or sampling, transitions at times TQ1, TQ2,
TQ3, ... shown in FIG. 2.  The Q output of the D
flip/flop 34 becomes the logic state of the latched
output of the  comparator 32 at the sampling
transitions times TQ1, TQ2, TQ3, ... as shown in FIG.
2. Thus, in this example, a logic 1 is produced at the
Q output of the D flip/flop 34 at  6 WO 2004/008643
PCT/US2003/015846  time TQ1, a logic 1 is produced at
the Q output of the D flip/flop 34 at time TQ2, a
logic 0 is produced at the Q output of the D flip/flop
34 at time TQ3, and the process  continues. Thus, the
series of clock pulses and the series of latching
pulses are 5 synchronized one with the other. Further,
each one of the latching transitions occurs  prior to
a corresponding one of the sampling transitions. Such
an arrangement is a  pipelined approach where the
state of the comparator 32 is latched and the
quantizer is  activated or latched. With the
arrangement described, the generation of the feedback
signal by  



10 buffers 24 and 28 provide the reference signal to
the integrators 12 and 14,  respectively. This
reference signal has the same sensitivity to signal or
noise as the  input path to the modulator 10. Also,
the shape (rise and fall time of this signal)  affects
the quantity of charge being delivered to the
integrators 12, 14. Commercially  available CMOS
inverters 24, 28 (microgate) are here used to deliver
the charge to the 15 integrators 12, 14. The buffers
24, 28 are powered from the reference signal and they
provide a clean voltage source to the integrators.
They isolate the noisy control logic  and provide a
symmetrical ON/OFF reference voltage for the feedback.
It is noted that with the arrangement described above,
the dynamic range of  the modulator 10 is maximized
since the input signal approaches the power supply 20
rails. For this reason, the feedback signal current is
generated by resistors 26, 30 from  the rail-to-rail
outputs of the buffers 24, 28. The regulator 18 and
the buffers 24, 28  comprise the voltage reference.
Any analog or digital clock noise present on this
voltage translates to in-band noise. The regulator and
buffers provide analog and  digital noise isolation.
The quantity of the charge delivered to the
integrators 12, 14 25 from the one-bit quantizer 34 is
the reference value. Not only is this charge a
function  of the buffer output voltage, but also of
loop timing. To prevent variations in the loop
timing, the comparator 32 is also clocked. The
comparator 32 is enabled for a  controlled period of
time and then the result of the comparison is latched
in the  comparator output. A four-phase clock is
generated by timing unit 20 to control both 30 the
one-bit quantizer 34 and the comparator 32. The
comparator 32 is enabled during  phase 4 (i.e., T4)
when the latch signal is a one. The result of the
comparison is held  at the end of phase 4 and clocked
into the one-bit quantizer 34 at the beginning of
phase 3 (i.e., T3). All of this logic here is
implemented in a Field Programmable Gate 7 WO
2004/008643 PCT/US2003/015846  



Array (FPGA). The density of the 192fs bit stream at
the output of the one-bit  quantizer 34 approximates
the input signal. This signal is normally sent to a
digital  filter (i.e., decimation filter) in an ADC
application. A number of embodiments of the invention
have been described. For example,  5 the comparator 32
has an internal latch, the comparator can be latched
with a separate  latch disposed between the output of
such a comparator and the input to the quantizer  34.
Nevertheless, it will be understood that various
modifications may be made without departing from the
spirit and scope of the invention. Accordingly, other
embodiments are within the scope of the following
claims. 10 8 WO 2004/008643 PCT/US2003/015846  WHAT IS
CLAIMED IS: 1 1. A sigma delta modulator, comprising:
2 an integrator having a first input for coupling to
an analog signal and a second  3 input for coupling to
a reference voltage; 4 a comparator having a first
input coupled to an output of the integrator and a 5
second input for coupling to the reference voltage,
such comparator producing signal  6 having a logic
state in accordance with the relative magnitude of
signals at the first 7 and second inputs thereof, such
logic state being latched at the output of such  8
comparator during latching transitions in a series of
latching pulses fed to the  9 comparator; 10 a one-bit
quantizer for storing the logic state of at the output
of the comparator at  11 sampling transitions of a
series of clock pulses fed to the one-bit quantizer;
and 12 wherein the series of clock pulses and the
series of latching pulses are  13 synchronized one
with the other; and 



14 wherein each one of the latching transitions occurs
prior to a corresponding one of  15 the sampling
transitions. 1 2. The modulator recited in claim 1
including a buffer coupled between an output  2 of the
quantizer and the first input of the integrator. 1 3.
The modulator recited in claim 2 including a voltage
regulator, such regulator  2 producing a voltage to
power the buffer and wherein the reference voltage is
a 3 fractional portion of the voltage produced by the
regulator for the buffer. 1 4. The modulator recited
in claim 1 including a second integrator having a
first  2 input coupled to the output of the first
integrator, a second input for coupling to the  3
reference voltage, and an output coupled to the first
input of the comparator. 1 5. The modulator recited in
claim 4 including a second buffer coupled between an
2 output of the quantizer and the first input of the
second integrator. 9 WO 2004/008643 PCT/US2003/015846
1 6. The modulator recited in claim 2 including the
voltage regulator producing a 2 voltage to power the
second buffer and wherein the reference voltage is the
fractional  3 portion of the voltage produced by the
regulator for the second buffer. 1 7. The modulator
recited in claim 8 wherein the first and second
buffers are  2 CMOS inverters used to charge the first
and second integrators, respectively. 10 


