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Abstract A low-cost CMOS dual-mode AC/DC data
converter for signal measuring technique is newly pro-
posed. Instead of traditional full wave rectification, the
realized synchronous rectification circuit is more attractive
due to the easier integration and lower cost. In this paper,
the design strategies of implementing the signal processing
of AC and DC modes in the integrated circuit are discussed
completely. Proven through SIMULINK in system level
and SPICE simulations in circuit level, simulation results
show that the proposed dual-mode AC/DC data converter
achieves 8-bit resolution in DC mode and 7-bit resolution
in AC mode. Measurement results have successfully veri-
fied the correct functions and performance of the proposed
data converter and confirmed it for AC/DC signal mea-
suring technique. The area of this chip is 710 x 630 pm?
and the measured power consumption is 5.1 mW. The
proposed dual-mode AC/DC data converter is suitable for
the system of analog and mixed-signal boundary scan.
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1 Introduction

Recently, efficient processes of the AC and DC signals
have been an attractive research. Until now, some
achievements [1-14] involving in measuring AC signals
have been presented. [1-9] have been suitably used in
wattmeter and digital multimeter, etc. [10-14] are inves-
tigated on the topic of root-mean-square (RMS) converter.
To perform AC signal processing, a suitable data converter
is required. For example, the data converter in [14] is based
on the algorithm of the delta-sigma modulator. Although
the system performance of [14] is outstanding, the overall
hardware cost will be higher due to the back-end digital
signal processing, such as decimation filters. Without the
delta-sigma modulator, a new design to process AC signals
by using a dual slope analog-to-digital converter (ADC) is
thus investigated in this work. Besides, a rectification cir-
cuit is also an important circuit. In the traditional full wave
rectifier, such kinds of circuit structure need some passive
components, such as diodes. Although MOS diodes in the
integrated circuits can replace traditional diodes, some
issues on the long time reliability should be especially
considered. In order to avoid the reliability problems, a
synchronous rectification circuit to sample AC signals [15]
is more attractive due to the easier integration and lower
cost. Based on the technique of the synchronous rectifica-
tion circuit of [15], the novel design strategies are firstly
and completely addressed in this work.

In this paper, a low-cost CMOS dual-mode AC/DC data
converter for signal measuring technique is newly pro-
posed. Based upon the device parameters of 0.25 pm 1P5SM
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CMOS technology with 3.3 V power supply, all the func-
tions and performance of the proposed dual-mode AC/DC
data converter are correctly tested and proven through
SIMULINK in system level and SPICE simulations in
circuit level [16]. Measurement results have successfully
verified the correct functions and performance of the pro-
posed data converter and confirmed it for AC/DC signal
measuring technique. The proposed dual-mode AC/DC
data converter is suitable for the system of analog and
mixed-signal boundary scan.

The system level analysis and behavior model simula-
tions are described in the Sect. 2. Section 3 shows the
circuit level implementation and simulation results. Sec-
tion 4 demonstrates measurement results. Finally, conclu-
sions and future works are given in Sect. 5.

2 System level analysis and behavior model simulations

Now, the system level analysis and behavior model of the
proposed dual-mode AC/DC data converter are analyzed
and simulated. The operational amplifier’s (OPAmp) slew
rate, unity gain bandwidth, DC gain, and the —3 dB
bandwidth and the oversampling ratio of the comparator
are the critical points in this circuit. These requirements are
different in DC and AC modes, and they should be ana-
lyzed individually. By following the Sect. 2, the configu-
rations, operation principles, and circuit specifications of
all the function blocks will be described completely. In
the system level, all blocks are severely designed in the
specification of 10-bit resolution. In the circuit level, the
proposed dual-mode AC/DC data converter is requested to
achieve 8-bit resolution in DC mode and 7-bit resolution in
AC mode. Moreover, in AC mode, the OPAmp itself
should be designed to support the 100 kHz of AC signal
bandwidth. The requirements on the resolution and AC

Fig. 1 The architecture of the
proposed dual-mode AC/DC
data converter
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signal bandwidth are fitted to the system of analog and
mixed-signal boundary scan.

Figure 1 shows the architecture of the proposed dual-
mode AC/DC data converter. The proposed data converter
consists of an input buffer, a polarity controller, an inte-
grator, a comparator, a polarity prejudgment circuit, and the
digital control circuits. The polarity prejudgment circuit and
controller form the synchronous rectification circuit. The
switching signals supplied to analog circuits are given by the
digital control circuits. Based on the proposed architecture,
the DC and AC signal measuring technique can be combined
into a single chip. Thus, the hardware cost is reduced.

2.1 The requirements of the OPAmp’s slew rate in DC
and AC mode

Firstly, the problem induced by the OPAmp’s finite slew
rate is investigated in DC mode. The OPAmp’s finite slew
rate will lead to the integration error. This error could not
be canceled during the charging and discharging periods.
The worst case of the integration error is given by
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where AQggrror is the mis-integration charge on the inte-
grator capacitor, Vs the full scale voltage, R the resistor used
in integrator, C the capacitor used in integrator, SR the
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Fig. 2 The error induced by
slew rate under two different
input signals
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OPAmp’s slew rate, and Aty the delay induced by finite slew Viy = SSWING ¢ () Vo=— 1 Vin
rate. Taking Fig. 2 as an analysis, where Nis the overall ADC s-R-C
resolution in bits, A¢; the time margin until signal has settled, dv, 1 Vswing
. . . . SR = =— sin(wt)
and Tyt the integration period, the requirements of slew rate dt |yax R-C 2 MAX
can be derived by Eq. 2 | v
Vs - IN-2 1.5V x 210-2 = ——;Sin(wt) = —45.4— (5)
SR \pUTBUEFER OP = 50MQ - 330 pF 2 MAX S
— R-C 50MQ - 330 pF
and POLARITY According to Egs. 4 and 5, slew rate of the OPAmp used
CONTROLLER_OP in buffer and polarity controller is 0.471 V/us, and tl}e
v absolute value of slew rate of the OPAmp used in
=232— (3.1)  integrator is 45.4 V/s.
ms
and 2.2 The requirements of the OPAmp’s unity gain
Ys L \% bandwidth in AC and DC mode
SRINTEGRATOR 0P > = = 45— (3.2)
TINT 16.6 ms S

Hence, slew rate of the OPAmp used in buffer and
polarity controller is 23.2 V/ms and slew rate of the OPAmp
used in integrator is 45 V/s. The integration error induced by
slew rate is demonstrated in Table 1. In AC mode, slew rate
is defined as the maximum slope AV /At of each OPAmp.
Thus, the requirements of slew rate can be derived as

V.

Vin = Vo = —2ING sin(wt)

dv, V.
SR = = ZSWING ) cos(wt)

dt |yax 2 MAX

1.5V \%

= ——(2n x 100kHz) cos(wt?) =0471—  (4)
2 MAX Hs

Table 1 The integration error induced by slew rate

Slew rate (V/ms) Integrating error (%)

0.225 5.0 (4-bit resolution)
2.250 0.5 (7-bit resolution)
22.500 — 0.05 (10-bit resolution)

The OPAmp’s finite unity gain bandwidth will lead to gain
error, and produce additional pole in the overall transfer
function. This effect is modeled as a DC gain error and a
signal delay. In AC and DC modes, the output responses of
non-ideal input buffer with ideal integrator, non-ideal
polarity controller with ideal integrator, and non-ideal
integrator, are derived as

1
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Fig. 3 In AC mode, the output
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where GBW is the OPAmp’s unity gain bandwidth, and
on the frequency of input signal. Equations (6.1, 6.2, 6.3
is derived for AC mode and Eqgs. 7.1, 7.2, 7.3 is derived for
DC mode. The curves shown in Fig. 3 represent the output
responses of each integrator under different unit gain
bandwidth. The frequency range is swept from 150 kHz to
10 MHz. These results conclude that if the unit gain
bandwidth is not large enough, the larger integration error
will be obtained. Besides, this error will not be <1 least
significant bit (LSB) of the 10-bit resolution. By the same
way, the analysis in DC mode is also performed as shown
in Fig. 4. The requirements of the unity gain bandwidth
and the integration error are calculated in Tables 2 and 3.

2.3 The requirements of the OPAmp’s DC gain

The error induced by the OPAmp’s finite DC gain is a
constant value. It could be canceled during the charging
and discharging period as shown in Fig. 5. The counter
evaluation time tx is given by
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(3)

where Vv is the input signal, Apc; the DC gain of the
OPAmp used in the input buffer, and Apc, the DC gain of
the OPAmp used in the polarity controller. Basically, the
DC gain requested for 10-bit resolution should be larger
than 60 dB. Although this value is suitably performed in
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Fig. 4 In DC mode, the output
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Table 2 The requirements for OP unity gain bandwidth and inte-
gration error in AC mode

OPAmp Ft (MHz) Error
Input buffer Se-4
Polarity controller 8 Se-4
Integrator 25 Se-4

Table 3 The requirements for OP unity gain bandwidth and inte-
gration error in DC mode

OPAmp Fr (kHz) Error
Input buffer 15 Se-4
Polarity controller 30 Se-4
Integrator 15 Se-4

the behavior model, the DC gain is slightly increased to
65 dB due to the margin of circuit design.

2.4 The requirements of the synchronous rectification
circuit

Now, the requirements of the synchronous rectification cir-
cuit are addressed. The clock frequency of the comparator
used in the synchronous rectification circuit directly affects
the overall ADC resolution. The reason is that when AC sine
wave is going below the voltage Vrgp, the comparator used in

the polarity prejudgment circuit needs a clock cycle time to
sense the voltage variation as displayed in Fig. 6. Thus, the
clock cycle time will directly affect the quality of rectifica-
tion. The integration error is given by

T%JrTc
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2
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The error voltage should <0.5 LSB, thus

Ves - 0 - T2 (2 - Tint 1 1 Vs
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2 R-C \ Tn =2 2 o
Finally,

Fox~ >28 . /1. Fiy (10)

where T¢ is the clock cycle time, Ty the RC time constant,
Tint the integration time, and Fpy the input frequency,
Fcrx the frequency of the comparator used in the polarity
prejudgment circuit. The overall ADC resolution versus the
comparator oversampling ratio is shown in Fig. 7 and
Table 4. In the specification of 10-bit resolution, the

Fig. 5 The integrator’s output .
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O ideal rectified sin signal output O real rectified sin signal output
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Fig. 6 Ideal rectification versus real rectification. The fine-type line is the ideal rectified sine wave and the boldface-type line is the real rectified

sine wave
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Fig. 7 The comparator oversampling ratio versus ADC’s resolution

oversampling ratio should be 56.7. Finally, all the circuit
specifications discussed above are organized in Tables 5
and 6.

Table 4 Overall ADC resolution versus the comparator oversam-
pling ratio

OSR
Resolution = 16 (BIT) 453.6
Resolution = 15 (BIT) 320.8
Resolution = 14 (BIT) 226.8
Resolution = 13 (BIT) 160.4
Resolution = 12 (BIT) 1134
Resolution = 11 (BIT) 80.2
Resolution = 10 (BIT) 56.7
Resolution = 9 (BIT) 40.1
Resolution = 8 (BIT) 28.4
Resolution = 7 (BIT) 20.0

@ Springer

Table 5 The specifications for OPAmp used in buffer, gain con-
troller, and integrator

Spec for OPAmp used in  Spec for OPAmp
buffer and gain controller used in integrator

Input/output swing 1.5V 1.5V

DC gain 65 dB 65 dB

Slew rate 23.2 V/ms 45 V/s
(DC/AC mode) 0.471 V/us 454 V/s

Unity gain frequency 15/30 kHz 15 kHz
(DC/AC mode) 10 MHz 0.1 MHz

Phase margin >65° >65°

Target error tolerance <0.25 LSB <0.25 LSB

Table 6 The specifications for comparator used in polarity prejudg-
ment circuit and behind integrator

Spec for comparator Spec for comparator
used in polarity used behind
prejudgement circuit integrator

Offset voltage (mV) <5 <3
Input/output swing (V) 1.5 1.5
DC gain of preamplifier 10 10
3 dB bandwidth of 10 0.1

preamplifier (MHz)

Clock frequency 12 MHz 7.68 kHz

2.5 The whole system model

The whole system model is incorporated and performed by
SIMULINK. The overall model shown in Fig. 8 is built,
and the four operational phases are demonstrated in Fig. 9.
Firstly, the simulations in DC mode are performed. The
inputting DC signal is 0.375 V. All operational phases are
the reset phase (0—16.6 ms), the integration phase (16.6—
33.3 ms), the negative integration phase (33.2-50 ms), and
the output phase (50-66.4 ms). In Fig. 10(b), the
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Fig. 8 The proposed dual-mode AC/DC data converter modeled in SIMULINK
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Fig. 9 The four operational phases

integration is performed to discharge the output of the
integrator to —0.375 V. Finally, the counter will evaluate
the corresponding digital number as shown in Fig. 10(c).
The error between the ideal and real digital number is

0.5 LSB. Thus, the requirement of 8-bit resolution in DC
mode is successfully achieved.

Then, the simulations in AC mode are performed. The
inputting AC signal is 1.5 Vpp. In the Fig. 11(a, b), the
operations of the synchronous rectification and integration
are correctly shown, respectively. Finally, the digital
counter will be triggered until the output voltage of the
integrator exceeds the reference voltage (0 V). As shown in
Fig. 11(c), the error in AC mode is 0.7 LSB. Thus, the
requirement of 7-bit resolution is fulfilled. The whole
system model is successfully matched to the designed ADC
resolutions. All the circuit descriptions and simulation
results of the proposed dual-mode AC/DC data converter
are addressed in the next section.

3 Circuit level implementation and simulation results
Based on the specifications discussed in Sect. 2, the

OPAmps, comparators, and the digital control circuits will
be designed and verified in this section.
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8m5
3.1 The OPAmp Opnon—dom = Cl (11.5)
X

Figure 12 shows the circuit structure of folded-cascoded
OPAmp. The pertinent design relationships are derived as

Apc = gm1 - Rour (11.1)
Rout = [8m6 - Too * (Fo6|[704)]||8ms - Tos - To10 (11.2)
8gml

—— 11.3
wr CL ( )
! (11 4)

Wpdom = ————— .

pd Rour - CL

@ Springer

where g, is the transistor transconductance, r, the tran-
sistor resistance, Cy and Cy, the capacitance loading, Apc
the overall gain of the OPAmp, Royt the output resistance
of the OPAmp, wr the unit gain frequency, wpgom the
dominant pole frequency, ®pnon — dom the non-dominant
pole frequency. Based on Egs. 11.1, 11.2, 11.3, 11.4, 11.5,
the SPICE simulations of the folded-cascoded OPAmp
used in the input buffer, polarity controller, and integrator
are shown in Figs. 13 and 14, respectively. Besides,
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Fig. 12 The circuit schematic of the folded-cascoded OPAmp
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Fig. 13 The (a) gain (b) phase of the folded-cascoded OPAmp used
in the input buffer and polarity controller

simulations in five design corners are listed in Tables 7 and
8. All the requirements are successfully matched.

3.2 The comparator

The comparator demonstrated in Fig. 15 is implemented as
a preamplifier plus a latch stage. The gain of the pream-
plifier is derived as

Apre_amp = @ (12)
8&m3

where g, is the transistor transconductance. The combi-

nation of the diode-connected transistors of the gain stage

and the transistors of the positive-feedback loop acts as a

moderately large impedance, and gives gain from the

preamplifier stage to the track-and-latch stage. The offset

Frequency (Hz)

Fig. 14 The (a) gain (b) phase of the folded-cascoded OPAmp used
in the integrator

Table 7 The SPICE simulations of the folded-cascoded OPAmp
used in the input buffer and polarity controller

TT FF SS SF FS
DC gain (dB) 79.8 76.1 82.1 81.5 75.6
PM 75.5° 75.5° 75.5° 75.8° 75.1°
F, (MHz) 23.9 229 24.7 23.8 24.0
Power (mW) 1.57 1.54 1.63 1.61 1.53

Table 8 The SPICE simulations of the folded-cascoded OPAmp
used in the integrator

TT FF SS SF FS
DC gain (dB) 79.8 76.1 82.1 81.5 75.6
PM 89.7° 89.7° 89.7° 89.7° 89.7°
F, (MHz) 0.382 0.366 0.394 0.380 0.384
Power (mW) 1.57 1.54 1.63 1.61 1.53

simulations of the comparators used in the polarity pre-
judgment circuit and behind the integrator are demon-
strated in Figs. 16 and 17. The offset voltages are 5 and
2.5 mV, respectively. The offset voltages are all <1 LSB,
and matched to the requirement of resolution. Finally, the
functions and output voltages of the comparator in the latch
and pre-amplification are all correctly verified.

3.3 The digital control circuits and the whole system

The block diagram of the digital control circuits is dis-
played in Fig. 18. The digital control circuits consist of a
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of the comparator M3 M4 M5 M6 M7 M16 M17

T I ey

Fig. 15 The circuit schematic = VDDA /= = =  VDDD ;
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Preamplifier Regenerative Latch
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-3.3
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Fig. 16 The offset simulation of the comparator used in the polarity prejudgment circuit

3.3 B o [
% ~750mV- 50mV 10mv 3mv oy 1mv
> 0 1 e e— | e
% 20mV 5mV -2.5mV 1.5mV
> -750mV
-3.3 — — — —

780 910 1040 1170 1300 1430 1560 1690 1820
Time (us)

Fig. 17 The offset simulation of the comparator used behind the integrator

divider, a Johnson counter, AC control logic, DC control  proposed dual-mode AC/DC data converter is operated as
logic, switching control logic, a 7-bit counter, and a 8-bit  a general dual slope ADC. On the contrary, if AC mode is
adder. Firstly, they generate all the switching signals to  chosen, the output of the comparator used in the polarity
control analog circuits. When DC mode is chosen, the  prejudgment circuit will send to the switching control

@ Springer
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Fig. 18 The block diagram of the digital control circuits
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Table 9 The digital control
signals for switches used in
polarity prejudgment circuit

Control signal
(DC/AC)

Control signal
(DC/AC)

Control signal
(DC/AC)

Control signal
(DC/AC)

Switch 1
Switch 2
Switch 3
Switch 4
Switch 5

0/0
0/0
171
0/0
171

Switch 6 1/1

11
0/0
0/0
1/1
1/0

0/0

0/0
1/1
0/0
171
0O(Vin < Vem) or

1(Vin < Vem)/0

0/0

0/0
1/1
0//0
1/1

O(vin < vcm)
or 1(Vi, < V)0
0/0

Fig. 19 The SPICE simulations
of the digital control circuits

INTEGRATOR
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COUNTER

COUNTERB1 |
COUNTER B2 |
COUNTER B3 |
COUNTER B4 |
COUNTER 85 |
COUNTEREB6 |

COUNTER B7 |_
0

logic. The entire digital control signals are as listed in
Table 9. For example, the AC input is the sine wave.
Once the sine wave is below the reference voltage of

66.6

Time (ms)

133.2

comparator, the sine wave will be inverted. At the same
time, the integration phase is also operated. Finally, they
convert the output signals of analog circuits into digital
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Fig. 20 In DC mode, the input 3.3
and output of the integrator
under the DC input voltage of et 10 250002
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Fig. 21 In AC mode, the input 3.3
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codes. The SPICE simulations of the digital control cir-
cuits are demonstrated in Fig. 19. The integrator’s output
shows the four operational phases successfully, and the
digital codes are correctly generated. Finally, the whole
system is built and simulated in SPICE. Figure 20 shows
the input and output of the integrator under the DC input
voltage of —Vgg/4. Besides, the AC input amplitude is

@ Springer

VEs/2, and the input and output of the integrator are shown
in Fig. 21. The circuit operations and the SPICE results
are correctly matched to the system level analysis and
behavior model simulations as described in Sect. 2. All
the functions and performance of the proposed dual-mode
AC/DC data converter are successfully tested and proven
through SPICE simulations.
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Fig. 22 The measurement D1~D5
setup of the proposed dual- COMMON ANODE
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Fig. 23 The outputs of the
integrators under the (a) DC
input voltage of 1 V and (b) AC
input amplitude of 1 V

(a)

4 Measurement results

Firstly, the circuits of the proposed dual-mode AC/DC data
converter are built by discrete components to verify circuit
operations. The measurement setup is shown in Fig. 22.
The switches, the OPAmps, a decoder, a LED display, and
a dual-slope ADC, are implemented by CD4066, LF411,
HD7474, LA601, and ICL7135, respectively. Figure 23(a,
b) show the outputs of the integrators under the DC input
voltage of 1 V and the AC input amplitude of 1 V. As
demonstrated, the circuit operations in DC and AC modes
are all successfully performed as discussed in the Sect. 2.
All the measured results are plotted in Fig. 24, and the
accuracy is within 1.46%. Thus, all the circuit operations
of the proposed dual-mode AC/DC data converter are
successfully verified.

Finally, a low-cost CMOS dual-mode AC/DC data
converter for signal measuring technique has been imple-
mented. Each mode can be selected by an external pin,
which is labeled as DC/AC Selector. Figure 25(a, b)

Liiai ke

(b)

x10* TRANSFER CURVE OF DUAL SLOPE ADC

(8]

s
[=:]

=
m

sy
=

[N]

DIGITAL CODE

0.2 feemeie - foemsss - - Measurement ||

: : Pl —— - Ideal

i i i i i I I 1

0 02 04 06 08 1 g . 1.4 16 1.8 2
ANALOG INPUT VOLTAGE (V)

Fig. 24 The measured transfer curve of the proposed dual-mode
AC/DC data converter built by the discrete components
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Fig. 25 a The physical layout T
b the photograph of the : R a5 R
proposed dual-mode AC/DC ~=%od PET T :
data converter. The area of this &= - 1 :
implemented chip is E i~ = BEE
710 x 630 pum? BB [EBE
- o & :
SRR :
SN AN
(@)

Table 10 The characteristics of -
the proposed dual-mode AC/DC This work (141
da.ta convene.r and comparisons Technology 0.25 pm 0.8 pm
with conventional methodology
[14] Supply voltage 33V 3V

Clock sampling methodology ~ Oversampled Oversampled

Chip output Digital Analog

Need back-end signal No Yes

processing? (decimation
filters)
Signal bandwidth 100.2 kHz 50 kHz
Signal swing 1328V 0.4 Vs

Resolution

Power consumption
Physical layout area
DNL

INL

Application field

DC mode: 8 bits AC mode: 7 bits

5.1 mW
710 x 630 pm?>

DC mode: 4+0.185 to —0.224 LSB AC
mode: +0.168 to —0.154 LSB

DC mode: +0.422 to —0.087 LSB AC
mode: +0.138 to —0.164 LSB

AC/DC signal measuring

DC mode: none AC mode:
14.6 bits (SNR = 88 dB)

40 mW
1,000 x 1,000 pm?>
NA

NA

True RMS conversion

demonstrate the physical layout and photograph of the
proposed dual-mode AC/DC data converter, respectively.
The area of this implemented chip is 710 x 630 pm?* and
the power consumption is 5.1 mW. The system clock fre-
quency is 7.69 kHz and another clock signal for the com-
parator used in the polarity prejudgment circuit is 12 MHz.
Firstly, oscilloscope waveforms of the input sine wave and
the output synchronous rectified signals are demonstrated
in Fig. 26(a—f). As shown, the correct circuit operations of
the integrated synchronous rectification circuit are suc-
cessfully proven. Next, a total of 32768 digital codes are
collected by the logic analyzer Agilent 16702A. The dif-
ferential nonlinearity error (DNL) and integral nonlinearity
error (INL) are computed through the SANDWORK soft-

@ Springer

ware. In DC mode, the input signal is a ramp signal with
frequency 0.1 Hz, and the input signal is a sine wave with
frequency 8 kHz in AC mode. After the computation, the
DNL and INL are all demonstrated in Figs. 27 and 28. In
these two modes, the DNL and INL are all <0.5 LSB.
Thus, the whole system is correctly verified and success-
fully matched to the designed ADC resolutions, which is
8-bit in DC mode and 7-bit in AC mode. Measurement
results have successfully verified the correct functions and
performance of the proposed data converter and confirmed
it for AC/DC signal measuring technique. All the charac-
teristics of the proposed data converter and comparisons
with conventional methodology [14] are summarized in
Table 10.
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Fig. 26 Oscilloscope waveforms of the input sine wave and the
output synchronous rectified signals under the input signal with
a frequency 100 Hz and 0.75 V amplitude b frequency 100 Hz and

5 Conclusion

A low-cost CMOS dual-mode AC/DC data converter for
signal measuring technique is newly proposed. Instead of
traditional full wave rectification, the realized synchro-
nous rectification circuit is more attractive due to the
easier integration and lower cost. All the functions and
performance of the proposed dual-mode AC/DC data
converter are tested and proven through SIMULINK in
system level and SPICE simulations in circuit level.
Measurement results have successfully verified the correct
functions and performance of the proposed data converter
and confirmed it for AC/DC signal measuring technique.

1.5V amplitude ¢ frequency 20 kHz with 0.75 V amplitude
d frequency 20 kHz with 1.5 V amplitude e frequency 100 kHz with
0.75 V amplitude f frequency 100 kHz with 1.5 V amplitude

By following this paper, readers can understand how to
reduce hardware cost and to implement the synchronous
rectification circuit in the integrated circuits. Besides,
without using conventional back-end digital signal pro-
cessing, another design strategy to simplify overall system
complexity is demonstrated in this work. In the future
research, the proposed dual-mode AC/DC data converter
will be researched on analog and mixed-signal boundary
scan. On the other hand, by following all the design
strategies addressed above, the resolution of the proposed
dual-mode AC/DC data converter can be extended.
Thus it can be adaptively applied to high-resolution
applications.
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DC Char. (inLSB)
DNL MaX

0185

DHNL MIN

0.224

INL Mad

0422

INL MIN

-0.087

sigma(DNL)
[0.0?4?5

sigma(INL]
[0,1 2895

Waveform

Fig. 27 The DNL and INL in DC mode. The input signal is a ramp
signal with frequency 0.1 Hz

Waveform |
——
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-0.164
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Fig. 28 The DNL and INL in AC mode. The input signal is a sine
wave with frequency 8 kHz

Acknowledgments The authors acknowledge the SoC Technology
Center of Industrial Technology Research Institute, Taiwan, for their
support in chip fabrication. This work was supported by the National
Science Council, ROC, under contracts NSC92-2218-E-009-011.

References

1. Turgel, R. S. (1974). Digital wattmeter using a sampling method.
IEEE Transactions on Instrumentation & Measurement, IM-23,
337-341.

2. Young, C.-P., & Devaney, M. J. (1998). Digital power metering
manifold. IEEE Transactions on Instrumentation & Measure-
ment, 47(1), 224-228.

3. Toivonen, L., & Morsky, J. (1995). Digital multirate algorithms
for measurement of voltage, current, power and flicker. /EEE
Transactions on Power Delivery, 10, 116-126.

4. Waltrip, B. C., & Oldham, N. M. (1997). Wideband wattmeter
based on RMS voltage measurements. [EEE Transactions on
Instrumentation & Measurement, 46(4), 781-783.

@ Springer

5. Xi, J., & Chicharo, J. F. (1996). A new algorithm for improving
the accuracy of periodic signal analysis. I[EEE Transactions on
Instrumentation & Measurement, 45, 827-831.

6. Petrovic, P. (2004). New digital multimeter for accurate mea-
surement of synchronously sampled AC signals. IEEE Transac-
tions on Instrumentation & Measurement, 53(3), 716-725.

7. Petrovic, P., Marjanovic, S., & Stevanovic, M. (2000). Measuring
of slowly changing AC signals without sample-and-hold circuit.
IEEE Transactions on Instrumentation & Measurement, 49(6),
1245-1248.

8. Petrovic, P., Marjanovic, S., & Stevanovic, M. (2003). Digital
multimeter-watthourmeter based on usage of slowly ADC with
possibility of processing without special sample-and-hold circuit.
Serbia and Montenegro Patent No. 033/03, Jan. 21.

9. Petrovic, P., & Stevanovic, M. (2007). Digital processing of
synchronously sampled AC signals in the presence of interhar-
monics and subharmonics. IEEE Transactions on Instrumentation
& Measurement, 56(6), 2584-2598.

10. Britz, W. (2002). Precision RMS measurement. U.S. Patent 6 469
492, Oct 22.

11. Arseneau, R., & Zelle, J. (1988). RMS measuring apparatus for
AC/DC voltages. U.S. Patent 4 786 859, Nov 22.

12. Williams, J. M., & Longman, T. L. (1986). A 25 MHz thermally-
based RMS-to-DC converter. ISSCC Digest of Technical Papers,
XXIX, 20-21.

13. van Drieenhuizen, B. P., & Wolffenbuttel, R. F. (1995). Inte-
grated micromachined electrostatic true RMS-to-DC converter.
IEEE Transactions on Instrumentation & Measurement, 44(2),
370-373.

14. Wey, W.-S., & Huang, Y.-C. (2000). A CMOS delta-sigma true
RMS converter. IEEE Journal of Solid-State Circuits, 35(2), 248—
257.

15. Osseiran, A. (1999). Analog and mixed-signal boundary-scan.
Boston: Kluwer Academic Publishers.

16. Chiang, C.-T., Kao, L.-L., & Huang, Y.-C. (2008). A low-cost
integrated dual-mode dual-slope ADC with synchronous rectifi-
cation circuit for AC/DC signal measuring technique. In Pro-
ceedings of IEEE International Instrumentation and Measurement
Technology Conference, PMTC’08, pp. 165-169.

Cheng-Ta Chiang (S’00-M’05)
was born in Taiwan, ROC, in
1977. He received the B.S.
degree in electronics engineer-
ing from Chung Yuan Christian
University, Jhongli, Taiwan, in
1999, the M.S. degree in bio-
medical engineering from the
National Cheng Kung Univer-
sity, Tainan, Taiwan, in 2001,
and the Ph.D. degree in elec-
tronics engineering from the
National Chiao Tung Univer-
sity, Hsinchu, Taiwan, in 2006.
He was a Visiting Scholar with
the Department of Electrical and Computer Engineering, The Johns
Hopkins University, Baltimore, MD, from October 1, 2004 until
November 30, 2005. He was included in Marquis Who’s Who in
Science and Engineering 2006-2007 and Marquis Who’s Who in the
World 2008. He was a review committee member of the National
Chip Implementation Center, Hsinchu. He is currently with Mixed
Signal Design Technologies Division, SoC Technology Center,
Industrial Technology Research Institute, Hsinchu. His main research
interests include analog integrated circuits, biomedical electronics,
image sensor circuits and systems, sensor signal conditioning and



Analog Integr Circ Sig Process (2010) 63:255-271

271

transducers, Nyquist A/D converters, and high-resolution delta-sigma
modulator. Dr. Chiang is a journal reviewer for the IEEE Transactions
on Instrumentation and Measurement, IEEE Industrial Electronics,
IEEE Sensors Journal, and an editorial advisory board member for the
Sensors & Transducers Journal.

Li-Lung Kao was born in Tai-
wan, Republic of China, in
1980. He received the B.S.
degree in electronics engineer-
ing from National Tsing-Hua
University and the M.S. degree
in electronics engineering from
National Chiao-Tung Univer-
sity, Taiwan, ROC, in 2004 and
2007, respectively. He currently
services in Realtek Semicon-
ductor Corporation, Hsinchu,
Taiwan, ROC. His main
research interests have been in
analog integrated circuits, delta-
sigma A/D converter, and low-speed data converters.

Yu-Chung Huang received the
M.S. degree in electrical engi-
neering and Ph.D. degree in
process engineering from the
Technology University of Ber-
lin, Berlin, Germany, in 1982
and 1985, respectively. Since
1985, he has been a Professor in
the Department of Electronics,
National Chiao-Tung Univer-
sity, Hsinchu, Taiwan, ROC His
research interests are sensors
and measuring technologies.
Prof. Huang is a member of the
Committee of the Chinese

Metrology Society and a member of the Micromechanical Science
Institute, ROC.

@ Springer



	A low-cost CMOS dual-mode AC/DC data converter for signal measuring technique
	Abstract
	Introduction
	System level analysis and behavior model simulations
	The requirements of the OPAmp’s slew rate in DC and AC mode
	The requirements of the OPAmp’s unity gain bandwidth in AC and DC mode
	The requirements of the OPAmp’s DC gain
	The requirements of the synchronous rectification circuit
	The whole system model

	Circuit level implementation and simulation results
	The OPAmp
	The comparator
	The digital control circuits and the whole system

	Measurement results
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


