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Abstract—A 0.18-pm CMOS RCC (radio-controlled clock)
receiver IC with TAD (Time A/D converter) and ADPLL was
realized. This IC, which receives low-frequency (LF) standard
time waves, performs AM detection with digital circuits. It has
two key components. First, TAD is an all-digital analog-to-
digital converter, whose voltage resolution is settable (15pV/LSB
at 100kS/s and 3.1mV/LSB at 20MS/s). Second, the ADPLL
applying a frequency multiplying number of 4.8828125
generates a 160 kHz ADC (TAD) sampling clock from a 32.768
kHz quartz-clock for digital detection processing. The DSP
section, which operates as an adder-subtractor and digital filters,
consists of standard cells (75,000 gates). This test IC achieved
minimum detectable sensitivity of 0.7 pVrms and maximum
detectable sensitivity of 100 mVrms for a standard time wave of
40 kHz at the LNA input terminal. Since the TAD sampling
frequencies are settable with desirable multiplying numbers
with decimals, the IC can receive different kinds of LF standard
time waves such as 40 kHz (JP), 60 kHz (JP), 77.5 kHz (DE), and
68.5 kHz (CN) without any use of quartz-crystal filters.

I INTRODUCTION

In recent years, radio-controlled clocks/watches that
receive low-frequency (LF) standard time waves, such as the
DCF77 (77.5 kHz: Germany) [1], the WWVF (60 kHz: US)
[2], the JJY (40 and 60 kHz: Japan) [3], and the BPC (68.5
kHz: CN) [4], have become common. Conventional radio-
controlled clocks/watches, however, generally employ analog
receiver circuits including quartz-crystal filters and some
passive parts such as resistors and capacitors [5], which have
to be located outside of an analog-type receiver IC. Such a
configuration leads to problems of cost and space (size).
Hence, we report a radio-controlled clock (RCC) receiver IC
that performs low-frequency AM detection with almost
entirely digital circuitry without outside parts except an
antenna.

In order to achieve our new receiver prototype IC, we use
two original methods: 1) the TAD-DQD (TAD Digital-
Quadrature-Detection) [6], and 2) the ADPLL (All-Digital
PLL) using a frequency multiplying number with decimals [7].
As for digital quadrature detection, the Time Analog-to-
Digital converter (TAD) [8]-[10] has features not found in
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conventional analog-to-digital converters (ADCs), including
an all-digital and small-scale configuration, and continuous
integration of input voltage Vin without any dead time. First,
we briefly explain TAD-DQD using these effects. Also a
newly developed 0.18-um CMOS TAD is described. By
performing simple digital calculations on the A/D converted
value, TAD-DQD detects the amplitude and phase from a
specific frequency carrier wave [6]. This method requires
ADC (TAD) sampling clocks which are fourfold frequency
clocks against carrier frequencies (fcar) such as 40 kHz, 60
kHz, 77.5 kHz and 68.5 kHz, respectively.

Next, we describe our ADPLL [7] to produce the ADC
sampling clocks from the 32.768 kHz reference clock, which
has usually been used for conventional quartz watches/clocks.
Obviously, it is very reasonable to employ the 32.768 kHz
clock as a reference to reduce product cost and space, but in
this case we cannot use traditional PLLs including [11] as a
frequency multiplier since the required frequency multiplying
numbers are not integral to achieve fourfold frequency clocks
(160 kHz, 240 kHz, 310 KHz, and 274 kHz) against carrier
frequencies (fcar = 40 kHz, 60 kHz, 77.5 kHz and 68.5 kHz)
from the 32.768 kHz reference clock. Thus, the ADPLL [7]
must be employed both to produce the ADC sampling clocks
and be embedded on the digital-rich IC chip with the TAD-
DQD method.

In this paper, Section II briefly discusses the principles of
the TAD-DQD, and Section III will explain the 0.18-um TAD
basic operations. Section IV shows the ADPLL operation for
the RCC receiver circuit. Next, the RCC receiver IC
configuration and experimental results are shown in Section V.
Finally, some conclusions are presented in Section VI.

II.  PRINCIPLES OF TAD-DQD

This section describes the proposed principle of TAD-
DQD [6] in Fig. 1. In this method the ADC (TAD) sampling
frequency (fs) should be set at 4-fcar. Symbols [a], [b], [c],
and [d] are shown as respective area datum for each hatching
region. Since TAD output data indicate moving-average
results for the Vin levels for the A/D conversion period Ts [8],
“Calculation: + [a] — [b] — [c] + [d]” gives Ic as the “In-phase
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Fig. 1. Digital quadrature detection method.

component,” and “Calculation: + [a] + [b] — [c] — [d]” gives
Qc as the “Quadrature phase component,” as shown in Fig. 1.
Therefore, the information for carrier waveform amplitude Am
can be obtained by calculating the square root of (Ic* + Qc?),
and the information for carrier waveform phase ¢ can be
understood by computing arg(Qc/Ic).

III. TAD BASIC OPERATION

As shown in Fig. 2, TAD is an all-digital A/D converter
including a ring-delay-line (RDL) as the pulse delay line with
32 delay units (32 DUs) (DU = 2 inverters), along with a 20-
bit RDL frequency counter, latch and encoder. The operation
principle is described in [8]-[10]. Data on the difference
between successive data from the latches are output as 25-bit
DT conversion data coinciding with CKs. Sample holds are
unnecessary, and a low-pass filter function (defined as TAD
filter effect in [8]), which consists of analog moving-average
processing, removes any high-frequency noise on the Vin
signal, such as clock noises, thermal noises, and RDL delay
unit switching noises, simultaneously with A/D conversion.
Since its cut-off frequency (fcur) is always theoretically equal
to 0.443-fs, suitable noise reduction can be achieved for any
A/D conversion rate including the TAD-DQD method.

Figure 3 shows a 25-bit TAD photomicrograph with 0.044
mm” in a 0.18-pum digital CMOS, as compared with 0.45 mm”
for a 0.8-um CMOS 18-bit TAD [8]. Since there are few delay
units in the RDL, the area voltage-modulated by the input
voltage Vin can be extremely small, so as to closely match the
mutual characteristics of the DUs.

As an example, the A/D conversion characteristics at 100
kS/s (25°C) are shown in Fig. 4. Approximately 28000 to
80000 digital values correspond to an A/D conversion range
of 1.0 to 1.8 V of a Vin span of 800 mV, with the change
component 52000. Accordingly, the voltage resolution is
around 15.7-bit at 15 pV/LSB. The power consumption is 1.3
mW from a 1.8 V supply voltage. Non-linearity is +1.15% FS
per 800 mV span. However, if necessary, non-linearity errors
can be easily compensated for by digital processing [9], [10]
with 10-20 thousand gates using reference points, resulting in
+0.3% FS. Next, the A/D conversion characteristics at 20
MS/s with 1.7 mW are shown in Fig. 5. The voltage resolution
is 8-bit at 3.1 mV/LSB, since the sampling period Ts (50 ns) is

NV (Impedance converter)

Vin Ring-Delay-Line: RDL
U J (26 = 64 inverters)
Start P_/ ) Counter
P32
VWV ---V
CKs [\ /\>7PLatch & Encoder Latch
| |
DU: Delay Unit k 5-bit 20-bit
Vin
=i gon \
Q DT 25-bit

Fig. 2. Block diagram of the ADC (TAD).
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Fig. 3. Photomicrograph of TAD-IC core.

200 times shorter than 10 ps (100 kS/s) in Fig. 4. In this way,
TAD can operate in a wide range of 100 k to 20 MS/s. Hence,
we can use desirable frequencies for RCC receiver including
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Fig. 4. Characteristics of A/D conversion, fs = 100 kHz.
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Fig. 6. Block diagram of all-digital PLL with RDL.

160 kHz sampling, 240 kHz, 310 kHz, and 274 kHz.

Voltage resolution density drift was around -8%, +8%
against 25°C changes in a temperature range of -30-85°C, but
this can also be resolved by digital calculation correction to
obtain the ratio to reference voltage values. In TAD-DQD the
compensation for the drift and non-linearity is not necessary,
since their levels are low enough for the digital detection.

IV. ADPLL OPERATION FOR RCC-RECEIVER IC

In the method of applying the ADPLL [7] for an RCC
receiver circuit, as mentioned in Section I, we must employ a
frequency multiplying number with decimals to produce an
ADC sampling clock with 160 kHz against a 40 kHz low-
frequency (LF) standard time wave, for example. In this case,
the frequency multiplying number should be 4.8828125.

The block configuration of an all-digital PLL is shown in
Fig. 6. This method uses a time-to-digital converter (TDC)
with the same architecture as TAD [8] with a fixed Vin as a
frequency detector, a digitally-controlled oscillator (DCO) as a
frequency variable oscillator, and a digital processing circuit
(DPC). The time resolution of both circuits TDC and DCO is
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Fig. 7. Photomicrograph of the ADPLL core.

determined by a common ring-delay-line (RDL), so that the
time resolution is always the same as the gate delay time 7d of
a delay unit DU consisting of two inverters. This ensures that
both have the same time resolution even with temperature
fluctuations or process variations. Taking advantage of this
characteristic, frequency multiplication using numbers N with
decimals is possible. In this study N is settable, for instance, N
= 4.8828125 (40 kHz), 7.32421875 (60 kHz), 9.46044921875
(77.5 kHz), and 7.537841796875 (68.5 kHz), respectively. In
Fig. 6 DA indicates the time interval digital data of one CKI
(input reference clock) period and CD represents the number
of DUs for one CKO (multiplied output clock) period.

For the frequency acquisition, first, with the gate delay
time 7d (~1.3 ns, 0.69 V-VDD) of the DU as the time
resolution, one period of the reference clock CKI (32.768
kHz) receiving external input is digitized (DA = n) by the
time-to-digital converter. Next, the ratio of this data DA and
the frequency multiplying factor N (4.8828125) with decimals
is calculated in the digital processing circuit (DPC), and the
output clock control data CD is generated (CD = n/N). Then,
an output clock CKO (160 kHz) with a period corresponding
to this control data CD is generated. With these operations, the
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Fig. 8. Radio-Controlled Clock (RCC) receiver circuit block diagram.
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Fig. 9. Photomicrograph of RCC receiver IC chip (2.5 mm x 2.5 mm).

frequency acquisition is complete and repeated with strictly
digital processing. Figure 7 shows a photomicrograph of the
ADPLL active area measuring 370 pum x 260 pum (0.096 mm?®).
Detailed descriptions of the ADPLL are given in [7].

V. IC CONFIGURATION AND EXPERIMENTAL RESULTS

One prototype receiver method is shown as a Radio-
Controlled Clock (RCC) receiver circuit block diagram in Fig.
8, which includes an LNA with AGC (automatic gain control),
regulator (REG), 15-bit TAD, DSP section and the ADPLL. In
this study the Vin signal frequency is 40 kHz (standard time
wave: JJY). Accordingly, the ADC (TAD) sampling clock
frequency fs should be 160 kHz (4 x 40 kHz), which is
generated from the external 32.768 kHz crystal oscillator
clock using the ADPLL [7]. After ADC (TAD), the
information for both /c and Qc can be obtained digitally by
applying the calculations mentioned in Section II in the DSP
section [6]. The DSP section also performs digital low-pass
filters and has a time code generator in the back-end logic
section.

Next, a one-chip RCC receiver test IC was shown in Fig. 9.

This IC was fabricated with 0.18-pum CMOS with a chip size
of 6.25 mm’. The LNA and the REG are designed with
conventional op-amps. An impedance converter for TAD Vin
terminal to drive the RDL circuit is included in the REG
section. The impedance converter is made of a small-sized op-
amp (45 pm x 50 um). TAD does not need any high-speed op-
amp to drive the RDL as the impedance converter, since the
TAD filter effect [8] can eliminate RDL switching noises. In
this IC, the Vin voltage level for TAD input is very low,
ranging from 0.6 V to 0.8V to reduce the power consumption
as well as the ADPLL. The DSP section consists of standard
cells (75000 gates). This test IC achieved a minimum
detectable sensitivity of 0.7 pVrms and a maximum detectable
sensitivity of 100 mVrms for a standard time wave of 40 kHz
at the LNA input terminal. This experimental result is almost
the same as conventional analog type receiver performance,

without the use of outside parts, either quartz-crystal filters or
passive parts. In addition, regarding reception results of the
other low-frequency (LF) standard time waves such as 60 kHz
(JP) and 77.5 kHz (DE) except 68.5 kHz (CN), we also
experimentally confirmed the minimum detectable
sensitivities of 0.9 pVrms and 1.6 uVrms, respectively.

The total IC consumption current is 260 pA, including
extra current from evaluation circuits. Hence, it is possible to
reduce the consumption current to the same or less than that of
conventional analog type receivers by optimizing the IC
design. Also, the chip size can be decreased to 4.0 mm” to
remove evaluation circuits as well. In addition, since the
digital block occupies an active area of more than 60% of the
IC total area, it can be very effective to apply the shrink
process to reduce power consumption much more as well as
the chip size.

VI. CONCLUSION

We have developed the TAD-DQD one-chip receiver IC
with the newly designed TAD and the ADPLL using a
frequency multiplying number with decimals. This is a
prototype IC for a Radio-Controlled Clock (RCC) receiver
with 0.18-um CMOS. The IC achieved a minimum detectable
sensitivity of 0.7 uVrms for a 40 kHz standard time wave
(JJY) without quartz-crystal filters or passive parts such as
resistors and capacitors with a low supply voltage. This
prototype IC can also receive other standard time waves such
as 60 kHz (JP), 77.5 kHz (DE), and 68.5 kHz (CN) as well,
using desirable frequency multiplying numbers.

REFERENCES

[1] [Online]. Available: http://www.ptb.de/en/org/4/44/_index.htm
[2] [Online]. Available: http://tf.nist.gov/stations/wwvb.htm

[3] [Online]. Available: http://jjy.nict.go.jp/jjy/index-e.html

[4] [Online]. Available: http://www.time.ac.cn/serve/e_c.htm

[51 K. Yoshimura and A. Yasuda, “Measurement of the delay-time for
time-code sent from JJY station referring to time pulse of GPS
receiver,” in Proc. 2004 Int. Symp. GPS/GNSS, Sydney, Australia.

[6] S. Masuda, T. Watanabe, S. Yamauchi, and T. Terasawa, “All-digital
quadrature detection with TAD for radio-controlled clocks/watches,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 56, no. 2, pp. 285-293,
Feb. 2009.

[71 T. Watanabe, S. Yamauchi, T. Terasawa, “An all-digital PLL using
frequency multiplying/dividing number with decimals in 0.18-um
digital CMOS,” in Proc. 2008 IEEE International Frequency Control
Symposium, pp. 544—549.

[8] T. Watanabe, T. Mizuno, and Y. Makino, “An all-digital analog-to-
digital converter with 12-uV/LSB using moving-average filtering,”
IEEE Journal of Solid-State Circuits, vol. 38, no. 1, pp. 120-125, Jan.
2003.

[91 T. Watanabe, T. Mizuno, T. Terasawa, and S. Masuda, “An all-digital
A/D converter for increased resolution with a 2?*-delay-unit TAD
architecture using moving-average filtering,” in Proc. 8th IWADC,
2003, pp. 81-84.

[10] T. Watanabe, M. Nakamura, S. Masuda, “An all-digital A/D converter
for fast conversion with 4-TAD parallel construction using moving-
average filtering,” in Proc. 8th IWADC, 2003, pp. 17-20.

[11] T. Watanabe and S. Yamauchi, “An all-digital PLL for frequency
multiplication by 4 to 1022 with seven-cycle lock time,” IEEE Journal
of Solid-State Circuits, vol. 38, no. 2, pp. 198-204, Feb. 2003.

481



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index

	Table of Contents

