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Abstract. In this paper, we proposed the digitally controlled oscillator using 1+1/k
frequency divider based on multi-phase clock. The oscillation frequency of this circuit
is not affected by constituent elements of circuit and the operation is extremely stable.
The relationship between the input data and the oscillation frequency is linear. Also,
since this circuit is configured to distribute the 1+1/k dividing clock in a cycle of the
output signal at constant intervals, the duty ratio of the output signal is always 50%.
Furthermore, since this circuit has a perfect digital configuration, miniaturization can be
expected at the time of integration.
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1. Introduction. There are various types of oscillators, such as a crystal oscillator using
a crystal unit, a CR oscillator, an LC oscillator, a multivibrator, and a ring oscillator.
Among them, various circuits such as a system using a crystal unit and a multi-vibrator
are proposed for an oscillator that generates clock pulses [1,2]. In particular, a voltage-
controlled oscillator (VCO) that can control the oscillation frequency by an external volt-
age is one of the important components in the phase locked loop (PLL) [3]. The PLL can
obtain an output signal whose phase and frequency are synchronized with respect to the
input signal. This circuit has an important part as a synchronous clock generator in the
system of various communication equipment. In recent years, digitization of each system
is required against the background of miniaturization, stabilization, and low power con-
sumption. Therefore, on the premise of incorporating the PLL into the system, studies
of PLL based on all digital configurations have been made in various fields [4-7].

In all digital PLL, there is a digitally controlled oscillator (DCO) as an oscillator replac-
ing the VCO. DCO is a system that controls its oscillation frequency by using a digital
value instead of the external voltage of the VCO. The conventional DCO is realized as
an LC oscillator composed by a negative resistance made of MOS, an inductance L and
a capacitor C. This DCO digitally changes the electrostatic capacitance of the capacitor
C by inputting a control voltage of “0” or “1” to many MOS varactor arrays connected
in parallel. For this reason, the internal operation of the conventional DCO will include
analog elements. In addition, variations in electrostatic capacitance characteristics of
each varactor cause a factor of lowering the accuracy of the oscillation frequency. Also,
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since the conventional DCO contains inductance in its components, it was a bottleneck
in making PLL based on all digital configurations into one chip [8].

In this paper, we propose DCO using 1+1/k frequency divider based on multi-phase
clock. Since the proposed DCO has a perfect digital configuration, its oscillation frequency
is not affected by constituent elements etc., so its operation is extremely stable. In
addition, miniaturization can be expected at the time of integration. Also, since the
output signal has evenly arranged the 1+1/k dividing clocks in the one cycle period,
its duty ratio is always 50%. In Chapter 2, we describe the circuit configuration of the
proposed DCO using 1+1/k frequency divider. In Chapter 3, we analyze the operation of
the proposed DCO. In Chapter 4, we show the simulation results by Verilog-HDL. Finally,
Chapter 5 is a conclusion.

2. DCO Using 1+1/k Frequency Divider.

2.1. Circuit configuration of proposed DCO. Figure 1 shows the circuit configu-
ration of the proposed DCO using 1+1/k frequency divider based on multi-phase clock.
Here, “k” in the 1+1/k frequency divider is the multiphase clock number which is the
input signal. The divider-1∼z and selector are frequency dividers and selectors for dis-
tributing the 1+1/k dividing clock in one cycle of the output signal. The divider-1∼z
are set to 21, 22, . . . , 2z, respectively. The 1+1/k frequency divider divides the multiphase
clock by 1+1/k only when the clock from the OR gate is low level. The mp-counter and
the DC are counters and digital comparators for generating the output signals by counting
the 1+1/k dividing clock and the normal clock.
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Figure 1. Circuit configuration of proposed DCO

2.2. Operation of 1+1/k frequency divider. Figure 2 shows the circuit configuration
and the operational waveforms of 1+1/k frequency divider. This circuit is constructed
from two selectors (selector1 and selector2), a 1/2 divider with negative-edge operation,
and a ring counter. As shown in Figure 2, for the connection from the ring counter to
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Figure 2. Circuit configuration and waveforms of 1+1/k divider

selector2, the connection signal is rotated to the left by one bit and the most significant
bit of the ring counter is connected to the least significant bit of selector2. The selector1
and selector2 are connected so that clk1, clk2, . . . , clkk are selected sequentially from the
least significant bit of the selection signal from the ring counter. Also, the bit number of
the ring counter is set equal to the multi-phase clock number k.

When the first bit of the ring counter is “1” at time t0, selector1 selects the multi-
phase clock clk1. Since the second bit is high level in the selection signal of selector2,
the multi-phase clock clk2 is selected. When clk2 becomes low at time t1, the output of
the 1/2 divider becomes high by the falling edge, and the ring counter is counted up. As
a result, the second bit of the ring counter becomes high, so the selector1 outputs clk2.
Simultaneously, selector2 selects multi-phase clock clk3, and the output of the 1/2 divider
becomes low at time t2. The 1+1/k frequency divider performs a similar operation at time
t3, and outputs clk3 from selector1. Subsequently, since the same operation is repeated,
the 1+1/k frequency divider always selects the next multi-phase clock. Therefore, the
time tmp of one period of the output signal is given by

tmp = td +
td
k

= td

(
1 +

1

k

)
(1)

where td is the time of one period of the multi-phase clock. Accordingly, the output
frequency fmp of the 1+1/k frequency divider is given by

fmp =
fd

1 +
1

k

(2)

where fd is the frequency of the multi-phase clock. From Equation (2), it can be seen
that the circuit in Figure 2 operates as a 1+1/k frequency divider.

Also, by applying a distributed pulse shown in Figure 1 to 1/2 divider and stopping
its operation when it is at high level, operation of the ring counter of the next stage also
stops. Consequently, selector1 and selector2 hold the selected value at that time, so the
1+1/k frequency divider outputs the selected multi-phase clock as it is. In other words,
the 1+1/k frequency divider performs frequency division only when the distributed pulse
is at the low level.

2.3. 1+1/k dividing clock distributed circuit. Here, the circuit configuration and
operation of the 1+1/k dividing clock distribution circuit will be described. Figure 3 is
the operation waveform of the 1+1/k dividing clock distributed circuit when divider-z is
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Figure 3. Waveforms of 1+1/k dividing clock distributed circuit

set to 24. In order to set the 1+1/k dividing clock to a constant interval in one cycle of
the output signal of the DCO, the divider-1∼z are shifted by one pulse for the input clock
and the operation is started. As a result, as shown in Figure 3, the output pulses of the
divider-1∼z do not overlap in time, and a constant interval is maintained for the input
clock.

Next, we will explain the extraction of the distributed signal. Each counters (21 to
2z) and the selection signal Din (0 to 2z−1) of the selector sequentially cross and connect
from the highest value to the lowest value. From this, for example, when Din = 6,
Din = 22 + 21, so that pulses from divider-3 (23) and divider-2 (22) are selected by the
selector. The extracted signal controls the 1+1/k frequency divider through the OR gate
shown in Figure 1. Therefore, the proposed DCO is possible that keeps constant the
interval of the 1+1/k dividing clock for one cycle of the output signal consisting of 2z

cycles of the multi-phase clock.
When the input data value Din becomes larger than the period 2z of the multi-phase

clock constituting one cycle of the output signal, in order to keep the 1+1/k dividing
clock at constant intervals, the proposed DCO must further increase the division ratio
upper limit value of the divider-1∼z. Therefore, the range of the input data value Din of
the proposed DCO is limited to the upper limit value 2z of divider-1∼z.

3. Operation Analysis of DCO. Figure 4 shows the operation waveform of the pro-
posed DCO when divider-1∼z are set to 21∼26. When the input data value Din is 20
at time t0, since this value becomes the selector value in the distributed circuit, the sum
of the signals from divider-2 (22) and divider-4 (24) is taken out through the OR gate.
The 1+1/k frequency divider of the next stage outputs the multi-phase clock selected
by the selector1 shown in Figure 2 as it is while the dispersion signal is generated. At
other times, the 1+1/k frequency divider divides the multiphase clock by 1+1/k by the
value (X) minus 64 from Din = 20. The mp-counter counts these two signals, and when
it reaches 64, the output signal is output from the DC3, and the mp-counter is reset at
the same time. After that, since the same operation is repeated, the output of the DCO
becomes a signal obtained by dividing only 44 cycles out of 64 cycles of the multi-phase
clock by 1+1/k frequency divider.

Next, when the input data value Din reaches 40 at time t1, the output signal becomes
a signal obtained by 1+1/k dividing only 24 cycles out of 64 cycles of the multi-phase
clock from the above operation. Therefore, the oscillation frequency of the DCO becomes
higher than that when the input data value Din is 20, so it is found that the oscillation
frequency can be controlled according to Din.

Here, we consider the oscillation frequency of the proposed DCO. The proposed DCO is
configured to control the oscillation frequency by changing the number of 1+1/k division
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Figure 4. Waveforms of proposed DCO

in one cycle of the output signal according to the input data value Din. The relation
between the input data value Din and the 1+1/k dividing number X becomes “n” de-
crease/increase of X for “n” increase/decrease of Din. Therefore, from Equations (1) and
(2), the oscillation frequency fout of the proposed DCO is expressed by

fout =
1

tmp (2z − Din) + td · Din

=
1

td

[(
1 +

1

k

)
(2z − Din) + Din

]
=

fd(
1 +

1

k

)
(2z − Din) + Din

(3)

Next, we consider the oscillation frequency range of the proposed DCO. Since the
minimum value of the input data value Din is “0” and the maximum value is 2z−1 from
Section 2.3, from Equation (3), the oscillation frequency range is given by

fd(
1 +

1

k

)
2z

∼ fd(
1 +

1

k

) (2z ≥ Din) (4)

Therefore, in order to expand the frequency range of the proposed DCO, it is necessary to
set “z” large or set fd high. In addition, from Equation (4), the free running frequency ffr

of the proposed DCO in the state where the input data value Din is not input is expressed
by

ffr =
fd(

1 +
1

k

)
2z

(5)

Next, we consider the time resolution of the proposed DCO. The proposed DCO controls
the oscillation frequency by increasing/decreasing the number of 1+1/k dividing clock in
one cycle of the output signal. Since the increment/decrement unit of 1+1/k dividing
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number is “1”, the oscillation frequency is controlled by the time unit of the phase interval
of the multi-phase clock. Therefore, the time resolution ∆tout of the proposed DCO is
expressed by

∆tout =
td
k

(6)

From this, it is found that in order to realize the operation of approximation to the analog
VCO by setting the time resolution high, it is sufficient to increase the multi-phase clock
number k. However, since k and the oscillation frequency range are in the relation between
contraries from Equation (4), it is necessary to consider the application in designing.

4. Simulation Results. This simulation was described using Verilog-HDL as hardware
description language. In this simulation, the upper limit of the count value of divider-1∼z,
the number and frequency of multi-phase clock are set to 2z = 26, k = 7 and fd = 7MHz,
respectively.

Figure 5 shows the simulation waveform of the proposed DCO when the input data
value is set to 40. From this, in the proposed DCO, the selector retrieves divider-1 (21)
and divider-3 (23). Therefore, in the proposed DCO, 40 cycles are divided by 1+1/k with
respect to the output signal composed of multi-phase clock of 64 cycles, and the interval
is constant.
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Figure 5. Simulation waveforms of proposed DCO

Figure 6 is the simulation waveform of the proposed DCO in the step response when
the input data is changed between 10 and 40. From this, since the oscillation frequency
changes according to the change of the input data, it is found that the proposed DCO
can obtain the expected operation for the step response.

Figure 7 shows the relationship between the input data Din and the oscillation frequency
fout of the proposed DCO based on the same setting as above. From this, it is found
that the relationship between Din and fout shows linearity and operates within the range
satisfying Equations (3) and (4). In addition, it is also found that the time resolution
changes at ∆tout = 20ns and satisfies Equation (6).
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5. Conclusion. In this paper, we proposed the digitally controlled oscillator based on
multi-phase clock with an all digital configuration which improved the conventional prob-
lems. Since this circuit has a perfect digital configuration, miniaturization can be expected
at the time of integration. The oscillation frequency is not affected by constituent ele-
ments of circuit and the operation is extremely stable. Also, the relationship between the
input data and the oscillation frequency is linear. Furthermore, since this circuit is con-
figured to distribute the 1+1/k dividing clock in a cycle of the output signal at constant
intervals, the duty ratio of the output signal is always 50%.

In recent years, systems that perform signal processing using both rising and falling
edges of a clock signal are increasing. Therefore, by utilizing the proposed DCO having
the above characteristics for all digital PLLs, it can be expected to be used for clock supply
sources etc. in various digital communication equipment systems supporting future IoT.

In the future, we plan to extend the oscillation frequency operation range of the pro-
posed DCO and verify the characteristics when it is applied to all digital PLL.
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