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Abstract. An 8-bit analog-to-digital converter based on a voltage-controlled oscillator using 
180 nm CMOS technology from Mikron JSC with a supply voltage of 3.3 V for the analog part  
and 1.8 V for the digital part is presented. The analog-to-digital converter has a wide range of 
input voltages from 0 to 3.3 V. The transistor-level simulation of the analog-to-digital converter 
in the time domain was performed in Cadence Virtuoso. The sampling rate was set to 1 MHz. 
The power consumption is about 1.8 mW. The dimensions of the designed layout are 103 μm 
by 109 μm. With an input frequency of 50 kHz and an amplitude of 1.55 V, the post-layout 
simulation shows an output SNDR of 36.48 dB (ENOB is 5.77 bits).
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Аннотация. Представлен восьмиразрядный аналого-цифровой преобразователь на ос-
нове генератора, управляемого напряжением, разработанный по 180 нм КМОП-техноло-
гии от АО «Микрон» с напряжением питания 3,3 В в аналоговой части и 1,8 В в цифровой 
части. Аналого-цифровой преобразователь имеет расширенный диапазон напряжений 
входного сигнала от 0 до 3,3 В. Моделирование преобразователя на транзисторном уров-
не во временной области проводилось в Cadence Virtuoso. Частота дискретизации была 
установлена равной 1 МГц. Потребляемая мощность составила около 1,8 мВт. Размеры 
разработанной топологии кристалла преобразователя составили 103 мкм на 109 мкм. При 
частоте входного сигнала, равной 50 кГц, и амплитуде 1,55 В, моделирование с учетом 
экстракции паразитных параметров топологии аналого-цифрового преобразователя по-
казывает на выходе значение отношения сигнала к шуму и искажениям 36,48 дБ (эффек-
тивное число бит равно 5,77 бит).

Ключевые слова: аналого-цифровой преобразователь, генератор, управляемый напряже-
нием, линейность передаточной характеристики, цифровой синтез

Финансирование: Производство интегральной микросхемы было выполнено за счет 
средств Министерства науки и высшего образования Российской Федерации в рамках 
федерального проекта «Подготовка кадров и научный фундамент для электронной про-
мышленности» по государственному заданию на выполнение опытно-конструкторской 
работы «Разработка методики прототипирования элементной базы электроники на отече-
ственных микроэлектронных производствах на основе сервиса MPW».
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Introduction

The trend towards an increase in the number of sensors in areas such as the IoT, medical care 
and mechanical engineering has led to an increased need to use many analog-to-digital converters 
(ADCs). Since many devices are autonomous, ADCs must provide low power consumption [1–4]. 
Also, with the scaling of CMOS technology, there is a tendency to transfer the signal processing  
complexity to the digital domain [5]. The mentioned trends are supported by an ADC based on a volt 
age-controlled oscillator (VCO). The VCO-based ADC block diagram is shown in Fig. 1 (DU stands 
for digital unit). The analog signal is sent to the VCO input. A VCO converts the input signal level into 
the frequency of the output pulses. The digital unit counts the number of pulses per sampling cycle 
and generates the corresponding binary code at the output. The typical values of the bit depth of 
the ADC type in question depend on the technology used. For technologies larger than 100 nm, bit 
depths of up to 10 bits are more common [6, 7]. In cases of implementation using technology less 
than 100 nm, a bit depth of 15 bits is often found [8–10].
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Circuit of the VCO

Fig. 2 shows the developed circuit of the VCO in complementary metal-oxide-semiconductor 
(CMOS) technology. The VCO core is three inverters connected in a ring. These inverters are formed 
by transistors M1–M6. Also, an output inverter on transistors M17 and M18 is connected to the 
output of one of the inverters to reduce the rise and fall time of the output pulse signal of the VCO. 
Limiting transistors M10–M12 and M14–M16 are used to control the frequency of VCO. These  
transistors limit the current consumed by the VCO core inverters during operation. The lower the maxi-
mum current through the limiting transistors, the more time the inverter needs to recharge the parasitic  
capacity of the next inverter, therefore, the lower the frequency of pulses. With the help of current mir-
rors formed by transistors M8, M9, M13–M16, the maximum current through the limiting transistors 
is set. The control current is formed by a voltage converter into a current formed by the transistor M7 
and resistors R

1
, R

2
, R

h
, R

s
. The linearity of the VCO transfer characteristic is provided by the linear 

transfer characteristic of the voltage-to-current converter [11]. Resistors R
1
, R

2
, R

s
 provide an exten-

sion of the linearity range of the transfer characteristic. The resistor R
h
 is used to adjust the VCO gain 

[12]. By independently changing the channel width of the limiting transistors, the channel width of 
the transistor M7, and the values of the resistors R

h
, R

s
, it is possible to set the required maximum and 

minimum pulse generation frequency of the VCO.

Design of the ADC digital unit

The digital unit of the proposed ADC consists of a subtracting counter and a parallel register. The 
counter counts the number of pulses received at its input during the sampling period. The counter’s 
bit depth is equal to the ADC’s bit depth, in our case, it is 8 bits. The register is necessary to fix the 
counter value according to the sampling cycle. To design the digital unit of the ADC, automatic syn-
thesis of digital circuits from the hardware description was applied. The hardware descriptions of the 
counter, the parallel register, and the ADC digital unit are shown in Listings 1–3, respectively.

Fig. 1. Block diagram of an ADC based on a VCO

Fig. 2. Circuit of the VCO
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Listing 1. Hardware description of the counter

module sabstrcnt(r, c, x, y);

	 input r, c, x;	
	 output reg [7:0]y;
	 always @( negedge r, posedge x, posedge c)
	 begin
		  if(!r) 
			   y <= 'd255;
		  else 
		  begin
			   if (c)
				    y <= 'd255;
			   else
				    y <= y-'d1;
		  end
	 end

endmodule

Listing 2. Hardware description of the parallel register

module parr(r,c,x,y);

	 input r, c;
	 input [7:0]x;
	 output reg [7:0]y;
	 always @( negedge r, posedge c)
		  if (!r)
			   y <= 0;
		  else
			   y <= x;

endmodule

Listing 3. Hardware description of the ADC digital unit

module DU(r,c,x,y);

	 input r,c,x;
	 wire [7:0]w;
	 output [7:0]y;

	 sabstrcnt A(r,c,x,w);
	 parr B(r,c,w,y);

endmodule

The digital unit of the ADC was synthesized using the built-in CAD tools. The circuit was synthe-
sized from standard cells using 180 nm CMOS technology with a supply voltage of 1.8 V from Mikron 
JSC. The circuit of the digital unit is shown in Fig. 3.
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Layout of the ADC

Fig. 4 shows the layout of the designed ADC based on the VCO. The VCO is located in the upper left 
part of the layout. To the right of the VCO, three inverters connected in series are placed. These three 
inverters convert the amplitude of the VCO output pulses from 3.3 to 1.8 V, because the digital unit of 
the ADC is designed using cells with a supply voltage of 1.8 V.

The quantization error of the VCO-based ADC depends on the difference between the rise and fall 
times of the pulse, herewith it is minimal if the difference is zero [13]. The digital unit of the ADC is 
located at the bottom of the layout in Fig. 4. The D flip-flop cells of the counter are located closest 
to the VCO, while the combinational logic is located below them. The D flip-flop cells of the output 
register are located on the right and bottom sides of the layout of the ADC digital unit. The dimensions 
of the ADC layout are 103 μm by 109 μm.

Fig. 3. Circuit of the digital unit of the ADC

Fig. 4. VCO-based ADC layout
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Simulation of ADC operation

A simulation of the operation of the VCO-based ADC was carried out. Since the characteristics 
of the ADC depend on the linearity of the transfer characteristic of the VCO, the dependence of the 
frequency of VCO on the input signal level was built. Fig. 5a shows the transfer characteristic of the 
VCO obtained using the PSS analysis. Fig. 5b shows a graph of the dependence of the nonlinearity 
error on the ADC input signal level. The average error of the nonlinearity of the VCO gain is 0.43% of 
the full scale of measurements (FSR).

Fig. 6 shows the input and output signals of a VCO-based ADC. The amplitude of the input signal 
was set to 1.55 V, and the frequency was 50 kHz. The outlier in the output signal of the ADC at the 
initial time occurred due to the initial values in the output register. Using the built-in Cadence Vir-
tuoso tools, the ADC dynamic characteristics were determined based on the output signal spectrum. 
The values for the first sampling cycle of the ADC output signal were not used when calculating the 
parameters. A signal-to-noise ratio (SNDR) of 36.48 dB has been achieved which means an effective 
number of bits (ENOB) of 5.77 bits.

Conclusion

An 8-bit voltage-controlled oscillator-based ADC with a range of input values from 0 to 3.3 V using 
180 nm CMOS technology from Mikron JSC with a supply voltage of 3.3 V in the analog part and 
1.8 V in the digital part is presented. The simulation of the ADC in the time domain was performed 
in Cadence Virtuoso. The sampling rate was set to 1 MHz. The power consumption is about 1.8 mW. 
With an input frequency of 50 kHz and an amplitude of 1.55 V, the ADC provides an output SNDR of 
36.48 dB (ENOB is 5.77 bits). This low-power design is applicable in the IoT, medical care and other 
autonomous devices.

a)							       b)

Fig. 5. Simulation of the transfer characteristic of the VCO

Fig. 6. ADC input and output signals
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