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Abstract—Voltage-to-Time Converter (VTC) circuit is
considered one of the essential blocks in the design of
Time-based Analog-to-Digital Converters (T-ADCs). T-ADC
is a promising candidate for Software Defined Radio (SDR)
receivers that require wide band and high resolution ADC
circuits. T-ADC circuits provide higher speed and lower power
dissipation compared to conventional ADCs. The proposed
design methodology increases the dynamic range of the VTC
circuits. Moreover, the adoption of this new methodology results
in increasing the VTC circuit sensitivity and improving the
VTC linearity. In the proposed case study, the dynamic range
increases up to 550mV with maximum linearity error of 3%
and sensitivity of 2.13 ps/mV in TSMC 65nm CMOS technology,
with a supply voltage of 1.2V.

Index Terms—Nanometer CMOS technology, analog-to-digital
converter, software defined radio, design methodology,
voltage-to-time converter, linearity.

I. INTRODUCTION

Software Defined Radio (SDR) receiver becomes an

important target for industrial and scientific community. It

is one of the most important blocks in Ultra Wide Band

(UWB) receivers. High-speed, high accuracy, and low power

Analog-to-Digital Converter (ADC) is one of the most

important blocks in SDR receivers.These requirements of

SDR systems cannot be satisfied by the currently available

conventional ADC circuits because these conventional ADCs

require unaffordable power budget to achieve the wide band

and high resolution requirements. Time-based ADCs depend

on indirect conversion that needs intermediate step between

the analog and the digital domains. The analog voltage is first

converted to a pulse width time, by using the VTC circuit,

and then this time is converted to a digital word using a

Time-to-Digital Converter (TDC) circuit as shown in Figure

1. This type of ADCs consumes less power and occupies

less die area than conventional ADC architectures that use

direct conversion. In addition, T-ADCs operate at higher

frequency ranges without the sample and hold circuits [1],

[2]. In addition, biomedical sensor applications have grown

dramatically, and these sensors require low-power and low

voltage analog-to-digital converters [3]. For these biomedical

sensors requirements, T-ADC is the best candidate.

As the CMOS technology continues to scale down to the

nanometer regime, the supply voltage decreases at a higher

rate than the threshold voltage which results in reducing

the overdrive voltage (i.e., the difference between the supply

voltage and the threshold voltage). However, the noise does

not scale down at the same pace like the supply voltage and

correspondingly, the ADC experiences Signal-to-Noise Ratio

(SNR) degradation [2]. Due to the aforementioned reasons,

conventional ADCs do not get any benefits from the CMOS

technology scaling. In contrast with conventional ADCs, the

time-based ADCs performance is improved as technology

scales because one of the main blocks of the T-ADCs is the

TDC circuit that is implemented completely by using digital

circuits [4].
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Fig. 1: T-ADC block diagram.

Several Voltage-to-Time Converters (VTCs) have been

reported in the last few years [5], [1], [2], and [6]. The basic

building block in these VTC circuits is the current starved

inverter displayed in Figure 2. In this basic circuit, the fall

time depends on the analog input voltage, Vin, applied on

transistor M1 gate. The value of this input voltage controls the

fall time that makes the pulse width of the output inversely

proportional to Vin. The previously published circuits are

facing several limitations and design trade-offs. For example,

all VTC circuits exhibit a trade-off between linearity and

dynamic range (i.e., increasing the dynamic range results

in higher non-linearity effects and vice versa). Also, they

suffer from limited sensitivity which is defined as the slope

of the pulse width versus Vin curve. The proposed design

methodology improves the VTC linearity, dynamic range, total

harmonic distortion and sensitivity, at the expense of extra

area/power overheads.
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The rest of the paper is organized as follows. In Section II,

the proposed design methodology description and analytical

analysis are presented. Simulation results and discussions are

provided in Section III. Finally, a conclusion is drawn in

Section IV.
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Fig. 2: Basic current starved inverter.

II. PROPOSED DESIGN METHODOLOGY

This Methodology is based on the complementary behavior

between the pull-down network and the pull-up network.

This makes the proposed design methodology similar to the

CMOS logic design methodology as portrayed in Figure 3

and Figure 4. The pull-down network consists of n-channel

transistors, carrying a current that is proportional to Vin. Thus,

the required time to discharge the output capacitor ,denoted by

the fall time Tfth, is inversely proportional to Vin. The pull-up

network exhibits opposite behavior, where the required time to

charge the output capacitor is denoted by the rise time, Trth.

The difference between Tfth and Trth have to be maximized

to improve the ADC dynamic range; Thus, the pull-down

network is designed to be faster to increase the dynamic range.

It is shown mathematically that the subtraction of the Trth and

Tfth curves have a more linear behavior than each curve of

them due to the non-linearity error cancellation between the

two curves, which extends the dynamic range of the proposed

methodology circuit, and provides a lower Total Harmonic

Distortion (THD) as illustrated in the following sections.

This new methodology can be applied on any

current-starved inverter based VTC circuit available in

the literature. To apply the proposed methodology, a

complementary VTC circuit is designed (For example, if the

original VTC circuit depends on controlling the fall delay by

Vin, the complementary circuit should be designed such that

the rise delay is controlled by Vin, and vice versa). Following

that, the outputs of both VTC circuits (i.e., the original VTC

and the complementary VTC) are applied as inputs to an

XNOR gate to get the difference between the rise delay and

the fall delay as illustrated in Figures 5 and 6.

A. Circuit Description

In this subsection, the proposed methodology is applied on

a selected VTC circuit from literature as a case study. Figure

3 illustrates the basic current starved inverter, denoted by the

falling circuit or the original VTC circuit. An nMOS transistor,

Na1, is added to limit the maximum discharge time in case Vin

is lower than the threshold voltage of transistor Na2. Figure 4

displays the complementary VTC circuit of the original VTC

circuit portrayed in Figure 3, this complementary circuit is

denoted by the rising circuit. This circuit uses an inverted

delayed version of the original clock signal applied to the

original VTC circuit. Similarly, if the difference between the

source of transistor Pb2 and its gate is less than the threshold

voltage, transistor Pb3 is used to limit the rise time of the

complementary circuit.
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Fig. 3: Original VTC circuit.
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Fig. 4: Complementary VTC circuit.
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Fig. 5: Proposed methodology block diagram.

In Tables I and II, all the transistor sizes and the dc

bias voltages, selected based on the analytical analysis given

in the following subsection, are tabulated. Figure 6 shows

the corresponding timing diagram of the proposed new

methodology. For a given input voltage, the pulse width of

the output signal is ∆ + Trth − Tfth, where Trth is the

rising circuit delay, Tfth is the falling circuit delay, and ∆
is the delay of the inverted clock version applied on the
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TABLE I: Falling circuit parameters

Parameter Value

WNa1 120 nm

WNa2 1.44 µm

WNa3 1.2 µm

WPa1 2.4 µm

L 80 nm

DCbias 600 mV

TABLE II: Rising circuit parameters

Parameter Value

WPb3 120 nm

WPb2 240 nm

WPb1 2.4 µm

WNb1 1.2 µm

L 80 nm

DCbias 600 mV

complementary VTC circuit. The sizing of the transistors is

carried out to maximize the term Trth − Tfth. To maximize

the rising time, Trth, the effective transistor, Pb2, in the rising

circuit is designed to be minimum size but greater than the

DC biased transistor, Pb3, to dominate the rising time. To

minimize the falling time, Tfth, the falling circuit is designed

to discharge rapidly the load capacitor by increasing the width

of the input transistor Na2.

Clock 

Clock_bar 

Vout1 

 

Tfth 

Vout2 

Trth 

+Trth-Tfth 

 

Out 

Fig. 6: Timing diagram for the VTC circuit [2].

B. Analytical Analysis

The VTC circuits displayed in Figure 3 and Figure 4 are

analyzed and compared with the proposed new methodology

to show the strength of the proposed methodology. The load

capacitance, CL, is 30fF in all cases representing the FO4

load capacitor. In the falling circuit, when the clock signal is

zero, the load capacitor is charged to V dd, transistors Na1,

Na2, and Pb1 are in the deep triode region, and transistor

Na3 is in the cut-off region. When the clock goes high,

transistor Na3 turns on and the capacitor discharges through

transistors Na1, Na2, and Na3 based on equation (1). The

objective is to find the threshold fall time required to discharge

the capacitor to the threshold voltage of the next state (i.e.,

0.5 ∗ Vdd) as given by the following equations, where more

details are provided in [4], [7].

If = −CL(
dVout1

dt
) (1)

If = INa1 + INa2 (2)

If =
1

2
µnCox

WNa1

L
[VDC − Vth]

αn

+
1

2
µnCox

WNa2

L
[Vin − Vth]

αn

(3)

−CL

dVout1

dt
=

1

2
µnCox

WNa1

L
[VDC − Vth]

αn

+
1

2
µnCox

WNa2

L
[Vin − Vth]

αn

(4)

∫
0.5Vdd

Vdd

−CLdVout1 =

∫ Tfth

0

(If )dt (5)

Tfth =
VddCL

2 ∗ If
(6)

The same analysis is performed for the rising VTC circuit

(i.e., the complementary circuit) to determine the rise threshold

time as in (8). The pulse width of the rising circuit, falling

circuit, and the proposed methodology is Trth, Tfth, and

Tmethth respectively. Where Tmethth is the difference

between the rising and the falling times, in addition to a

constant delay from the inverted delay line as in Figure 6.

Ir =
1

2
µpCox

WPb3

L
[Vdd − VDC − Vth]

αp

+
1

2

WPb2

L
[Vdd − Vin − Vth]

αp

(7)

Trth =
VddCL

2 ∗ Ir
(8)

Tmethth = ∆+ Trth − Tfth (9)

where If , Ir, INa1, and INa2 are the capacitor current

in the falling circuit, the capacitor current in the rising

circuit, the transistor Na1 current, and the transistor Na2
current, respectively; and VDC , Vth, µnCox, WNai, and L

are the DC bias voltage, the threshold voltage, the electrons

mobility multiplied by the oxide capacitance, the width of

the ith transistor, and the channel length, respectively. αn

and αp represent the effect of short channel in modern

technologies and they are called the velocity saturation indices.

As mentioned in [8], αn and αp decreased from 2 to about 1

monotonically based on whether the transistor is in velocity

saturation or pinch off saturation.

The following equations represent the Taylor series

expansions for Tfth, Trth, and Tmethth. They help in

illustrating the most effective parameters in the linearity error

curve displayed in Figure 10. This linearity error curve is
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optimized based on these coefficients, and proves the higher

linearity nature for the proposed new methodology.

Tfth = a0 + a1(Vin) + a2(Vin − Vconst)
2

+ · · ·+ an(Vin − Vconst)
n

(10)

Trth = b0 + b1(Vin) + b2(Vin − Vconst)
2

+ · · ·+ bn(Vin − Vconst)
n

(11)

Tmethth = c0 + c1(Vin) + c2(Vin − Vconst)
2

+ · · ·+ cn(Vin − Vconst)
n

(12)

where ai, bi, and ci are the ith terms of the Taylor coefficients

for Tfth, T rth, and Tmethth respectively and Vconst is the

point at which the Taylor expansion is centered. These

coefficients in (10), (11), and (12) are used to calculate the

THD and their corresponding dynamic ranges as in [9]. Also,

they are used in optimizing the VTC.

Our objective is to get a linear relation between the

pulse width, namely Trth, T fth, or Trth − Tfth, and the

input voltage, V in, over the largest possible dynamic range

with the highest sensitivity. The proposed methodology, that

results from the difference between the rise time and the fall

time, exhibits better linearity over the same dynamic range

compared to the original VTC circuit or the complementary

circuit as shown in Figure 10.

III. SIMULATION RESULTS AND DISCUSSIONS

The VTC specifications parameters such as sensitivity,

linearity, dynamic range, and power dissipation are calculated

by sweeping the input voltage. The simulations are carried

out on Cadence Virtuoso using industrial hardware-calibrated

TSMC 65nm CMOS technology, with supply voltage of 1.2V.

Figures 7, 8, and 9 show the outputs of the circuits displayed in

Figures 3, 4, and 5, respectively by sweeping the input analog

voltage from −275mV to 275mV superimposed on 675mV

dc voltage.

For the original falling VTC circuit, the pulse width

decreases as the input voltage increases. However, the pulse

width of the complementary rising VTC circuit increases as the

input voltage increases. This results in an overall pulse width

that increases at a rate approximately equal to both the rise and

falling VTC circuits rates. It is clear from Tables III, V, and

IV that the proposed methodology provides higher sensitivity

than that of the original falling VTC. Moreover, the proposed

methodology exhibits higher linearity as demonstrated in

Figure 10. As shown in Figure 10, the maximum linearity

error in the original falling VTC circuit is 33.87%, and in

the complementary rising VTC circuit is 5.85%. However, the

maximum linearity error in the proposed new methodology

is 3%. The sensitivity of the original falling VTC circuit,

the complementary rising VTC circuit, and the proposed new

methodology is 0.64ps/mV , 2.45mV/ps, and 2.13mV/ps,

respectively.

Tables III, IV,and V tabulate some of the simulation results.

In both tables the Dynamic Range (DR), the sensitivity (σ),

Fig. 7: Sample of the output of the original falling VTC circuit at different
input voltage values.

Fig. 8: Sample of the output of the complementary rising VTC circuit at
different input voltage values.

and the linearity error (ε) are given. The main drawbacks of the

proposed new methodology is the area and power overheads.

However, this overhead is still small compared to the overall

T-ADC power and area and compared to conventional ADCs.

The XNOR gate used in this proposed methodology designed

by using transmission gate transistor logic to reduce the power

and area overhead.

The small glitch on the proposed methodology output at

figure 9 can be eliminated by two technique. The first one is by

masking it with the clock signal. The second one is performed

through the digital TDC part. Optimization of the proposed

methodology is our active current research work as well as

adopting this design methodology on other current-starved

inverter based VTC circuits in the literature and investigating

how the new methodology act under PVT variation compared

to the falling and the rising VTCs.
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Fig. 9: Sample of the output of the proposed methodology VTC circuit at
different input voltage values.
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Fig. 10: Linearity error for the falling, rising, and the new methodology as
input change from −275mV to 275mV

TABLE III: Comparison between the three circuits for a fixed dynamic
range 550mV

Parameter Falling Rising Methodology

ε 33.87% 5.85% 3%

THD −4.77dB −11.87dB −20dB
σ 0.64mV/ps 2.45mV/ps 2.13mV/ps

The Total Harmonic Distortion (THD) is calculated for

the three VTC circuits to show the strength of the proposed

new methodology. For a fixed dynamic range of 550mV,

the new methodology exhibits smaller THD compared to the

original VTC and the complementary VTC by 15dB and

8.2dB, respectively as illustrated in Table III. Moreover, table

III illustrates the improvement in the linearity error over the

falling and rising circuits.

TABLE IV: Comparison between the three circuits For the same maximum
THD −20dB

Parameter Falling Rising Methodology

DR 80mV 140mV 550mV
ε 10.14% 3.6% 3%

σ 0.64ps/mV 2.45ps/mV 2.13mV/ps

Table IV shows the dynamic range of the new methodology

and the original complementary VTC circuits for a fixed

THD of -20dB. The dynamic range of the proposed new

methodology is improved by factors of 6.9X and 3.9X over the

original and complementary circuits, respectively for the same

THD of -20dB. In addition, the maximum dynamic range is

2.75X wider than [10] and 3.7X wider than [2].

TABLE V: Comparison between the three circuits for a fixed maximum
error 3%

Parameter Falling Rising Methodology

DR 240mV 400mV 550mV
THD −9.9dB −12.45dB −20dB
σ 0.64mV/ps 2.45mV/ps 2.13mV/ps

The dynamic range of the proposed new methodology is

improved by factors of 2.3X and 1.4X over the original and

complementary circuits, respectively for a fixed maximum

linearity error of 3% as in table V.

TABLE VI: Comparison between the three circuits for Area and Power

Parameter Falling Rising Methodology

Area 0.4128µm2
0.3168µm2

4.2872µm2

Power 9.65µ W 9.138µ W 61.86µ W

Table VI shows the power dissipation and gate area of

the falling, rising, and the new design methodology circuits.

The large difference in power and area, between the new

methodology and the other circuits, is due to the large buffer

at the XNOR gate that consumes a short circuit power. This

short circuit power reduction is our current research work.

Walden in [11] defined a Figure Of Merit (FOM) to be

used in the ADCs which is FOM=DR2
∗f

P
. Where DR, f,

and P are the dynamic range, the maximum frequency of

operation, and the power dissipation. The FOM represents the

efficiency of using the power to increase the DR and/or the

maximum frequency. The maximum frequency range for the

falling, rising, and the proposed new methodology are 1600

MHz, 285 MHz, and 700 MHz respectively calculated for the

dynamic ranges in table IV. The FOM for the falling circuit,

rising circuit, and the new design methodology are 1 ∗ 1012,

0.14 ∗ 1012, and 3.4 ∗ 1012 respectively. The aforementioned

FOM shows the strength of the new design methodology over

both the falling and rising VTC circuits.

The THD is calculated based on [9] and [12]. Fast Fourier

Transform (FFT) is applied to (6), (8), and (9) as shown in

Figure 11, and then applying the following equation:

THD = 20 ∗ Log(

√
a
2
2
+ a

2
3
+ a

2
4

a1

) (13)

where a1, a2, a2, a3, and a4 are the fundamental, second,

third, and fourth harmonics.
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Fig. 11: Fast Fourier Transform.

IV. CONCLUSION

In this paper, a new design methodology is proposed that

improves the dynamic range, the linearity, the sensitivity, and

the total harmonic distortion of the current-starved based VTC

circuits. The proposed methodology depends on increasing

the slope of the delay-input voltage curve that relates the

pulse width time to the input voltage. This occurs by using a

complementary VTC circuit for the original VTC circuit and

combining both of them as shown in Figure 5. The proposed

new methodology improves the sensitivity, the dynamic range,

and the linearity error by factors of 3.3X, 6.9X, and 3.4X,

compared to the original VTC circuit for the same THD. In

addition, the new methodology results in improving the THD

by 8dB. Moreover, the corresponding power and area overhead

of the proposed new methodology is under research to be

minimized. However, it is still small compared to the overall

T-ADC power and area. However the figure of merit shows

the superiority of the new design methodology.

Applying the proposed methodology on the basic VTC

circuit results in a new circuit with the parameters in table

VII showing the strength of the new methodology.

TABLE VII: The new performance parameters after applying the new
methodology

Parameter Value

DR 550mV
THD −20dB
σ 2.13mV/ps
ε 3%

Area 4.2872µm2

Power 61.86µ W
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