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Abstract

Time-Based Analog-to-Digital Converter (ADC), at scaled CMOS technology, plays a major role in designing Software Defined
Radio (SDR) receivers as it manifests higher speed and lower power than conventional ADCs. Time-Based ADC includes a Voltage-
to-Time Converter (VTC) or a Voltage-Controlled Delay Unit (VCDU) which converts the input voltage into a pulse delay, and a
Time-to-Digital Converter (TDC) which converts the pulse delay into a digital word. In this paper, we present two novel differential
VTCs fabricated using TSMC 65nm CMOS technology with ideal TDCs and no sample-and-hold circuit producing complete ADCs.
The first proposed ADC is based on the design of a VCDU. This new ADC operates on a higher sampling frequency of 8
Gsample/sec, with a supply voltage of 1-V. It achieves a wider dynamic-range of 560 mV and a 3% linearity error. Simulation results
reveal that this design can achieve up to a 9-bit resolution with Effective Number of Bits (ENOB) of 8.9902 bits in an 8-GHz
bandwidth and a 0.3918 fJ/conversion FOM. It consumes a 1.594 mW power. The second proposed ADC is based on a new design
methodology which reports a wider dynamic range of 1 V and a higher sensitivity of 9.6 ps/mV. This new ADC operates on a 2.5
Gsample/sec sampling frequency with a 3% linearity error and with a supply voltage of 1.2 V. It also achieves a resolution up to 11
bits with ENOB of 10.7228 bits in a 2.5-GHz bandwidth and a 0.03763 fl/conversion FOM. It consumes a 0.159 mW power.

©2017 ijrei.com. All rights reserved
Keywords: Nanometer CMOS technology, analog-to-digital converter, ADC, voltage-controlled delay unit, voltage-to-time
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1. Introduction

Nowadays, the effluence of scaling CMOS technology invades
all industrial and scientific communities. This drift overcomes

controls the chain that we want to use, otherwise all chains will
be switched on. In SDR receiver, the received noisy RF analog

the main problem resulted from using conventional Analog-to-
Digital Converters (ADCs) [1] in such applications. In fact,
due to the capacity of demands, a single Integrated Circuit (IC)
chip is intended to have several chains of transmitting and
receiving blocks needed for different wireless standards which
require from the ADC: a proper sampling frequency and a
proper dynamic range. This produces much energy density of
rechargeable power sources which does not increase as fast as
the power consumption of the electronics, so increasing the
source power is not the aimed solution.

This induces applications such as Software Defined Radio
(SDR) receivers to arise [1], [2]. The SDR IC configures and

Corresponding author: Abdullah EI-Bayoumi
Email Id: abdullah.elbayoumi@pg.cu.edu.eg

signal is directly applied to a wide-band ADC, followed by the
real time Digital Signal Processor (DSP). New ADCs can be
reconfigured according to the SDR standard. This leads us to
think about new techniques of ADCs design with much small
area and low power consumption.

In deep sub-micron CMOS technology, technology scaling
makes the ADC design much more complex, as it reduces the
supply voltage which results in degrading the headroom level
of the signal (signal swing) and the signal-to-noise ratio (SNR).
Besides, it has a little effect on the threshold voltage resulting
in design complexity (i.e. difficulty in cascading which is the
fundamental concept of the op-amp design) [3].
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Fig. 1. Time-based ADC architecture.

With these causes, the conventional ADCs are not the
promising solutions in lower technology nodes.

In high frequencies, the time resolution of digital signals is
much greater than the voltage resolution of the analog signals,
so we do not need an op-amp or an explicit sample and hold
circuit in the Time-Based ADC design. Consequently, We will
increase the percentage of the digital part of the system using
digital CMOS technology in order to: solve analog design
problems, get the full use of the digital signal processing,
reduce area and power consumption, have faster ADCs with
higher performance and make the ADC move more and more
to the signal input.

In Time-Based ADC, the analog signal amplitude is sampled
and converted into a pulse in time-domain by modulating
edges of the reference signal, then the time-domain pulse is
quantized into a digital output. This operation is done using a
Voltage-to-Time Converter (VTC) and a Time-to-Digital
Converter (TDC) respectively as shown in Fig. 1. The VTC is
also referred to as either a Pulse Position Modulator (PPM) or
Pulse Width Modulator (PWM), depending on whether the
delay is applied to one or both edges of the input clock pulses
[4]. The TDC circuit consists of digital logic and counter
circuits [5].

Several VTC circuits have been introduced in the literature [4],
[6]-[8]. The basic core in these circuits is the current starved
inverter, in which the applied analog input voltage (Vn)
controls the fall time and makes the pulse width of the output
inversely proportional to it. On the other hand, the basic
Voltage-Controlled Delay Unit (VCDU) circuit proportionally
controls the delay of the input clock edge with respect to a
sampled input voltage. The designs of several VCDU circuits
in CMOS 0.18um technology have been shown in [9]. All
previously published circuits are facing several limitations and
design trade-offs between dynamic range, linearity and the
ADC resolution. Also, they suffer from limited sensitivity.
There are significant advantages in the differential design.
First, the common-mode noise will be rejected. Second, the
differential input offers doubling of the signal amplitude
resulting in a 6-dB improvement in the SNR. Finally, the even-
order harmonic distortion components caused by a single-
ended VTC circuit or the VCDU circuit non-linearity will be
suppressed.

In this paper, we will focus on designing an ADC based on the
VCDU in 65nm technology, and propose a new design based
on the differential approach at first. Second, another new ADC
circuit based on the differential architecture and a new design
methodology is proposed. Finally, by gathering all advantages

from the usage of lower technology nodes till these novels, we
achieve promising results in linearity, dynamic range,
sensitivity and resolution at reasonable expense of extra area/
power overheads.

The rest of the paper is organized as follows. In Section 2, the
design and analysis of an ADC based on the VCDU circuit is
discussed. In Section 3, the design and analysis of an ADC
based on a new design methodology is discussed. Simulation
results for both designs are illustrated in Section 4. Finally, a
conclusion is summarized in Section 5.

2. ADC Based on a VCDU Design and Analysis
2.1 ADC Based on Voltage-Controlled Delay Unit

At first, we convert the input voltage into a delay using a
VCDU circuit. The VCDU circuit has 2 inputs: a reference
clock event (®cik), and the sampled Vn. Fig. 2 shows the
VCDU functional diagram, in which the direct voltage-
controlled delay is generated by charging the capacitor. This is
done using a constant current (liv), when ®c .k rising edge is
high [10]. The comparator output switches to logic ‘1’, once t-
he capacitor voltage reaches the desired Vn. Hence, the output
time-difference (ATo), as portrayed in Fig. 3, is the time inter-
val between the comparator output switching time (®o) and
®c k. Equation (1) describes the conversion process that is
done by the voltage-to-time conversion factor (Go).

ATo(n) = 1~Vin() = GoVin(n) (1)
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Fig. 2. VCDU functional diagram.
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Fig. 3. VCDU Timing diagram.
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Fig. 4 portrays the VCDU circuit schematic. It includes a
Wilson current mirror [11] which is formed by transistors M1-
M3, used to generate Iin. M2 has a high gate voltage as an
expense to decrease the high sensitivity of the current value to
neglect gain-source voltage variations. During the logic ‘0’ of
DcLk, the capacitor is reset via M6. When ®cLk raises up to
logic ‘1’, the capacitor charges through the transmission gate
switch formed by M4 and M5. The current-steering amplifier,
constructed by M7-M13, senses the difference between the
input voltage VN and the capacitor voltage and permits the
output latching circuit (M14-M17) to make a logic decision.

Fig. 4. The VCDU Circuit schematic.
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Fig. 5. Ideal TDC flowchart based on PPM using MATLAB.

The second step is to convert the resulted delay into digital
words using a TDC. As the VTC/VCDU can be categorized
according to their modulation techniques (PPM and PWM), the
TDC should be categorized the same way. For a PPM VCDU,
we have designed an ideal TDC on MATLAB. The TDC takes
its input from the output of the VTC/VCDU circuit.

In a TDC code, as illustrated in the flowchart of Fig. 5, an
initialization and calibration phase are needed for neglecting
some of the VCDU output samples that may suffer from some
signal sparks. We use the slope of the output sample VCDU
for detecting whether the current sample represents a ‘1’ logic
or a ‘0’ logic. This is because the behavior of the VCDU output
signal depends on the PPM approach. So, each rising-edge
slope of the VCDU output sample has the modulated input
signal information.

2.2 The Proposed ADC Based on Voltage-to-Time Converter

The first proposed ADC architecture which depends on PPM
approach, is based on a VTC circuit. First, this VTC consists
of a differential VCDU (i.e. the applied input voltage for each
VCDU core equals +Vin/2 and -V in/2, respectively) as shown
in Fig. 6. Hence, we are able to convert voltage data into time-
difference variables.

Vin 2
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o

CLK

@

CLK
i | ¢o1
Vini2

Fig. 6. VTC The first proposed architecture.
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Fig. 7. VTC Timing diagram
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The top VCDU core converts the positive difference between
AT, and AT;. Second, we will produce Vin/2 into a time-
difference variable (AT2) which is measured with respect to
®cik, While the other core converts the negative Vn/2 into a
time-difference variable (AT1) which is measured with respect
to @Ocik. As illustrated in Fig. 7, the resultant delay (ATo) of
the proposed design is the time- difference between AT2 and
AT1. Second, we will produce digital outputs based on the
same approach of a PPM TDC as illustrated in Fig. 5.

3. ADC Based on a New Methodology Design an and
Analysis

In this paper, there are 3 new differential designs of current-
starved VTC circuits. The first design intends to control the
output falling edge of a PPM VTC. The second design intends
to control the output rising edge of a PPM VTC. The final
design integrated with a TDC block is the second proposed
ADC architecture, in which all edges are modulated resulting
in a PWM ADC. For a differential design, the applied input
voltage for each VTC core equals +V n/2 and -V n/2. The mode
of operation and the single ended design have been discussed
in [7]. Fig. 8 shows the block diagram of a differential
architecture that is used for all designs.

To get the delay equation of the 1% falling-differential VTC
design, we should calculate at first the delay difference
between the output falling edge and the clock rising edge for
each core. Then, we get the difference (fall delay) between
them. The same procedure to get the rise delay for the 2"
rising-differential VTC design is done, but we will calculate
the delay difference between the output rising edge and the
clock falling edge for each design core. For the final design,
the delay equation is the difference between each core pulse-
width. This is because it is based on PWM.

Fig. 9(a) represents the first part of a single-ended core for
second proposed design which is the same as the basic current
starved VTC circuit with a quite modification which is reveal-
ed as Nal transistor. This transistor is used to add another path
to flowing current, in case of lower values of Vn/2. Its width
should be much smaller than Na2 transistor, so it will have a
higher resistance. This makes the current flow easier through
Na2 which has a higher size. Same procedure is done for the
second part of the single-ended core which is portrayed in Fig.
9(b) where the width of Pb2 is bigger than Pb3.

The idea of the proposed differential ADC, as the core [7] of
its VTC shown in Fig. 10, is to have a maximum dynamic

/2 VTe Virl2 VTe
CLK o

" Core T °

Fig. 8. The differential architecture of the falling VTC, rising
VTC and the second proposed ADC.

(a) (b)
Fig. 9. Circuit schematic of Single-ended current-starved VTCs.

(a) Rising circuit. (b) Falling circuit.
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Fig. 10. The VTC core of the second proposed architecture.

PWM TDC

Start ]

Initialization
and Calibration

New

Lt
le - Sample ?
'\ut NO — /
Iteration .

YES
h 4
Generate , Pulse Width ! Generate
s N NO
Logic '1" YE ~. = average? NO Logie '0"

-

Final

»-
~— San
ES

v
v

End )

Fig. 11. Ideal TDC flowchart based on PWM using MATLAB.
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range. This design is based on the complementary behavior
between the pull-down network and the pull-up network of a
single-ended VTC circuit. It has an inverted delayed clock
using larger number of inverter-based delay elements for the
pull-up network. This delay helps in having better resolution
for low values of the output pulse which equals A + Tr —TF,
where A is the buffer delay, Tr is the rise delay of the 2" rising-
differential VTC design, and Te is the fall delay of the 1%
falling-differential VTC design. The XNOR gate is responsible
of getting the difference between Tr and Te.

The following stage of the proposed VTC design is the TDC
block. It depends on the PWM approach. A flowchart of how
this TDC works is portrayed in Fig. 11. The first step is an
initialization and calibration stage for providing stable
samples. Then, we enter a comparison stage in which we
generate a logic ‘1°, if we have a new pulse-width greater than
a specific average number. Otherwise, we have a logic ‘0.
This will be repeated till the final sample.

4.  Simulation Results

Design simulations were carried out, by sweeping the input
voltage, on Cadence Virtuoso using industrial hardware-
calibrated Taiwan Semiconductor Manufacturing Corporation
(TSMC) 65nm CMOS technology and the results were tested
using MATLAB. For the single-ended ADC based on VCDU
and the first proposed ADC, the supply voltage of both designs
is 1 V. The applied DC input voltage is 546.5mV and 500 mV
for each design, respectively. These values are the average
numbers of the input voltage linear range. The operating clock
frequency is 8 GHz for both designs. On the other hand, for the
falling-differential VTC, the rising-differential VTC and the
second proposed ADC; the supply voltage of the 3 designs of
the new methodology is 1.2 V, the applied DC input voltage is
600 mV and the operating clock frequency is 250 MHz.

For the ADC based on the VCDU circuit, the first proposed
ADC and the second proposed ADC; the average number used
as a comparator in the TDC part is 1.8x10° ps/mV, 4x10°
psimV and 0.04x10°° ns respectively. There is a 11-cell buffer
for a suitable output width used in the second proposed design.

4.1 Voltage Sensitivity and Linearity

To have a linearity error of 3%, we will sweep the input
voltage, Vi, for all designs and we will search for the linear

Table 1: ADC Based on VCDU Specifications

Vin Range (mV) -187 . +187
DR (mV) 374
Input DC Bias (mV) 546.5
Linearity Error (%) 3
Sensitivity (ps/mV) 0.29
Fs (GHz) 8
Power Dissipation (mW) 880
FOM; (x10%) 1.27

range (dynamic range) that achieves this value in the delay-vs-
VIN waveform. After estimating a linear line from the
waveform, we will test the linearity on MATLAB. After some
iterations, we will reach the 3% acceptable error. The linearity
error check is based on curve fitting method, in which we get
the difference between the fundamental coefficients of the
actual linear equation that are produced from the schematic
design on Cadence and the ideal first-order fundamental
coefficients that fit the actual ones. In the linear range, we will
choose any 2 points, and calculate the slope between the delay
on y-axis and Vy on x-axis to calculate the circuit sensitivity.

Table 2: The First Proposed ADC specifications

Property Specificationsata | Specifications at a
1GHz FS 8GHz FS
Vin Range (mV) -535: +535 -280 : +280
DR (mV) 1070 560
Input DC Bias (mV) 500 500
Linearity Error (%) 3 3
Sensitivity (ps/mV) 0.14 0.91
Power Dissipation (mW) 1.366 1.594
FOM; (x10%?) 0.84 1.57
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Fig. 12. The linear dynamic range of the ADC based on the VCDU
Circuit with the voltage sensitivity calculation on Cadence.

For the ADC based on the VCDU circuit and the first proposed
VTC architecture: the linear range of V) is from -187 mV to
187 mV and from -280 mV to 280 mV (i.e. the dynamic range
(DR) is 374 mV and 560 mV), the sensitivity is 0.29 ps/mV and
0.91 ps/mV (shown in Fig. 12 and Fig. 13), respectively. Due
to the fact that high frequencies distort the signal linearity, low
frequencies applications can get higher dynamic range than
that at high frequency. Table 1 and 2 show all specifications
for both designs, in case of a 8 GHz Fs. Also, Table 2 shows
the specifications for a low sampling frequency (i.e. a 1 GHz
Fs). Fig. 14 and Fig. 15 show the linear range with curve fitting
using MATLAB for both circuits, while Fig. 16 and Fig. 17
show the linearity error check.
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Table 3: Performance Comparison between the Second Proposed ADC and the Single-Ended Approach @ 3% Error

Falling circuit | Rising circuit | Proposed circuit | Falling circuit | Rising circuit | Proposed circuit
Parameter of this work of this work of this work of [7] of [7] of [7]
DR (mV) 528 1136 1000 240 400 550
Sensitivity (ps/mV) 0.97 2.7 9.6 0.64 2.45 2.13
THD @ FS,MAX (dB) -29.4069 -7.8186 -13.3057 -9.9 -12.45 -20
Power Dissipation @ FS/FS,MAX (uW) 19.41/259.1 15.7/37.2 159/358.2 9.65/- 9.138/- 61.86/-
FS,MAX (GHz) 4 0.7 2.5 16 0.285 0.7
DR @ FS,MAX (mV) 364 620 462 80 140 550
FOM1 @ FS/ FS,MAX (x1012) 3.59/2.05 20.5/7.23 1.57/1.49 1/- 0.14/- 3.4/-
Diferential Rise el For the falling-differential VTC, rising-differential VTC and
y the second proposed ADC architecture circuits; the linear
& range of Vyy is from -264 mV to 264 mV, from -568 mV to 568
o mV and from -500 mV to 500 mV (i.e. the dynamic range is
””: \ 528 mV, 1136 mV and 1000 mV); the sensitivity is 0.97 ps/mV,

" 293 - 2.7 psimV and 9.6 ps/mV respectively (shown in Fig. 18(a),

h - Fig. 18(b), Fig. 19(a), Fig. 19(b), Fig. 20(a) and Fig. 20(b) at

& i} T sampling frequency (Fs) of 250 MHz).
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Fig. 13. The linear dynamic range of the first proposed ADC Circuit ;.
with the voltage sensitivity calculation on Cadence. )
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YCDU appro : : :

: b 05 0z a 0 01 02 03

S Vin sweep variablein volts

3 Fig. 15. Curve fitting using MATLAB for the linear range of the first

- proposed ADC circuit.

E‘ 4.2 Maximum Sampling Frequency, Power Consumption

[

o As the proposed designs have higher DR, we can increase the
sampling frequency of each circuit. Due to the fact that
increasing Fs distorts the signal linearity, we will reduce the
dynamic range to keep the error below 3%. This procedure is
permitted, as long as we have a higher dynamic ranges for all

- i ; i differential designs than single-ended designs. As the

I 1 i ]
055 06 083 075

Vin in volts

1
035 0.4 045 05 0z

Fig. 14. Curve fitting using MATLAB for the linear range of the

ADC based on the VCDU circuit

dominant power consumption ina CMOS circuit (i.e. A CMOS
circuit has a very low static power consumption results from
the flowing leakage current) is dynamic power when switching
at a high frequency, dynamic power contributes significantly
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Fig. 16. Linearity error check using MATLAB for the linear range
the ADC based on the VCDU circuit.
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Fig. 17. Linearity error check using MATLAB for the linear range
of the first proposed ADC circuit.

“ ;

to the overall power consumption. Fig. 18(c), Fig. 18(d), Fig.
19(c), Fig. 19(d), Fig. 20(c) and Fig. 20(d) show the linear
range with curve fitting and the linearity error check for each
design at its maximum Fs.

Table 3 compares all the specifications, at a 3% acceptable
dynamic range error, of the falling-differential VTC, the rising-
differential VTC and the second proposed designs of this work
and the corresponding single-stage designs of [7]. The
differential rising-VTC circuit has the highest linear range, due
to the small value of the parasitic capacitance of node VF in
Fig. 9(a). This produces a low circuit speed. Hence, this
differential rising-VTC has a lower Fs,max of 700MHz than
other circuits.
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Fig. 18. Falling differential VTC. (a) Linear range at Fs
=250MHz. (b) Linearity error check at Fs =250MHz. (c) Linear
range at Fsmax =4GHz. (d) Linearity error check at Fsmax =4GHz.

o' Pulse width Vs.rlnput volt

—+— Differentil Rsing
Differential rsing appro

__Line_arity st_lnp_l_Jt vqlt )

Delay in sec.
Error in %

T 06 04 42 a 0‘2 04 06 VdElﬁ -D‘E -D‘4 -EI‘Z [‘l [l‘? D‘4 [l‘
Vin in volts Vin in volts

(a) (b)
(o™ Pulse width Vs. Input volt Linearity Vs. Input volt

. .
B —+— Differential Fising
3 L . . ifferent sy appros st
2 : ; 2 y /fw
J
@1 <R
il c
£o t o
> 3]
5 =
[ -1 LIJ -
[s]
E E /
2 2 N
3 3
—“EI 4 03 02 01 o 01 02 03 04 iﬂ‘d 03 02 04 0 04 02 03 04
Vinin volts Vin in volts
(c) (d)

Fig. 19. Rising differential VTC. (a) Linear range at Fs
=250MHz. (b) Linearity error check at Fs =250MHz. (c) Linear
range at Fsmax =700MHz. (d) Linearity error check at Fsmax
=700MHz.
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5 Pulse width Vs. Input volt

Linearity Vs. Input volt

Table 4: THD Calculations in Case of 8 GHz FS

Fin (GHz) ADC Based on The First
VCDU Proposed ADC

3 -5.7504 -10.2322

5 -18.4887 -22.7074

8 -29.3727 -25.8196

Table 5, 6 and 7 show the THD calculations for the falling-
differential VTC, the rising-differential VTC and the second
proposed ADC respectively. At 250 MHz FS, the 1t design has
highly harmonic components than the fundamental frequency.

Table 5: THD Calculations in Case of a Maximum FS of 4 GHz For
the Falling-Differential ADC

2
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Fig. 20. The second proposed ADC. (a) Linear range at Fs
=250MHz. (b) Linearity error check at Fs =250MHz. (c) Linear
range at Fsmax =2.5GHz. (d) Linearity error check at Fsmax
=2.5GHz.

4.3 Total Harmonic Distortion

The Total Harmonic Distortion (THD) is one of the main
metrics for quantifying the circuit linearity. THD is a measure
of the ratio of the square root between all the input signal
harmonics RMS value (Virms) and just the harmonically-
related distortion component (the fundamental frequency
Vrundamental,rms) and is expressed in decibels as in equation (2).
THD can be measured by replacing the DC Input Voltage with
a sinusoidal waveform in all schematic designs. Due to a
differential circuit nature, the amplitude of the waveform will
be half of the dynamic range. Then the input frequency will be
swept.

THD = 20log( (-2t ) B

Vfundamntal,RMS

Table 4 shows THD calculations over various input
frequencies for the ADC based on VCDU design and the first
proposed ADC architecture. We can notice that the linearity is
improved in mid frequencies at the proposed architecture (i.e.
starting from lower frequencies till frequencies less than 5
GHz). At high frequencies, the fundamental frequency (i.e. 8
GHz) is much greater than other harmonics by more than 25
dB. Thus, these ADCs produce a highly linear output closer to
the analog input.

0.

Fin (MHz) The Falling-
Differential ADC
0.1 -17.2852
500 -17.3152
1000 -17.9238
2000 -23.3544
4000 -29.4069

Table 6: THD Calculations in Case of a Minimum/Maximum FS
For the Rising-Differential ADC

Fs =250 MHz Fsmax =700 MHz
Fin The Rising- Fin (MHz) The Rising-
(MHz) | Differential ADC Differential ADC
0.1 -14.913 0.1 -6.6329
50 -17.973 50 -6.8204
100 -17.4854 400 -15.339
250 -16.5394 700 -7.8186

Table 7: THD Calculations in Case of a Minimum/Maximum FS

For the Second Proposed ADC

Fs =250 MHz Fsmax = 2.5 GHz
Fin The Rising- Fin (GHz) The Rising-
(MHz) | Differential ADC Differential ADC
125 -1.7994 1 -10.6362
150 -3.3332 2 -12.7065
250 -6.0994 2.5 -13.3057

So, it is not good to operate on this frequency. While in a
maximum Fs of 4 GHz, we notice that the linearity enhances
till we reach an input frequency of 4 GHz (i.e. a THD of -
29.4069). The compliment of the linearity takes place in the
rising-differential VTC. So, the linearity enhances in low Fs of
250 MHz than in high Fs of 700 MHz.

On the other hand, for the second proposed ADC, the linearity
is enhanced at high values of Fs close to 2.5 GHz than values
close to 250 MHz. This proposed design has an improved THD
than the rising-differential VTC and a quiet less THD than that
of the falling-differential VTC, in case of high sampling
frequencies. While at low sampling frequencies, it has a better
THD than the 1% design and a quiet less THD than the 2" one.
This because the complimentary approach while designing the
first 2 designs.
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4.4 Effective Number of Bits

Effective Number of Bits (ENOB) is considered the main
metric that tests all different types of errors (including
distortion errors) that an ADC faces. To calculate the ENOB
[12], we first measure the Signal-to-Noise-and-Distortion
(SNDR) ratio as in equation (3) where Vnrms, Vnoisg,rms and
VpistiorTion,RMs are the RMS value of the input voltage, the
output voltage due to the existence of noise and the output
voltage due to the circuit distortion and frequency harmonics
respectively. Then we can substitute with the SNDR in
equation (4) to get the ENOB with the help of the Fast Fourier
Transform (FFT) technique [3]. The high accuracy of ENOB
results depends on the larger FFT size.

SNDR = 20log( VIN RMS ) ©)
VNOISE.RMStVDISTORTION,RMS
SNDR+1.76
ENOB = —~—— (4)
850
> 800/
£ 750 ‘ |
‘5 700 I‘ The Calibrated Part ‘|
o ‘w.. /
5 650 /
© 600 —F
0 25 ) 15 1.0 1.25
time (ns)
Fig. 21. Number of output samples of the ADC based on VCDU
circuit.

For the ADC based on the VCDU and the first proposed ADC,
the VCDU and the VTC output are shown in Fig. 21 and Fig.
22 with a highlighted calibrated part respectively. For a FFT
size of 1024, we get a SNDR of 35.91 dB and an ENOB of
5.673 for the 6-bit ADC based on VCDU.

100+ — fr | | M
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T — T
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0 2 5 7 10 125 15 1.75
time (ns)
Fig. 22. Number of output samples of the first proposed ADC.
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Fig. 23. Capture of output samples of a single-ended second
proposed ADC.

For a FFT size of 1024, we get a SNDR of 35.91 dB and an
ENOB of 5.673 for the 6-bit ADC based on VCDU. With the
same FFT size, we get a SNDR of 55.8809 dB and an ENOB
of 8.9902 for the first proposed ADC. ENOB results in both
circuits reach the A ADC number of bits due to the very low
THD (i.e. few errors).

A single-ended ADC based on the new methodology is
designed for the single-ended VTC of [7] to reveal the
performance of the second proposed ADC. The VTC output of
both circuits is shown in Fig. 23 and Fig. 24 respectively. For
aFFT size of 512, we geta SNDR of 48.8632 dB and an ENOB
of 7.8245 for the 8-bit single-ended ADC based on the new
methodology. With the same FFT size, the SNDR equals
66.3113 dB and the ENOB is 10.7228 for the 11-bit second
proposed ADC.

4.5 Figure-of-Merit

In [13], R.H. Walden has discussed 2 approaches to calculate
the Figure-of-Merit (FOM) as in equation (6) and (7). Where
P and Fg are the power dissipation and the lower of either the
effective resolution bandwidth or the Nyquist frequency. The
FOM represents the efficiency of using the power to increase
the DR and/or the maximum frequency.

FOM; is presented for the ADC based on VCDU, the first
proposed ADC design and the second proposed ADC design in
Table 1, 2 and 3 respectively.
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Table 8: Comparison of 65-nm CMOS State-Of-The-Art ADCs @ 3% error

Parameter Thiswork | This work [7] [8] [14] [15] [16] [17] [18]
Dynamic Range (mV) 560 1000 550 200 - - 1Vpp - -
Sensitivity (ps/mV) 0.91 9.6 213 0.25 - - - - -
Resolution (bits) 9 11 - 4 5 5 4 6 6
ENOB at Fs,max (bits) 8.9902 10.7228 - 35 4.4 4.04 3.01 5.02 4.94
SNDR Peak (dB) 55.8809 66.3113 - 22.9 28.248 26.1 19.9 32 315
Power Dissipation (mW) 1.594 0.159 0.06186 4 1.97 1.8 1.02 320 6.7
Maximum Fs (GHz) 8 25 0.7 7.5 0.8 0.5 1 5 1
1.57/ 1.57/ 0.075/ -/ -/0.44 | 0.98/ -/ 2 -/0.21
FOM;: (x10'2)/ FOM2 (pJ/conv) 3.918x 10" | 3.763% 10 3.4/- 0.62 0.116 0.126
4 5
First, this work depends on the differential mechanism, in
| 1 It ] | f ] which the even order harmonics are suppressed and the input
Lo voltage noise is discarded. Second, the power of CMOS
technology which provides a high-speed and low-power design.
Finally, for the second proposed design, we provide an output
5 pulse width which is proportional to the analog input voltage, is
- the difference between the rising delay and the falling delay of
2 2 current starved VTCs.
S L A a A A The first proposed ADC circuit provides a 8 GS/s sampling
21 speed, 560 mV dynamic-range, 0.91 ps/mV sensitivity, 8.9902
8 ! ENOB for a 9-bit ADC, 1.594 mW power, -25.8196 THD,
5 1.57x10% FOM; and 0.3918 fJ/conversion FOM.. The second
proposed ADC circuit provides a 2.5 GS/s sampling speed, 9.6
ps/mV sensitivity, 1000 mV dynamic-range, 10.7228 ENOB for
Lo a 11-bit ADC, 159 uW power, -13.3057 THD, 1.49x10'? FOM;
i J I I i at Fsmax and 0.03763 fl/conversion FOM,. This work does not
depend on the existence of a sample-and-hold (S/H) circuit for
0 2.5 5.0 7.5 10.0 12.5 . - - R
time (ns) analog input frequencies up to 8 GHz for the first design or

Fig. 24. Number of output samples of the second proposed ADC.

The proposed designs have small FOM; values due to the large
power dissipation which under research to be minimized.
Table 8 compares the proposed 2 designs with all 655nm CMOS
state-of-the-art ADCs which have discussed in [7], [8] and
[14]-[18]. We can notice that, the first proposed ADC provides
the highest dynamic range and sampling speed that the circuit
can operate on and a reasonable sensitivity and the lowest
FOMg, in the expense of much power. On the other hand, the
second proposed design provides the lowest FOM,, the highest
dynamic range, sensitivity and ENOB and a reasonable
sampling speed.
__ FsxDR?

FoM, = ©X2F )

P

P
FoM; = (2FB)x2ENOB ©)

5. Simulation Results

In this paper, 2 novel ADC circuits are proposed which achieve
a higher operating sampling frequency, linearity, dynamic
analog input range, sensitivity and ENOB with a lower FOM.
The novelty in these designs is emerged from some reasons.

frequencies up to 2.5 GHz for the second design. If higher input
frequencies are expected, the S/H circuit is used.
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