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Abstract: This paper introduces a systematic approach to the design of Direct Current-to-Digital Converter (DCDC)
specifically engineered to overcome the limitations of traditional current measurement methodologies in System-
on-Chip (SoC) designs. The proposed DCDC addresses critical challenges such as high power consumption, large
area requirements, and the need for intermediate analog signals. By incorporating a current mirror in a cascode
topology and managing the current across multiple binary-sized branches with the Successive Approximation
Register (SAR) logic, the design achieves precise current measurement. A simple comparator, coupled with an
isolation circuit, ensures accurate and reliable sensing. Fabricated using the TSMC 180 nm process, the DCDC
achieves 8-bit precision without the need for nonlinearity calibration, showcasing remarkable energy efficiency
with an energy per conversion of 1.52 pJ, power consumption of 117 uW, and a compact area of 0.016 mm?. This
innovative approach not only reduces power consumption and area, but also provides a scalable and efficient
solution for next-generation semiconductor technologies. The ability to conduct online measurements during
both standard operations and in-field conditions significantly enhances the performance and reliability of SoCs,
making this DCDC a promising advancement in the field.

Keywords: reliability; measurement; ADC; DCDC; CMOS; VLSI; SAR

1. Introduction

The continuous advancement of semiconductor technology has positioned Integrated Circuits
(ICs) as a key component in a wide array of applications, from everyday consumer electronics to critical
systems in the automotive, aerospace, and medical industries [1-5]. These applications necessitate
precise and effective real-time monitoring of IC operational parameters, including quiescent and
operational currents. This monitoring is crucial as it allows designers to identify unusual chip behavior
and assess their health, thereby proactively addressing potential issues that could affect system
performance and reliability.

This approach not only enhances our comprehension and control of IC performance, but it also
plays a significant role in improving the reliability and safety of the systems that rely on it. For example,
to improve the reliability of ICs, it is essential to mitigate the effects of aging phenomena such as
hot carrier injection (HCI), bias temperature instability (BTI), time-dependent dielectric breakdown
(TDDB) and electromigration (EM) [6-10]. Among these, EM in the Power Delivery Networks (PDNs)
of ICs is a major concern, largely due to its dependence on current density and temperature. Precise
current measurement is key to managing these effects. By calculating current density using the known
cross-sectional area of the PDN and combining it with temperature data, the expected Median Time to
Failure (MTTF) due to EM can be estimated. This estimation is done using Black’s Equation, a widely
accepted model in IC reliability studies [11].

Power consumption is another crucial aspect that directly influences the performance and lifespan
of circuits. One element of power consumption that has received considerable focus is the quiescent
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current, which is the current a device draws when it’s idle or in standby mode. A lower quiescent
current is preferred because it means that less power is consumed during idle periods, thereby
prolonging the overall battery life. Indeed, measuring the quiescent current is extremely important as
it offers valuable insights into a device’s power efficiency during its idle state. This can aid in the early
identification of potential problems, the optimization of power management strategies, and ultimately,
the extension of the device’s operational lifespan. As such, the precise and ongoing monitoring of
quiescent current is a critical part of ensuring the optimal performance and longevity of ICs [12].

Traditional methods of current measurement, which are commonly used in SoC designs, involve
the use of ADCs and thin-film resistors. These components work in tandem to convert the current
into a voltage signal, which is then transformed into a digital value. However, this method presents
certain inefficiencies, particularly when applied to SoC designs that incorporate multiple currents to be
measured. The process of converting current to voltage and then to digital values introduces challenges
such as higher power consumption and error accumulation.The presence of multiple current sources
in SoC designs further exacerbates these challenges. Each current may require its own set of ADCs and
thin-film resistors, leading to an increase in the system’s power consumption and physical footprint.
Additionally, this can also increase the potential for errors[13,14]. Therefore, while traditional methods
of current measurement are widely used, they present significant challenges when applied to complex
SoC designs.

The direct conversion of current into digital values has emerged as a promising solution to the
challenges faced in the field of ICs. This concept, known as Direct-to-Digital Converters (DxDCs),
has been gaining significant attention in recent years [15-17]. DxDCs streamline the process of data
acquisition by eliminating the need for intermediate analog signals, thereby enhancing the efficiency
of the system.

In this context, we propose a novel method that directly measures the current and functions
effectively as a current sensor. This ADC stands out by enabling online measurements both during
normal SoC operations and in-field conditions. This capability ensures that SoCs can be monitored
and managed effectively throughout their operational lifecycle, thereby enhancing both performance
and reliability.

The remainder of this paper is organized as follows: Section II delineates the materials and
methodologies employed in the design of the DCDC. This section is bifurcated: the first subsection
elucidates the circuit design of the DCDC, encompassing its transistor-level realization, while the
second subsection expounds on the design of the testbench utilized to conduct the Histogram test
on the detailed design of the proposed DCDC. Section III presents the simulation results, thereby
validating the design. Finally, Section IV offers the conclusion.

2. Circuit Design Method

The proposed DCDC realization is illustrated in Figure 1. I is the current that the DCDC generates
corresponding digital value. A Banba band-gap reference [18] is presumed to be available in this figure
to generate the biasing voltages. The binary weighted current generation branches are controlled by
a SAR logic design. A simple comparator is used to decide the output voltage level to achieve the
desired SAR logic search. Gate switching is employed in this design to control the current flowing into
the binary-weighted branches.
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Figure 1. Conceptual overview of the DCDC design, divided into seven key sections: (I) Biasing
circuit and reference current generation using a Banba band-gap voltage reference [18], (II) Switch array
controlling gate-switching of cascade transistors via NOT gates, (III) SAR logic for controlling the switch
array, (IV) Binary-weighted array for reflecting the reference current, (V) Isolation circuit separating
the main and active nodes, (VI) Current Is generation within the SOC for DCDC measurement, and
(VII) Comparator composed of two series-connected inverters.

2.1. Binary-Weighted Branches Design

Figure 2 is used to explain the design concept:

SARLOGIC [—

Figure 2. Schematic of the DCDC operation. The size of the base transistor, M;, regulates the voltage
Vier and the current, I,,r, and must be "comfortably in saturation,” implying Vps > 3 to 4 x Vps,,,.

The mechanism aims to solve for Is, and at the conclusion of the conversion, it is expected to achieve
Is = I;,., with the structure settling into a meta-stable balance at V.

A current mirror is utilized in the cascode topology to minimize systematic errors caused by
different Vpg voltages at M;, MBp, and binary-weighted branches (e.g. MBy_7). This arrangement
is designed to generate binary-weighted currents, Iyp,, ..., Imp, from the reference current, I, ¢ The
drain current, I, in each NMOS transistor can be expressed as given in Equation (1).

According to this equation, the drain current of an NMOS transistor is correlated with its size,
electron mobility(y), oxide capacitance per unit area(C,y), a function of its Vg and Vgg, and a function
of Vps. According to Figure 2 and equation:

W
Iy = fﬂcoxFl(VGs, Vgs)F(Vps), (1)
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the drain current of an NMOS transistor is correlated with its size, electron mobility(u), oxide capaci-
tance per unit area(Coy), a function of its Vz5 and Vpg, and a function of Vpg.According to Figure 2
and equation:

W-
Ly = ffﬂcoxpl(VG51r Vis1)F2(Vps1), )
and equation,
%% .
ImBi = LAA;;lVCOXFl(VGSMBi/ Vesmpi)F2(Vpsmai), ©)
1

in which 7 is an integer from 0 to n — 1 and n is the number of desired bits. Since the gates and sources
of My and Mgp; are tied together, it implies that:

Fi(Vesmsi) = Fi(Vesi, Vst) 4)

Employing (4) and solving (2) in (3), (5) is derived as equation:

Lo — 1. WMBila F(Vpsmsi)
MBS Wil B2(Vpst)

by maintaining the drain-source voltage Vpgs of the transistors at an equal level, it is possible
to eliminate the F, term. This leads to the current flowing through binary-weighted branches being
solely dependent on the ratio between the current reference generator and the base transistor of the
respective binary-weighted branch as shown in equation:

(5)

Ivpi = Lief W atpi L1

WiLmgi

When the SAR logic initiates a search for the Is value, each branch establishes a connection

to the midpoint from the Most Significant bit (MSB) to the Least significant bit (LSB), allowing the
binary-weighted current to traverse the branch. As per equation:

(6)

Vbb, ifIDAc<Is—)R:1
Vo == VCM/ if IDAC = IS s (7)
0, if Ipac >Is > R=0

The value R; is generated, digitally representing the participation of the corresponding branch in

the total current. Vps here refers to the common node voltage, and in this case it is @. In a balanced
state, the Is value will be as equation:

Is = Ip, + Cl,f, C i R; Vgl
S = IB L= 1
. f &= ' WiLysi

(8)

The design was executed in such a way that it remains stable in saturation once the DCDC has
reached a balanced state.

2.2. Comparator

A simple comparator design, consisting of two inverters in series, is used to generate a digital
output based on the current value. The design depends on two key factors: the inverter threshold and
the comparator resolution. The selection of an appropriate value for the comparator gain depends
on the resolution of the DCDC. For example, to achieve clear logic for a DCDC with n-bit accuracy,
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it is assumed that the lower margin of the comparator is V) = Vsg + 0.1 and the higher margin is
Vi = Vpp + 0.1, necessitating a resolution of:

Vg -V
resolution = ~1__ 'L )

n

These two voltages depends on technology in which design is implemented. Given that the node
driving the comparator is a high impedance node, employing this simple comparator will not introduce
errors in the measurement due to noise.

2.3. Isolation Circuit

To maintain circuit balance and ensure precise current sensing, an isolation circuit is utilized.
When using a PMOS current mirror as the source of I, it is essential to isolate the sensing node from the
primary node to maintain a constant drain-source voltage Vpg for the reference and mirrored currents.
The PMOS transistor fulfills this role, as illustrated in Figure ??. To prevent the sensing current from
being influenced by varying voltages in the main node due to different currents, a negative feedback
loop is established using a folded cascode operational amplifier with an NMOS input pair, capable of
operating at voltages above Vpp.

Ve = Vespmos + Vipo_out (10)

3. Fabrication and Measurement

To measure and evaluate the operation principle of the circuit, an 8-bit DCDC is manufactured
using the TSMC180-HV-BCD process. In this example, a maximum current of 200 pA is expected to
be measured. This value is chosen according to the requirement of an NXP LDO designed using the
current matching technique introduced in [19]. In this application, the LDO has an output current
ranging from 100A to 20mA, and this current is sampled to a range of 1uA to 200uA. The reference
current chosen to be:

Ler = 12.5u4, (11)

This reference current should be chosen to generate biasing voltages for the base NMOS transistors
in a way that ensures that they are ‘comfortably saturated” without requiring large transistor sizes.

Additionally, the MSB branch will have a current of 81,,¢. For each subsequent branch from the
MSB to the LSB, the current will be halved. In other words, the second MSB bit will have a weight of
41, ¢, while the LSB bit will have a weight of 1/161,,s. Dummy branch will have the same value of
1/161,.f. This concept will be explained in the result section in detail.

The layout is implemented in a die area divided into four quadrants, with this design located in
quadrant C. Only pins from one quadrant are assembled on the chip and input / output electrostatic
discharge (ESD) protection is applied to the input and output pins of the design.
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(b)

Figure 3. The layout of the fabricated DCDC: (a) The locations of different blocks, including the
binary-weighted array, switches, isolation circuit, and comparator, are indicated. (b) The PadFrame
arrangement and the allocation of the pins in quadrant C are shown.

The microscopic view of the manufactured DCDC is shown in Figure 4, including the presence of
blocks related to other projects that are not the focus of this article.

Figure 4. Microscopic view of the die: (a) As it can be seen, there are four quadrant on the die, and
only quadrant C is bonded, (b) and (C) shows the scaled view of the quadrant C, in which DCDC is
fabricated.

It appears that dummy fill is used extensively. However, dummy blockers can be strategically
placed to avoid filling certain areas while still meeting density requirements. Each metal and poly
layer has a "dm’ layer that can be used to prevent the script from inserting dummies. Although
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removing dummy fill may affect the consistency and yield of the etching, it should only be applied
to nonsensitive areas. Removing the dummy fill can help reduce some parasitics, depending on the
purpose of the circuit.

An Is, which is determined to be measured, is generated using a programmable two-stage
high-side current source circuit from Texas Instruments(TI) [21] and illustrated in Figure 5.

Vee
-

R2 R3

VCC Vref
T T
\Vi cc Is
DAC Vdac| .
1
L LLa DCDC
v Y
SS
Vg

§R1

- VSS

Figure 5. This schematic diagram represents a current source circuit integrated with a DAC for
precise voltage control. The design features N-channel and P-channel MOSFETs (Q1, Q2), which work
in conjunction with differential amplifiers (A1, A;) and resistive feedback networks (Ry, Ry, R3) to
regulate the output current. The DAC provides a reference voltage (V,.), ensuring the circuit maintains
stability and accuracy across varying supply voltages (Vcc, Vss). Vpp is the reference voltage of the
DCDC. This configuration is optimized for low-noise performance, making it ideal for applications
requiring high precision and reliability [21].

A critical consideration in the design of this circuit is the response characteristics of the NMOS and
PMOS transistors employed. These transistors possess large input capacitances, which reduce their
response time. Additionally, the node connecting the circuit to the DCDC exhibits high impedance, po-
tentially limiting the final operational speed of the DCDC. A compensation circuit is also implemented
to prevent instability due to the feedback loop and to avoid output current oscillation. The current is
controlled using the DAC80508 from TI, as described by the following equation:

O s Vs 12)

In this setup, the parameter k denotes the accuracy of the DAC, which can be configured to 12,
14, or 16 bits. The reference voltage V. is set to 1.25 V using an external resistor divider network.
Resistors R to R3 are employed to adjust the current and to cancel the DAC output voltage offset.

Is =
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Voltage sources are required from an on-chip voltage reference to initiate the chip. However, as
the design is standalone, TI LDOs, including LP29811, TPS7A0212, TPS7A0215, TLV75509, TPS7A0212
and TPS7A0218, are utilized. The purpose of these LDOs are as follows, respectively: 3.6 V is used to
supply the DAC and op-amp circuit with the necessary voltages, 1.2 V for generating V,.r, 1.5V for
setting the reference voltage of the isolation circuit (which can be adjusted as required), 0.9 V as the
bias voltage V};,5, and 1.8 V as the analog supply voltage AVpp for the chip. All of these LDOs will be
supplied by a voltage generator that is set to be 5 V. This entire configuration is mounted on a printed
circuit board (PCB) shown in Figure 6a. The circuit’s performance is evaluated using the DE2-115
FPGA from TI. To initiate and adjust the DAC code, the Serial Peripheral Interface (SPI) standard
is required for communication with the DAC. The core of the SPI is implemented in Verilog and
connected to JP4 on the FPGA. Additionally, SAR logic is implemented to control the binary-weighted
array, with different voltage logics. The SAR is implemented on FPGA pin JP5 with a voltage of 1.8 V.
The Universal Asynchronous Receiver-Transmitter (UART) is implemented on the FPGA to transmit
data from the FPGA to a computer. An analog device logic analyzer ensures correct communication
between the DAC and the FPGA.

Software developed using QT Designer and Python collects data through the serial port and
generates the necessary Excel files.

The operation of the DCDC was evaluated across a range of temperatures. To maintain the circuit
at the desired temperature, a test equity half-cubic temperature chamber was utilized. To ensure that
the temperature remained at the desired level, a PT1000 sensor was used. The setup of this experiment
can be seen in Figure 6¢,d.
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VIR RIS A

Figure 6. The measurement setups are presented as follows: (a) The PCB of the test circuit is shown.

As depicted in the photograph, an external 5V power supply is connected to the power lock connector
of the circuit. The power management section on the PCB ensures that both the DCDC and the test
circuit receive the required supply voltages. The current control circuit from TI is utilized [21]. The
DUT is driven by the FPGA through two XH connectors: the top connector drives the SPI, while the
bottom connector drives the SAR logic. (b) The circuit is tested in the presence of the FPGA. The pins
specified for any connections on the FPGA are revealed. An RS232 to USB converter cable delivers
data to the computer through UART. A logic analyzer from Analog Devices is used to monitor the
SPI communication between the SPI and FPGA. (c) A temperature chamber is used to evaluate the
operation of the DCDC under hot and cold conditions. A PT1000 sensor is utilized to measure the
temperature at the top of the die. (d) The setup inside the chamber is shown. The DUT is placed on
one side, with the FPGA and external voltage source connected to it. The PT1000 ensures that the
temperature on the die remains at the desired level during testing.

4. Results

In this section, we present the results of the proposed DCDC design as outlined in the previous
sections. Our evaluation encompasses both simulation and experimental data to validate the perfor-
mance and functionality of the DCDC under various conditions. The analysis includes key metrics
such as accuracy, power consumption, and area efficiency, as well as the comparison of theoretical
predictions with actual measured outcomes.
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The performance of the DCDC was evaluated through a series of experiments, utilizing an 8-bit
resolution as implemented with the TSMC 180-nm process. We first discuss the simulation results,
which provide an initial validation of the design parameters and functionality. Subsequently, we
present the experimental measurements obtained from the fabricated chip, highlighting the operational
efficacy of DCDC in practical scenarios.

4.1. Simulations

4.1.1. Process, Local Mismatch and Temperature Sensitivity

To evaluate the sensitivity of the design to process and temperature variations, Monte Carlo
simulations are conducted at three temperature corners: -50 °C, 27 °C, and 150 °C, covering the
AEC-Q100 Grade 0 temperature range. This approach is necessary for understanding how variations
in transistor parameters affect circuit performance. By statistically analyzing thousands of possible
variations at each temperature corner, the simulation helps predict and quantify deviations in key
performance metrics of the DCDC, including the current deviation of each individual binary branch
from its nominal value.

The evaluation process involves fixing the input node of the comparator at a meta-stable position
and activating each individual binary-weighted branch. The currents flowing through these branches
are adjusted according to their nominal values, with deviations caused by temperature and mismatches
accounted for using a voltage-controlled current source (VCCS).

To assess this statistical behavior, a useful parameter is the standard deviation. The standard
deviation helps in understanding the shape of the data distribution. For example, in a normal
distribution (bell-shaped curve), approximately 68% of the data falls within one standard deviation of
the mean, about 95% falls within two standard deviations, and approximately 99.7% falls within three
standard deviations. Monte Carlo simulations typically assume a normal distribution, but deviations
from these percentages can indicate non-normal or skewed distributions:

(13)

In this equation, o represents the standard deviation, N is the number of data points, x; denotes each
individual data point, and y is the mean (average) of the data points. By evaluating the current in each
branch and calculating the mean and standard deviation (STD), we can assess the effects of process
and temperature variations on the circuit’s performance.

This assessment is vital because the circuit operates under the principle of superposition. If the
deviations of each individual binary branch remain within specified limits, it ensures that the total
error across the entire circuit will also be within acceptable bounds. The superposition principle means
that the total error is the sum of the errors from each component, so managing the error of each branch
helps keep the overall error within manageable levels. If the total error due to process and temperature
variations is less than 1 LSB (Least Significant Bit) in current, then the DCDC'’s accuracy is at least as
precise as the resolution represented by the LSB.

Furthermore, errors propagate from the MSB to the LSB in a predictable manner. If the MSB error
is less than 0.5 LSB, the error in the next MSB bit (second most significant bit) will be less than 0.25
LSB, and this trend continues, with each subsequent bit’s error being half of the previous bit’s error.
Therefore, if the MSB error is within 0.5 LSB, the overall system error, including all less significant
bits, remains well within the 1 LSB limit. This ensures that the accuracy of the system aligns with the
precision level indicated by the LSB.

As specified above, this design covers an application range of 1mA to 20mA. The total current,
determined by downscaling the maximum current Irg, will be 200uA. In an n = 8 -bit DCDC, the
current for each bit is calculated using Equation (15):
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Irs
Inpi = 5,750 (14)
and,
I .
mtioMBi = MBZ, (15)
Iref

where i = 0 to 7, and ratioy,p; represents the mirroring index of the it" branch. For example,
ati = 7, Iy is 100 uA with ratiop;p; = 8, while the current decreases to Iy = 781.35nA with
ratiopsgg = 1/16 in the smallest branch. These values indicate the nominal current for each bit.

The results of a Monte Carlo simulation with 1000 points at three different temperatures for the
three MSB branches, simulated in Specter, are shown in Figure 7.

As stated before, to ensure that the error due to process and temperature variations remains
minimal, the deviation of the MSB bit current should be less than half the LSB current. Here, as
previously specified, Iyipg = I sp = 781.35nA. To achieve 8-bit accuracy, the variation in the MSB bit
must satisfy:

Irsp Irsp
IMB7ean — - = IMB7ye < IMB7mean + — (16)
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Figure 7. This figure illustrates the current deviations caused by mismatches in the branches of (a)
bit 5, (b) bit 6, and (c) bit 7, along with their respective mirroring ratios in (d), (e), and (f). To achieve
the desired level of accuracy, each branch must maintain its corresponding current within the range
defined by the LSB weight.

In this example, as shown in Figure 7, the worst behavior in terms of mismatch occurs at the coldest
temperature. The STD of the MSB current, depicted in Figure 7c, is evaluated to be oppy = 138 nA, and
3ompy ~ Ipsp/2. Following this trend to the lower bits, 3opps =~ I s5/4 and 3opps ~ I1sp/8. This
indicates that as we move to lower bits, the standard deviation decreases proportionally, maintaining
the required accuracy for an 8-bit design. Table 1 shows the complete values for every individual bit in
terms of STD and mean.
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Table 1. Current values and standard deviations for each bit at different temperatures (x 10~4).

Temp (°C) Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 Dummy
50 mean 1.00 0.50 0.25 0.13 0.0625 0.0312 0.0156 0.00777 0.00777

std 0.0138 0.00742  0.00402  0.00229 0.00141 0.000902  0.000611  0.000408  0.000408

57 mean 1.00 0.50 0.25 0.13 0.0625 0.0312 0.0156 0.00778 0.00778

std 0.0108 0.00579  0.00313  0.00179 0.00111 0.000705  0.000477  0.000319  0.000319

150 mean 1.00 0.50 0.25 0.13 0.0625 0.0312 0.0156 0.00778 0.00778

std 0.00814  0.00437 0.00235 0.00135 0.000836  0.000532  0.000360  0.000242  0.000242

The observed variations are closely associated with the dimensions of the base transistors. Ac-

cording to Equation (17):

oA (17)

VWL
where W and L represent the width and length of the transistor, respectively, and A is a constant
specific to a particular parameter, such as current, provided in the Process Design Kit (PDK) [20].
As the dimensions of the transistor increase, the mismatch decreases, thereby improving the overall
performance and reliability of the circuit.

4.1.2. Transient

To accurately assess the performance of an Analog-to-Digital Converter (ADC), it is essential to
examine two critical parameters: Integral Non-Linearity (INL) and Differential Non-Linearity (DNL).
These parameters can be effectively evaluated using a ramp test.

Integral Non-Linearity (INL) quantifies the deviation of the actual ADC transfer function from an
ideal straight line that represents the expected linear response. During a ramp test, a linearly increasing
or decreasing input signal is applied to the ADC, and the output is recorded. INL at a given code k is
defined as:

INL(k) = Vactual(k) - Videal(k)/ (18)

where Va1 (k) is the actual output voltage corresponding to the digital code k, and Vigeq (k) is
the ideal output voltage for that code. A high INL value indicates significant deviations from linearity,
leading to errors in the conversion process. As a result, INL directly impacts the overall accuracy of
the ADC by introducing systematic errors throughout the input range.

Differential Non-Linearity (DNL) measures the deviation between the actual and ideal step sizes
between adjacent digital codes. The DNL at a specific code k is expressed as:

DNL(k) _ AVactual(k) —1, (19)
AVideal

where AV,qa1(k) represents the actual step size between codes k and k + 1, and AVjgeq is the
ideal step size. In a ramp test, by carefully analyzing these step sizes as the input voltage increases
or decreases, one can calculate the DNL for each code. High DNL values can result in missing codes,
where certain input levels do not correspond to any digital code, potentially leading to data loss.
Therefore, DNL primarily affects the precision of the ADC by ensuring the consistency and uniformity
of the conversion steps.

Relationship and Accuracy Implications: The ramp test is instrumental in identifying and
quantifying INL and DNL, which are closely related to the ADC’s accuracy and precision. INL affects
the overall accuracy by indicating how much the ADC’s output deviates from an ideal linear response,
with lower INL values reflecting higher accuracy. DNL affects the ADC’s precision by ensuring that
each step in the input voltage is consistently represented in the digital output. Minimizing both INL
and DNL is crucial for achieving reliable, accurate, and precise analog-to-digital conversion.

these points should be considered to understand the INL and DNL curves:
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Evaluate INL:

® Check for Maximum Deviation: Identify the points on the INL curve where the deviation is

largest (positive or negative), showing the worst-case non-linearity.
¢ Linearity: Ideally, the INL curve should be as flat as possible. A flat INL indicates good linearity

of the ADC across its entire input range.
¢ Systematic Errors: Look for systematic trends in the INL curve (e.g., consistently increasing

or decreasing), which may indicate issues in the ADC design or external influences like power
supply variations.

Evaluate DNL:

¢ Uniformity of Steps: Analyze how close the DNL values are to zero. A DNL of zero means the

step sizes are uniform, which is ideal.
* Check for Missing Codes: If DNL < —1 at any point, it indicates a missing code, meaning some

input ranges are not represented in the output.
* Random Noise vs. Systematic Errors: Random variations in DNL might indicate noise, whereas

consistent patterns could suggest systematic errors in the ADC design.
Interpret Results:

* Good ADC Performance: A good ADC will have INL and DNL close to zero across the entire

input range, indicating accurate and precise conversion.
* Poor ADC Performance: Large deviations in INL or DNL, especially in certain regions, suggest

potential problems in the ADC’s design or implementation, leading to inaccuracies.

In this example, the input of the DCDC was transferred from 0uA to 205uA, in the worst
corner of the Monte Carlo simulation, that is, the corner with the largest mismatch in three different
temperatures. One consideration for testing the performance of the DCDC is the clock speed of the
SAR logic. According to Figure 1, the input node of the comparator is a high impedance node and has
a large parasitic capacitor Cp. To ensure that the conversion is performed correctly, the voltage of this
node should settle according to the capacitor voltage Equation (20):

dl
Vcomp = Cp E/ (20)
where:
I'=1Is—Ipac. (21)

As [ has a higher value, it changes more quickly with time, resulting in faster voltage settling.
However, with smaller currents, it takes longer to settle. To avoid any missing codes, this should
be carefully considered. The internal dynamics of the circuit during conversion can be illustrated in
Figure 9.

#32.0us 1.8V

B 32 42997us 1.799603V
®
T

1.5 = R(n_l) ‘A dx:429.9666n0s dy:397.381uUV 5:924.2145V/'s
2 @ Node(n-1)
>
10 ’—‘ VO
= vfb
0.5
0.0
L)
318 31.9 32.0 32.1 322 323 324 325 32.6

time (us)

Figure 8. Transient behavior of the nodes involved in the conversion process. From the moment the
SAR logic triggers bit n — 1 (bit 7), it takes approximately 430 ns for the output to stabilize.
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Considering this in the conversion, the INL and DNL plot in f;, = 125kHz is shown according to
the post-layout simulation results.
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Figure 9. (a) DNL and (b) INL of the post-layout simulation.

4.2. Measurement

4.2.1. Ramp Test

As stated in the Simulation section, the Ramp test is one of the most effective methods to evaluate
the performance of an ADC. To perform this test, the test bench shown in Figure 7 is used, where a
gradual voltage change is applied to achieve a gradual current change with 14-bit accuracy, resulting
in 64 hits.

This evaluation is conducted at different clock speeds and temperatures, specifically at -10 °C and
100 °C in a temperature chamber, and at room temperature, as shown in Figure 6b—d. The reason for
not testing at higher and lower temperatures stems from two limitations: the components on the PCB
are designed to operate between -25 °C and 125 °C, and the temperature chamber operates between
-40 °C and 130 °C.

Another option to control the temperature would be to use a micro-bath, but the oil used in a
micro-bath is prohibitively expensive and begins to evaporate at 125 ° C. Since our goal was to measure
performance under hot and cold conditions rather than precise temperature control, we ensured that
the temperature of the die was sufficiently hot and cold for this purpose.

The state machine governing the measurement process during the ramp test is illustrated in
Figure 10.
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Figure 10. The state machine of the ramp conversion is shown here: The process starts with system
initialization in the ‘Start” and ‘INIT” states, followed by writing an initial value of zero to the DAC in
“Write_DAC’. The ‘Check_write’ state verifies the correct value, and ‘Start SAR’ initiates the SAR logic
for conversion. The speed of the conversion is determined here. After waiting in “Wait’, the result is
sent via UART ('SEND UART"), and the DAC value is incremented (‘Increment’). The cycle repeats
until full scale is reached, concluding in the ‘END’ state.

The conversion results at different clock speeds are presented as INL and DNL plots in Figure 11.
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Figure 11. INL and DNL curve is shown here: a) shows the DNL plots at 25 kHz and 50 kHz SAR clock
speeds, respectively, both measured at room temperature. The observed deviation is within +0.7 LSB
at 25 kHz, which is likely attributed to the test bench setup. However, at 50 kHz, missing codes appear,
and the deviation increases, indicating reduced accuracy. This limitation arises from the setup’s ability
to handle higher speeds. (b) shows the corresponding INL plots at 25 kHz and 50 kHz, respectively.
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Based on the analysis of the test bench, we have determined that to maintain the desired accuracy,
the system should operate at a clock speed of 25 kHz. This clock speed ensures that the deviations
remain within acceptable limits, specifically under £0.7 LSB, as shown in the previous figures.

To further evaluate the performance under different temperature conditions, we conducted tests
at -10°C and 100°C. The results at these temperatures were also plotted for INL and DNL using the 25
kHz clock speed, as this configuration provided the most reliable accuracy in our initial testing. The
following figures present the INL and DNL plots for these extreme temperature conditions, ensuring
that the system maintains its accuracy in a wide range of operating environments Figure 12.

From this evaluation, the INL and DNL curves at a clock speed of 25 kHz and room temperature
indicate that the system achieves an accuracy within 1 LSB, suggesting that 8-bit accuracy is maintained
under these conditions. However, as the clock speed increases, the accuracy diminishes. This reduction
in precision is likely due to the capacitive effects in the circuit, as depicted in Figure 7.

Another trend verified in the measurements, which was also predicted by the simulations, is that
the sensor exhibits better performance at higher temperatures compared to colder temperatures. This
can be concluded by comparing the DNL curves at different temperatures: at -10°C, the DNL deviation
is around 0.8 LSB, at room temperature it decreases to £0.7 LSB, and at 100 ° C it improves further to
+0.5 LSB.
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Figure 12. (a) DNL plots at -10°C and 100°C, measured at 25 kHz SAR clock speed. The results indicate
that the DNL deviation remains within 0.8 LSB for the cold temperature, and less than +0.5 LSB
for the hot temperature. (b) INL plots at -10°C and 100°C under the same conditions. The INL curve
shows a slight increase with code number, but the variation remains within acceptable limits, ensuring
that the system maintains its accuracy across these temperature extremes.

4.2.2. Spectrum Test

The spectrum test is a dynamic evaluation method used to assess the performance of DCDCs by
analyzing the frequency domain of the converter’s output when subjected to a known input signal,
usually a sine wave. This test is particularly effective in identifying frequency-related issues like
harmonic distortion, spurious tones, and noise characteristics that may not be apparent through time-
domain analysis. The key parameters evaluated include Signal-to-Noise Ratio (SNR), Spurious-Free
Dynamic Range (SFDR), and Total Harmonic Distortion (THD). These metrics are crucial to ensuring
the converter’s ability to maintain signal fidelity and accuracy, especially in high-frequency or rapidly
changing signal environments.
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To evaluate the dynamic performance of the DCDC, a spectrum analysis was performed using a
coherent sampling approach. Coherent sampling is a technique used in ADC testing where the input
sine wave frequency is chosen so that an integer number of sine wave cycles fits exactly into the time
window of the data acquisition. This ensures that the sampled data do not have any discontinuities at
the beginning and end of the acquisition window, which could cause spectral leakage and distort the
frequency spectrum.

The relationship between the parameters for coherent sampling is given by:

fsig

=M
f sample

(22)

where - | is the number of sine wave cycles within the sampling window, - M is the number of
samples, - fqg is the frequency of the input signal, and - fsample is the sampling frequency.
The sampling frequency fsample is determined by the following equation:

f sample — M- % (23)
where - fq is the clock frequency, and - n represents the resolution (in bits) of the DCDC.

Coherent Sampling Setup

The following steps were taken to set up the coherent sampling:

Input Signal Generation: A sine wave signal was generated in MATLAB with a peak-to-peak
amplitude slightly lower than the maximum current that the DCDC could handle. The frequency
of the sine wave was selected so that an integer number of cycles would fit exactly within the data
acquisition time window. This ensured that the sampled data did not contain any discontinuities at
the beginning or end of the acquisition window, thereby preventing spectral leakage.

Conversion to DAC Codes: The generated sine wave current signal was converted into corre-
sponding DAC input codes using Equation (12). These codes were then programmed into the DAC
via the FPGA.

Spectrum Analysis Procedure

Data Acquisition: The output of the DCDC, after the sine wave signal was input, was collected,
and preprocessing was carried out to remove any potential noise or artifacts from the data. The mean
(average) of the signal was calculated as follows:

1 N=1
x =5 Z x[n] (24)
n=0
where - jix is the mean of the signal, - N is the total number of samples, and - x[n] represents the
n-th sample of the signal.
The signal was then adjusted by subtracting the calculated mean:

Xprocessed [Tl] = x[”] — Hx (25)

where - Xprocessed [n] is the mean-adjusted (processed) signal.
FFT and Magnitude Spectrum: The preprocessed data, now centered around zero, was trans-
formed from the time domain to the frequency domain using the Fast Fourier Transform (FFT):

N-1 _ j2mkn
X[k] = Z xprocessed [1’1]6’ N (26)
n=0

27tk
where - X[k| is the k-th frequency component in the spectrum, and - e~ 5 represents the complex

exponential component of the FFT.
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From the resulting frequency spectrum, key parameters were calculated. The fundamental power,
which represents the main signal component, was determined as:

P fundamental — |X[kfund] |2 (27)

where - Prindamental 1S the power of the fundamental frequency component, - kg;ng corresponds
to the index of the fundamental frequency, and - | X [kgnq]|? represents the squared magnitude of the
fundamental frequency component.

The noise power, excluding the fundamental component, was calculated by summing the remain-
ing power in the spectrum:

Proise = Z |X [k] |2 — Prundamental (28)
k#kfuna
where - Pyojse is the total noise power, - Yy 4. . |X[k]|* represents the total power of all frequency
components excluding the fundamental frequency.
Using these values, the Signal-to-Noise Ratio (SNR) was calculated:

SNR = 10log, (Pf“‘“ianmal> dB (29)

P noise

Spurious-Free Dynamic Range (SFDR): The SFDR was determined as follows:

Prundamental

FDR = 101 mnee e dB 30

5 Ologyg (Pnoise + distortion (30)

where - distortion represents the power of the most significant spurious tone or distortion in the

signal.

Effective Number of Bits (ENOB): Finally, the Effective Number of Bits (ENOB) was derived

from the SNR:
SNR — 1.76
= " " bit 1
ENOB 600 its (31)

Analysis of Results: The spectrum analysis provided insights into the DCDC’s ability to ac-
curately convert the input signal without introducing significant noise or distortion. The results,
characterized by a clean spectrum with minimal artifacts, confirmed that the DCDC performed as
expected under the test conditions.

This systematic approach to spectrum analysis allowed for a thorough evaluation of the DCDC'’s
dynamic performance, ensuring that it met the required specifications for accurate and reliable current-
to-digital conversion.

The result of the processing measured data is shown in Figure 13:
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Figure 13. The process of generating DAC code and performing spectrum analysis of the processed
output is shown as follows: (a) A sine wave representing the I current, which needs to be fed into the
sensor, is depicted here. This sine wave covers a range slightly higher and lower than the minimum
and maximum values required for Is. (b) Using Equation (12), the corresponding DAC code was
generated and programmed into the FPGA, and the resulting Verilog code was saved. (c) The spectrum
analysis was carried out using the state machine shown in Figure 10, following the procedure outlined
from Equation (24) to Equation (31).

The ENOB of 7.21 bits reflects the resolution of the DCDC converter, taking into account both
noise and distortion. An ENOB of 7.21 bits suggests that the DCDC operates close to its theoretical
maximum resolution of 8 bits, with minimal degradation due to noise and distortion.

4.3. Comparison and Discussion

4.3.1. DxDCs Comparision
Although the converters compared in Table 2:

Table 2. Performance Summary and Comparison with other DxDCs.

Items This work [15] [16]
Process (nm) 180 65 65
Area (mm?) 0.016 1.71 0.007
Power (uW) 117 0.34 2250

Energy/Conv. (p]) 1.52 N.A. 9nJ

ENOB 7.21 N.A. 10

Inaccuracy 0.36% +3.8% 0.75%
Resolution (o / ) 0.1375% 2.4% N.A.
Temperature(°C) -10 and 100 °C -20 to +80 -55 to +200

*Simulated in between -50 and 150 °C

serve different purposes -[15] being a Light-Dose-To-Digital Converter and [16] a temperature-
to-digital converter - the type and application of these converters differ, the comparison focuses on
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common critical parameters such as power consumption, area and energy efficiency, which are relevant
across various DxDC designs.

This work demonstrates an energy per conversion of 1.52 p] and power consumption of 117 uW.
In comparison, [16], despite its different application, exhibits an energy per conversion of about 9 nJ
and power consumption of 2250 pW. This highlights the significant energy efficiency of the proposed
design. Additionally, while [15] operates in a smaller process node (65 nm vs. 180 nm), our design
achieves a significantly smaller area (0.016 mm? vs. 1.71 mm?). These metrics underscore the efficiency
and compactness of our approach, making it particularly suitable for low-power and space-constrained
applications, despite differences in their functional domains.

4.3.2. Area

The total area occupied by the DCDC, as shown in the layout in Figure 3, is 0.016 mm? in a 180
nm technology. The primary goal of this design is to eliminate the need for standalone ADCs and thick
film resistors to convert current to voltage and then to a digital signal. For comparison, an ultra-small
sigma-delta ADC introduced by Taylor [22] occupies 0.07 mm? in a 65 nm technology, demonstrating
a 4.375 times improvement in area efficiency, even before considering the scaling factor between the
technologies.

Traditional designs often require thin-film resistors to convert current to voltage. For instance, a
typical thin-film resistor, such as a 10 k() resistor in a 65 nm technology, can occupy approximately 0.04
mm? [23]. In contrast, our design achieves the same functionality without the need for such resistors,
thus saving valuable area on the chip.

Moreover, in a SoC environment, where multiple instances of this structure may be required,
replicating our design further reduces the overall area consumption compared to traditional approaches
that would necessitate additional resistors and ADCs. This highlights the scalability and efficiency of
our approach, particularly in large-scale integrated systems.

4.3.3. Power Consumption

The total power consumption of the chip in the worst-case scenario has been evaluated to be
0.144 mW. This figure encompasses all the power drawn from the DC voltage source within the circuit.
Notably, approximately two-thirds of this power consumption originates from the isolation op-amp,
which was fabricated without optimization. It is estimated that by using an op-amp specifically
designed for this structure, the power consumption could be reduced by 50%.

In comparison, Taylor’s ADC [22] demonstrates a power consumption of 8 mW in its most power-
efficient configuration. Even with the current non-optimized design, our approach offers a significant
reduction, with a 55.5-fold decrease in power consumption. This dramatic reduction highlights the
efficiency of our design, especially in applications within System-on-Chip (SoC) environments where
precise current measurement is critical. This efficiency not only conserves energy but also minimizes
heat generation, which is essential for maintaining the reliability and longevity of the SoC components.

5. Conclusions

In this paper, we introduced a systematic approach to designing a Direct Current-to-Digital Con-
verter (DCDC), exemplified through an 8-bit implementation aimed at advanced current measurement
in System-on-Chip (SoC) applications. The proposed DCDC leverages a current mirror in a cascode
topology, integrated with Successive Approximation Register (SAR) logic, to achieve precise 8-bit
resolution without the need for nonlinearity calibration. Fabricated using the TSMC 180 nm process,
this design showcases exceptional performance, including an energy per conversion of 1.52 pJ, power
consumption of 117 pW, and a compact total area of just 0.016 mm?.

The results from both simulations and experimental evaluations validate the effectiveness of
this design across various operating conditions, including extreme temperatures, confirming that
the DCDC maintains accuracy within 1 LSB at different clock speeds and environmental conditions.
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The comparison with other DxDCs highlights the superior energy efficiency and compactness of our
design, making it particularly suitable for low-power, space-constrained applications.

This work addresses the challenges of traditional current measurement methods by providing a
scalable and efficient solution that eliminates the need for standalone ADCs and thick-film resistors.
The DCDC’s capability for online measurements during both standard operations and in-field con-
ditions significantly enhances the performance and reliability of SoCs, setting a new benchmark for
future developments in semiconductor technologies.

Overall, the introduction of this systematic approach to DCDC design, illustrated through the
8-bit example, marks a significant advancement in current measurement technologies, offering a robust
and reliable solution for modern SoC designs. Its integration into various SoC platforms has the
potential to extend operational lifespans and improve the dependability of integrated circuits across
diverse applications.
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