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Abstract—One of the main challenges in semiconductor 
industry is the variability in devices and circuit parameters 
which will harm the performance and the energy efficiency of the 
circuit. In addition, voltage fluctuation also makes the 
performance of the design unpredictable. Due to the high level 
integration of the system-on-a-chip (SoC), it becomes more and 
more important to monitor the IR drop of the power network 
during chip operation. The proposed all-digital on-chip voltage 
sensor which uses a relative reference modeling (RRM) is 
presented. After one-point calibration at 1.1V, the proposed all-
digital voltage sensor can monitor the operating voltage of the 
chip and outputs digital codes for SoC chip debugging and 
testing. It has a maximum error 16.4mV with process, voltage, 
and temperature (PVT) variations. 

Keywords— On-chip monitoring; IR-drop; Voltage sensor; 
Process and Temperature Calibration 

I.  INTRODUCTION 

Nowadays, the high level integration of the system-on-a-
chip (SoC) causes that the voltage transients (IR drop) issue of 
the power network becomes more serious and unpredictable. 
IR drop may lead to unexpected performance degradation to 
the chip. As a result, on-chip voltage sensors which are placed 
in different locations of the SoC can provide useful diagnosis 
information to the chip designer for chip debugging and testing. 
Most of the current on-chip voltage sensors [1],[3] require the 
calibration process to map the measured analog voltage values 
into digital codes. However, the process, voltage, and 
temperature (PVT) variations affect the relationship between 
the measured voltage values and the output digital codes. Thus, 
the voltage sensor [1] needs to execute the calibration process 
periodically (e.g. every 1ms) for compensation for temperature 
variations. In addition, in each calibration process, it also 
requires three input reference voltages (0.8V, 0.9V, and 1.0V) 
for 2nd-order polynomial regression which makes the voltage 
sensor [1] not easily applicable for SoC design. 

The voltage sensor [3] also requires three different input 
reference voltages for sensor calibration. Each on-chip voltage 
sensors are calibrated individually, and the process variation of 
the voltage sensor is normalized after calibration. However, the 
error of the voltage sensor (i.e. difference between the sensor 

output voltage and the actual voltage of the measured node) 
will be increased accordingly with temperature variations after 
chip calibration since the calibration for each voltage sensor is 
performed once. The voltage sensor [2] requires adjusting the 
input voltage of the controllable delay block of the voltage 
sensor with PVT variations.  However, when the operating 
conditions are changed, this calibration process for the 
proposed sensor needs to be performed again. Or the operation 
of the voltage sensor may be not worked correctly. 

In this paper, an all-digital voltage sensor which uses a 
relative reference modeling (RRM) is presented. After one-
point calibration at 1.1V, the proposed all-digital voltage 
sensor can determine the process variation of the voltage sensor 
and compensates for the process variations. After that, the 
proposed temperature sensor can measure the temperature 
variations and compensates for the temperature variations. 
Finally, the linear calculator of the proposed all-digital sensor 
converts the measured voltage values to digital codes. The 
proposed all-digital voltage sensor has a maximum error 
16.4mV with PVT variations after one-point calibration. 

The rest of this paper is organized as follows: Section II 
describes the architecture of the proposed all-digital voltage 
sensor. Section III shows the characteristics of the proposed 
delay ratio estimator (DRE). Section IV shows the 
experimental results of the proposed all-digital voltage sensor. 
Finally, Section V concludes with a summary. 

II. PROPOSED ALL-DIGITAL VOLTAGE SENSOR 

 

Fig. 1. Proposed all-digital voltage sensor. 

The architecture of the proposed all-digital voltage sensor is 
shown in Fig. 1. The proposed all-digital voltage sensor 
consists of a delay ratio estimator (DRE), a process sensor, a 
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temperature sensor, and a linear calculator. The delay ratio 
estimator shown in Fig. 2 consists of three ring oscillators 
which were made of different delay cells: reference delay cell 
(RDC), compared delay cell 1 (CDC1), and compared delay 
cell 2 (CDC2). The delay ratio is the ratio of the propagation 
delay time between two delay cells and was defined in [4]. The 
delay ratio is a function of process, voltage, and temperature 
conditions. The DRE can compute the delay ratios among three 
delay cells with PVT variations and outputs as R1(P,V,T) and 
R2(P,V,T), respectively. 

  (1) 

As shown in Fig. 2, in the proposed DRE, the outputs of the 
ring oscillators are connected to three counters. The counters 
record the oscillation cycles of the ring oscillators. When the 
output of the RRO counter is counted from 0 to NTIME, three 
counters are all stopped. Then the counter values can be used to 
compute the delay ratios R1(P,V,T) and R2(P,V,T) as 
illustrated in Eq. 1. After that, these counters are reset and 
restarted again. Therefore, the DRE will keep computing the 
delay ratios when voltage and temperature conditions are 
changed during chip operation. In the proposed DRE, NTIME is 
set to 1023, and thus, RROCNT is equal to 1024=210. Thus, in 
Eq. 1 we don’t need to use dividers when computing the delay 
ratios. The period of RRO ring oscillator is 8.6ns, and thus, the 
proposed DRE takes 8.8μs to compute the delay ratios which 
also limits the highest sampling rate of the proposed all-digital 
voltage sensor. 

 

Fig. 2. Proposed delay ratio estimator. 

As shown in Fig. 1, the DRE outputs delay ratios to the 
process sensor and the temperature sensor. The proposed 
process sensor uses the delay ratios to determine the process 
variations of the chip and outputs the process code to the 
temperature sensor and the linear calculator. The proposed 
temperature sensor uses the delay ratios and process code to 
calculate the operating temperature of the chip and outputs the 
temperature code to the linear calculator. Finally, the proposed 
linear calculator uses the delay ratios, process code, and 
temperature code to compute the operating voltage of the chip 
and outputs digital codes (voltage_code). 

The proposed all-digital voltage sensor for static voltage 
drop monitoring adopts a relative reference modeling (RRM) in 
circuit design. The similar relative reference modeling concept 
is also used in [5] to adjust the frequency control word of the 
all-digital phase-locked loop (ADPLL) and compensates for 
temperature variations. The propagation delay time of logic 
cells are easily affected by PVT variations. Our goal is to 
eliminate the PVT variations from the proposed all-digital 

voltage sensor to make it reliable and stable under the 
operating range. The propagation delay time of different delay 
cells have different voltage and temperature variations 
dependence. As a result, we can choose suitable delay cells 
from the cell-library to build up the DRE to obtain the required 
delay ratio characteristics over PVT variations. Then the 
proposed process sensor and temperature sensor can use the 
delay ratios to determine the process and temperature 
variations. As a result, the relationship between the absolute 
voltage value and digital codes can be kept over PVT 
variations. In addition, the proposed all-digital voltage sensor 
only requires one-point calibration at 1.1V, and the operating 
chip temperature will not affect the calibration process. 
Therefore, a temperature chamber is not necessary for the 
proposed all-digital voltage sensor, and then, the calibration 
cost can be greatly reduced in mass production.  

III. CHARACTERISTICS OF THE DRE 

The proposed all-digital voltage sensor is implemented in 
TSMC 90nm CMOS process with standard cells. We need to 
perform many SPICE circuit simulations of the DRE to obtain 
the delay ratios with PVT conditions. In addition, we can 
change the delay cells in the DRE to obtain the desired delay 
ratio characteristics. Fig. 3 shows the simulated R2(P,V,T) 
curves, where TT means typical process corner, FF means best 
process corner, and SS means worst process corner in the 
SPICE model. The desired R2(P,V,T) characteristic is that the 
values of R2(P,V,T) at 1.1V are not overlapped in different 
process corners. Therefore, the simulated values of R2(P, V, T) 
can be used to identify the process variations of the voltage 
sensor when the process variation is unknown. Moreover, the 
simulated threshold values to determine the process corner are 
stored in the process sensor shown in Fig. 1. Then, after chip 
fabrication, if we calibrate the chip at 1.1V, and the output 
R2(P, V, T)*1024 of the DRE is 640. The value of R2(P, V, T) 
is close to the simulated SS process corner at 1.1V. Therefore, 
the proposed process sensor can determine that the fabricated 
voltage sensor is at SS process corner without temperature 
information. 

 

Fig. 3. Simulated R2(P, V, T) curves. 



Fig. 4 shows the simulated R1(P,V,T) curves. The desired 
R1(P,V,T) characteristic is that at each process corner (TT, SS, 
FF), the values of R1(P,V,T) at different temperature are not 
overlapped. Therefore, the simulated values of R1(P, V, T) can 
be used to identify the temperature variations of the voltage 
sensor when the temperature variation is unknown. Moreover, 
the simulated threshold values to determine the temperature 
value are stored in the temperature sensor shown in Fig. 1. 
Then, after chip was calibrated at 1.1V, if the process corner is 
known as SS process corner by the process sensor, and the 
output R1(P, V, T)*1024 of the DRE is 1040. Then, the value 
of R1(P, V, T) is close to the simulated condition at 50°C in SS 
process corner. Therefore, the proposed temperature sensor can 
determine that the chip temperature of the voltage sensor is at 
50°C. 

 

Fig. 4. Simulated R1(P, V, T) curves. 

In the proposed all-digital voltage sensor, the relationship 
between the measured voltage values and the output digital 
codes are fixed even with PVT variations. The output voltage 
value is the voltage_code divided by 215. For example, if the 
output voltage_code of the proposed all-digital sensor is 29,456, 
and then, the output voltage value is 29,456/215 = 0.898V. Fig. 
5 shows the simulated (R1 - R2)/R1 curves. In each process 
corner, at different temperature, the relationship between (R1 - 
R2)/R1 and the measured voltage value (i.e. voltage_code) can 
be approximated as a linear equation, as expressed in Eq. 2. 
Therefore, the simulated values of (R1 - R2)/R1 can be used to 
determine slope and intercept of the linear equations to 
compute the output voltage_code. The simulated slope and 
intercept values are stored in the linear calculator. After chip 
fabrication, if the process corner is known as SS process corner 
by the process sensor, and the voltage sensor is at 50°C by the 
temperature sensor. Then, the proposed linear calculator can 
use the suitable linear equation from the simulation results to 
compute the output voltage_code with the current value of (R1 
- R2)/R1.  

  (2) 

After chip fabrication, the proposed all-digital voltage 
sensor needs to be calibrated at 1.1V. During the calibration 

process, the chip operating temperature is not important, since 
the proposed process sensor can determine the process corner 
of the voltage sensor without temperature information as 
illustrated in Fig. 3. Therefore, a temperature chamber is not 
necessary for the proposed all-digital voltage sensor, and then, 
the calibration cost can be greatly reduced in mass production. 
When the process_code is determined, the proposed 
temperature sensor can determine the chip temperature 
(temp_code) when the operating voltage ranges within 0.9V to 
1.1V as illustrated in Fig. 4. Subsequently, the linear calculator 
of the proposed all-digital voltage sensor will use the value (R1 
- R2)/R1 and selects a suitable linear equation to compute the 
measured voltage value (voltage_code) as illustrated in Fig. 5. 

 

Fig. 5. Simulated (R1 - R2)/R1*1024 curves. 

The detail operation flow of the proposed all-digital 
voltage sensor is shown in Fig. 6. The first step is to input the 
external parameters obtained from the simulation results (i.e. 
threshold values) for process sensor and temperature sensor, 
meanwhile the DRE starts to calculate the delay ratios. After 
DRE calculating R1(P,V,T) and R2(P,V,T), the process sensor 
can determine the process corner of the chip using R2(P,V,T). 
At chip run time, the temperature sensor uses R1(P,V,T) to 
determine the current working chip temperature. Then, the 
proposed linear calculator can calculate the current voltage. 
Finally, the circuit will start another cycle when operating 
voltage and temperature conditions are changed. 

 

Fig. 6. Operation flow of the proposed all-digital voltage sensor. 



IV. EXPERIMENTAL RESULTS 

The proposed all-digital voltage sensor is implemented in 
TSMC 90nm CMOS process with standard cells. The operating 
voltage ranges from 0.9V to 1.1V, and temperature range is 
from 0°C to 75°C. Fig. 7 shows the layout of the all-digital 
voltage sensor. We use the automatic placement and routing 
(APR) tools to design the chip. The active area of the test chip 
is 0.063 mm2. The power consumption of the proposed design 
is 1.0068mW at 1.0V. 

 

Fig. 7. Layout of the proposed all-digital voltage sensor. 

We perform post-layout SPICE simulation of the proposed 
all-digital voltage sensor with different operating supply 
voltage. Fig. 8 shows the voltage error versus the input 
operating voltage for the proposed all-digital sensor with PVT 
variations. Voltage error means the difference between the 
sensor output voltage and the input operating voltage. The 
average voltage error is 5.1mV, and the maximum voltage 
error is 16.4mV with PVT variations. As compared to the 
voltage sensor [1], although the voltage sensor [1] has a 
maximum voltage error 4.81mV, it needs to execute the 
calibration process periodically (e.g. every 1ms) for 
compensation for temperature variations. In addition, in each 
calibration process, it also requires three input reference 
voltages (0.8V, 0.9V, and 1.0V) for 2nd-order polynomial 
regression which makes the voltage sensor [1] not easily 
applicable for SoC design.  In the proposed all-digital sensor, 
the temperature sensor will keep monitoring the chip 
temperature, and the proposed linear calculator can use the 
suitable linear equation (with different slope and intercept) to 
compute the output voltage. As compared to the voltage sensor 
[3], it also requires three different input reference voltages for 
sensor calibration and temperature variations are not 
considered in [3]. The proposed all-digital sensor only requires 
one-point calibration at 1.1V, and a temperature chamber is not 
necessary for calibration process. As a result, the calibration 
cost of the proposed all-digital voltage sensor can be greatly 
reduced in mass production. 

 

Fig. 8. Voltage error of the proposed all-digital voltage sensor vs. input 
voltage. 

V. CONCLUSION 

This work uses a relative reference modeling (RRM) to 
build up a delay ratio estimator (DRE). Then, the designed 
characteristics of the delay ratios by choosing suitable delay 
cells from the TSMC 90nm cell-library can be used to identify 
the process and temperature variations of the proposed all-
digital voltage sensor. After one-point calibration at 1.1V, the 
linear calculator of the proposed all-digital voltage sensor can 
output an accurate voltage value with PVT variations. The 
proposed all-digital voltage sensor is implemented with 
standard cells which can reduce the design time and 
complexity for on-chip voltage sensor design, and is suitable 
for system-on-a-chip (SoC) applications. 
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