
 
 

Delft University of Technology

A Test Structure for Analyzing Self-Heating Induced Distortion in On-Chip Current
Sensing Resistors

Ma, H.; Karmakar, S.; Zhang, H.; Liu, Y.; Guo, H.; Berkhout, M.; Fan, Q.

DOI
10.1109/ICMTS63811.2025.11068913
Publication date
2025
Document Version
Final published version
Published in
Proceedings of the 2025 IEEE 37th International Conference on Microelectronic Test Structures (ICMTS)

Citation (APA)
Ma, H., Karmakar, S., Zhang, H., Liu, Y., Guo, H., Berkhout, M., & Fan, Q. (2025). A Test Structure for
Analyzing Self-Heating Induced Distortion in On-Chip Current Sensing Resistors. In Proceedings of the
2025 IEEE 37th International Conference on Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
https://doi.org/10.1109/ICMTS63811.2025.11068913
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1109/ICMTS63811.2025.11068913
https://doi.org/10.1109/ICMTS63811.2025.11068913


 

 

 

 

 

 

 

 

 

Green Open Access added to TU Delft Institutional Repository 
as part of the Taverne amendment. 

 

 

 
 

More information about this copyright law amendment 
can be found at https://www.openaccess.nl. 

 
 

Otherwise as indicated in the copyright section: 
the publisher is the copyright holder of this work and the 

author uses the Dutch legislation to make this work public. 

https://repository.tudelft.nl/
https://www.openaccess.nl/en


2025 IEEE 37TH INTERNATIONAL CONFERENCE ON MICROELECTRONIC TEST STRUCTURES, MARCH 24-27, SAN ANTONIO, TX, USA 

979-8-3315-3169-0/25/$31.00 ©2025 IEEE 

A Test Structure for Analyzing Self-Heating Induced 

Distortion in On-Chip Current Sensing Resistors 

Heng Ma1, Shoubhik Karmakar1, Huajun Zhang1, Yuyan Liu1, Haidong Guo2, Marco Berkhout3,  Qinwen Fan1 
1Delft University of Technology, Delft, The Netherlands 

2ams OSRAM, Plano, USA 
3Monolithic Power Systems, Enschede, The Netherlands 

Email: H.Ma-5@tudelft.nl 

Abstract—This paper presents a test structure for a 27 mΩ 

diffusion current sensing resistor, designed to analyze distortion 

caused by self-heating in audio power amplifiers. A parallel 

Kelvin connection minimizes parasitic effects, reducing 

resistance error to 0.4% and temperature coefficient error to 

0.7%. A diode-based temperature sensor array enables accurate 

measurement of temperature variations, allowing the 

characterization of HD3 with an inaccuracy of <1.4 dB. 

Eventually, the HD3 is compensated by at least 15 dB through 

the sensed average temperature. 

Keywords—diffusion, current sensing, distortion, self-

heating, Kelvin connection 

I. INTRODUCTION 

Integrated shunt-based current sensing is crucial in audio 
power amplifiers for smart speaker control [1-5]. The sense 
resistor is expected to have low distortion (THD+N < -68dB) 
to compensate for the non-ideality of the loudspeakers [1]. 
Considering the temperature effect, the voltage drop across the 
sense resistor (VSENSE) is expressed as VSENSE = I · R0 (1 + 
tc ·(T0+ TAC)) [6], where I is the current through the resistor, 
R0 is the sheet resistance, tc is the temperature coefficient of 
the resistor, and TAC is the temperature variation due to self-
heating, which is a function of I². Then, a component of 
R0·tc·I3 is generated on VSENSE, resulting in third-harmonic 
distortion (HD3) [7-8], as depicted in Fig. 1(a). The HD3 can 
be expressed as: 

𝐻𝐷3 = 20 lg(𝑡𝑐 ∙ 𝑇𝐴𝐶_𝑅𝑀𝑆) (1) 

where TAC_RMS is the RMS value of TAC. Unfortunately, this 
distortion cannot be simulated directly in SPICE because the 
TAC_RMS is unknown. Without TAC_RMS, it’s challenging to 
design the on-chip resistor to the target linearity across 
different current frequencies and amplitudes. Additionally, to 
handle up to 30 W output power delivered from the power 
amplifier, the sense resistor needs to pass a current as high as 
4 A [9-10]. It requires a large resistor width for safe current 
density, which leads to current spreading. Fig. 1(b) illustrates 
the layout of an on-chip resistor. Due to current spreading, 
different locations of the N (P) terminal exhibit unequal 
potentials, such as VN1 and VN2 [11]. This complicates the 
selection of accurate points to measure the voltage drop across 
the sense resistor. Furthermore, the large resistor area causes 
temperature gradients across the resistor, with different 
locations exhibiting different temperatures, such as T1 at 
location 1 and T2 at location 2 in Fig. 1(c), making it 
challenging to accurately detect the temperature of the entire 
resistor [12]. 

II. ARHITECTURE 

To address the aforementioned issues, this paper proposes 

a test structure for the sense resistor, as shown in the circuit 

diagram in Fig. 2, incorporating a parallel Kelvin connection 

and a diode array. The parallel Kelvin connection minimizes 

parasitic effects from connection metals and vias, ensuring a 

more accurate measurement of the voltage drop across the 

resistor. Additionally, the diode-based temperature sensor 

array is uniformly integrated into the sense resistor to 

determine the average temperature and characterize the 

distortion from self-heating. 
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Fig.1. The HD3 of VSENSE from self-heating of the sense resistor (a), the 
potential difference in different locations (b), and the temperature gradient 
across the sense resistor (c). 
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Fig. 2. Circuit diagram of the proposed test structure. 
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III. CIRCUIRT IMPLEMENTATION 

A. Sense Resistor Type Selection 

The resistance of the sense resistor is designed to be 27 
mΩ, chosen as a compromise between power consumption 
and dynamic range. Table I compares the simulated non-
idealities of different resistor types with the same resistance 
and chip area, including their temperature coefficient and 
voltage coefficient (vc), which contribute to the temperature 
effect [13] and saturation effect [13–15], respectively. The N-
type unsilicide diffusion resistor demonstrates the best overall 
performance. It exhibits the lowest temperature coefficient 
among all resistor types. Although the P-type unsilicide poly 
resistor is widely used due to its low tc, this only holds with a 
long enough length in this process, which leads to a large chip 
area. When implemented as a sense resistor with the same chip 
area as the diffusion one, its temperature effect also becomes 
comparable. Furthermore, compared to other types of 
unsilicide resistors, the N-type unsilicide diffusion resistor 
exhibits at least 2× lower vc. This is critical because the 
saturation effect introduces additional HD3 [14], as described 
by: g = g0 (1 + vc ·(VSENSE)2), where g is the transconductance 
of the sense resistor [15].  

TABLE I.  COMPARISON OF DIFFERENT TYPES OF RESISTORS 

Resistor 
type 

Silicide? 
Temperature 

coefficient 
Voltage  

coefficient 

N-type 
diffusion 

No 
1 × 

(1250ppm/°C) 
1 × 

(1400ppm/V) 

Yes 3 × 1 × 

P-type 
diffusion 

No 1 × 2 × 

Yes 3 × 1 × 

N-type 
poly 

No 1 × 2 × 

Yes 3 × 6 × 

P-type 
poly 

No 1 × 4 × 

Yes 3 × 6 × 

Metal / 3 × 0 

N-well / 1.5 × 4 × 
 

B. Sense Resistor Implementation 

The sheet resistance of the unsilicide diffusion resistor is 
83 Ω in this process, leading to an L/W of 0.0036 for a 27 mΩ 
resistance. The final resistor implementation consists of 7686 
unit resistors, each with a LUNIT/WUNIT of 5 μm/2 μm. The 
LUNIT is chosen as 5 μm to mitigate the saturation effect [10, 
12] induced HD3 lower than -87 dB in the worst case (current 
amplitude = 4 A) , as shown in Fig. 3. It makes the saturation 
effect negligible compared with the linearity requirement [1]. 
The layout of the sense resistor is shown in Fig. 4. Each unit 
resistor has four terminals: the plus terminal (P), the minus 
terminal (N), and their Kelvin sense terminals (PSENSE and 
NSENSE). The Kelvin contacts are inserted after the current 
flows in at the P terminals, and before the current flows out at 
the N terminals. This removes the parasitic resistance of the 
vias from the sensed voltage. All unit resistors are arranged in 
a rectangle measuring 300 μm × 600 μm, with their respective 
terminals connected using multi-layer metals.  

In this configuration, the sense resistor can be modeled as 
a grid in Fig. 5. The parasitic resistance from the metal 
connection between different Kelvin terminals (RP1~k, RN1~k) 

contributes to the main errors. The resistance error from the 
first connection between unit resistors RU0 and RU1 can be 
expressed as: 

                𝑒1 =
𝑅𝑈0//(𝑅𝑈1 + 𝑅𝑃1 + 𝑅𝑁1)

𝑅𝑈0//𝑅𝑈1

− 1                     (2) 

where RU0, RU1 are designed 207.5 Ω, and RP1, RN1 are 
designed 0.1ohm. Then 𝑒1 can be calculated as 0.048%. The 
error increases gradually when extending this to multiple 
parallel connections, becoming 0.4% eventually. Fig. 6 
illustrates the simulated resistance in pre-simulation, post-
simulation without parallel Kelvin connection, and post-
simulation with parallel Kelvin connection. The results show 
that this method can decrease resistance error from 28% to 
0.4%, and tc error from 18% to 0.7%. 

-87dB

 

Fig. 3. Simulated HD3 caused by saturation effect with different unit 
resistor length when current amplitude is 4A. 
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Fig. 4. The layout of the sense resistor with parallel Kelvin connection. 
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Fig. 5. Equivalent circuit of the sense resistor with parasitic resistance 
from metals and vias. 
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Fig. 6. The sense resistor’s resistance versus temperature in pre-
simulation, post-simulation without Kelvin connection, and post-
simulation with parallel Kelvin connection. 

C. Diode-based Temperature Sensor Array 

According to (1), knowing TAC_RMS is crucial to calculate 
HD3. However, since the sense resistor covers a large layout 
area, self-heating creates a temperature gradient across the 
resistor [9]. To improve the temperature sensing accuracy, a 
diode-based temperature sensor array consisting of 25 units is 
inserted into the resistor, as illustrated in Fig. 7. These diode 
units are spaced 60 µm apart, and the sensed temperatures are 
averaged offline to enhance measurement accuracy. 

Chip

: Diode

Sense Res.

 
Fig. 7. The diode array to monitor the average temperature of the sense 
resistor. 

IV. MEASUREMENT 

The test structure was fabricated in a 180-nm process, and 
a microphotograph of the die is shown in Fig. 8. The sense 
resistor is located on the bottom side of the die, with the diode 
array distributed within it. While the bias and logic circuits are 
placed on the top side. 
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Fig. 8. Die micrograph. 

 
Fig. 9. Measurement setup. 

 

The measurement setup is shown in Fig. 9. The power 
amplifier delivers current to the sense resistor in the DUT with 
varying frequencies and amplitudes. The power supply 
provides power voltage for the bias and logic circuits. The 
transient temperature and HD3 are then measured using Audio 
Precision. The measurement data is read and collected by the 
PC. 

Fig. 10 presents the measured transient current and 
temperature sensed by the diode array when the current 
frequency is 200 Hz and the amplitude is 2 A. The transient 
temperature varies at twice the frequency of the transient 
current, which is related to the power consumption. From 
these measurements, TAC_RMS is observed, and the theoretical 
HD3 can be calculated using (1). Fig. 11 shows the 
temperature sensed by 25 different diodes with a 2 A/200 Hz 
input current. Putting the diode in different locations can make 
a TAC_RMS sensing error, leading to a maximum 7 dB HD3 
calculation difference. The error can be mitigated to 0.15 dB 
by averaging those results. Fig. 12 depicts the relationship 
between the averaged TAC_RMS measured by the diode array 
and signal frequency in different current amplitudes. The 
TAC_RMS decreases with frequency due to the thermal filtering 
effect [13]. The high-frequency temperature is attenuated by 
the small thermal constant of the silicon substrate. The 
TAC_RMS increases in larger amplitude because of more power 
consumption and more self-heating. Fig. 13 illustrates the 
measured and calculated HD3 versus current frequency across 
various current amplitudes. The HD3 of the sense resistor can 
be calculated with an inaccuracy of 1.4 dB over a current 
amplitude range of up to 4 A and a frequency range of 20 Hz 
to 6 kHz, which explains the distortion mechanism of the 
measured HD3. By compensating the measured HD3 with the 
measured average temperature through the diode array, an 
improvement of at least 15 dB over current frequencies and 
amplitudes is achieved, as shown in Fig. 14. 

 

Fig. 10. Measured transient current and transient temperature with a 
current frequency of 200 Hz and a current amplitude of 2 A. 
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Fig. 11. Measured transient temperature of 25 different diodes with a 
current frequency of 200 Hz and a current amplitude of 2 A. 

 

 

Fig. 12. Averaged TAC_RMS measured by the diode array versus current 
frequency in different current amplitudes. 

 

 

Fig. 13. Measured HD3 and calculated HD3 versus frequency in different 
current amplitudes. 

 

V. CONCLUSION 

This paper presents a test structure for a 27 mΩ diffusion 
current sensing resistor, designed to analyze distortion caused 
by self-heating. The parallel Kelvin connection minimizes 
parasitic effects from metals and vias, limiting resistance error 
to 0.4% and tc error to 0.7%. The diode array monitors and 
averages temperature variations across the resistor. According 
to those results, the HD3 from self-heating is characterized by 

an inaccuracy of 1.4 dB, and this distortion is compensated by 
at least 15dB through the sensed average temperature. 

15dB

 

Fig. 14. HD3 compensation through the sensed average temperature of the 
diode array. 
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