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Abstract — This paper introduces an ultra-low-power RC
oscillator that utilizes a resistance amplification technique. The
resistance amplifier achieves the effect of a large resistance by
amplifying the I-V characteristics of a small resistance,
resulting in significant area savings. To improve precision in
oscillation frequency, a continuous time auto-zeroing technique
is incorporated to dynamically calibrate the offset voltage of an
integrated amplifier. Fabricated using a 180-nm CMOS
process, the designed oscillator produces a 100-Hz clock signal
while consuming only 2 nW power under compact silicon area
(0.12 mm?). Additionally, it achieves a competitive temperature
coefficient (TC) of 280 ppm/°C and line sensitivity (LS) of
1.1%/V without the need for any calibration.

Keywords — Low Power, CMOS, Auto-zeroing, Amplifier,
RC Oscillator.

I. INTRODUCTION

Compact active sensors at the millimeter scale have
garnered attention for applications in confined spaces, such
as biomedical, biological, and security contexts. These
sensors are strategically duty-cycled to minimize power
consumption. Given that timers are continuously operational
circuits, their power usage significantly influences the
overall power scale of the system. Moreover, due to stringent
form factor requirements, these timers cannot employ off-
chip components like crystals. As a solution, RC oscillators
have emerged as the preferred choice. They offer low power
consumption and reliable frequency stability. Various RC
oscillators, operating in the kHz range and consuming mere
hundreds of nano-watts, have been proposed [1]-[4].
Nevertheless, further power reduction poses a challenge, as it
necessitates impractically large areas of giga-ohm resistance
in a miniature system. To address this issue, gate-leakage
based relaxation oscillators have been suggested as an
alternative to large resistors [5]-[6]. However, these face
drawbacks, including susceptibility to high process and
temperature and low cost IoT technologies like 180nm
require extremely large devices to generate gate leakage in
the order of 100’s of pA.

This manuscript presents an ultra-low power, resistance-
based relaxation oscillator employing novel resistance
amplification technique that eliminates the need of large
resistance. The proposed resistance amplifier creates an
electrical equivalent of large resistance by amplifying the -V
characteristics of small resistance, therefore saving
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appreciable amount of area without compromising the
accuracy of the oscillator. For enhancing precision in
oscillation frequency, a continuous time auto-zeroing
technique is implemented to dynamically calibrate the offset
in resistance amplifier. The period of offset calibration
depends on temperature sensitive switch leakage current,
hence an off-switch leakage-based ring oscillator is designed
to adapt the frequency of the auto-zeroing with temperature.
Moreover, class AB comparator is used to reduce the effect
of temperature sensitive rise/fall delay on the RC oscillation
period. In 180nm CMOS, the 100Hz RC oscillator is
designed under 2nW power, achieving 280ppm/°C for
temperature range of 0°C to 70°C and line sensitivity of 1.1
%/V for supply range of 1.3V to 2V. In comparison to state-
of-the-art RC oscillators, it reduces power consumption by
2.9x [3] with a compact silicon area of 0.12 mm?.

II. CIRCUIT ARCHITECTURE AND DESIGN

A. RC Oscillator Architrcture

Fig. 1 illustrates the circuit architecture of the proposed
RC oscillator utilizing a resistance amplifier. In this setup,
the amplified resistance (BR) generates a 330-pA Irgr in a
constant-g,, circuit, and Irgr drives an RC oscillator with
comparator offset cancellation [2]. When ®=0, Irgr flows
through C,, charging V¢ until it exceeds voltage “Vr+tVos,
where V.. represents the comparator offset. Following a
comparator delay (ts), ® shifts to 1, reversing the comparator
inputs. This action connects V¢ to C; and discharges C;. The
same Irgr then charges V¢ through C, until it surpasses the
voltage “Vr—Vos..’. The compensated comparison voltage
effectively neutralizes the impact of the comparator offset on
the total time period of oscillation (2RC + 2td). For the
continuous comparator, we implemented a class-AB
topology in a 2-stage op-amp design to minimize additional
comparator delay (2ts), which can be sensitive to process,
voltage, and temperature (PVT) variations.

B. Resistance Amplifier

Fig. 2 illustrates the circuit diagram of the proposed
resistance amplifier with offset calibration. This circuit
comprises a voltage divider with gain (B), a precision main
op-amp, and a small on-chip resistor (R). The voltage divider
divides the input voltage (Vr) by B, providing Vr/p to the
main op-amp. The op-amp assigns Vr/p to R, generating Irgr
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C. Circuit Specifications
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III. EXPERIMENTAL RESULTS

The proposed RC oscillator achieves a 100-Hz output
clock signal with a power consumption of 2 nW ata 1.3 V
supply voltage. Despite its low power consumption, the
design incorporates an on-chip resistor of only 15 MQ, and
the entire oscillator occupies a silicon area of 0.12 mm?.
This footprint is approximately 33 times smaller than that of
a conventional RC oscillator with a 750-MQ resistor (4 mm?,
Fig. 4(c)), enabled by the innovative resistance
amplification technique. In Fig. 5(a) and (b), the measured
TC is 280 ppm/°C over a range of 0 °C to 70 °C, and the LS
is 1.1 %/V across the voltage range from 1.3 V to 2 V. Fig.
5(c) depicts the measured oscillator frequencies from 10
different chips with and without the auto-zeroing technique.
The auto-zeroing circuit effectively reduces output
frequency variation from 260% to 2%. Table provides a
performance comparison of the proposed RC oscillator with
previously published low-power relaxation oscillators. It
achieves a 2.9x reduction in power consumption,
maintaining a compact silicon area of 0.12 mm?. This is
achieved without the need for calibration.

IV. CoNncLUSION

The paper presents an innovative ultra-low-power RC
oscillator design. By employing a resistance amplification
technique and continuous time auto-zeroing, the oscillator
achieves significant area savings along with the precise
oscillation frequency. Fabricated in 180-nm CMOS process,
it generates a 100-Hz clock signal with minimal power
consumption (2 nW) and occupies a compact silicon area
(0.12 mm?). Additionally, it maintains the competitive
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Table I

Specs This Work 1] [2] [3] [4] [1] [5] (6]

Publication year - JSSCC'16 | 1SSCC'13 | JSSC'1S | TCAS-I'10 155C'16 cicc'o7 | vLsl-C'18

Oscillator type RC RC RC RC RC Gate-leak. | Gate-leak. | Gate-leak.
Technology (um) 0.18 0.25 0.065 0.18 0.35 0.065 0.13 0.055
Freq (Hz) 100 6400 18500 11 3300 2.8 9 90

Temp. Range (°C) [ 0to70 | -20t080 | -40to90 [-10to90 | -20t080 | -40to60 [ 0to80 | 5to9s

Calibration No No NA NA Multi-point Yes NA Yes
TC (ppm/°C) 280 148 77 45 500 2000 1600 1100
Supply (V) 13-2 | 06-09 | 15-33 [12-22| 1-35 |o048-052| 04-05| 12-3
Power (nW) 2 75.6 120 5.8 11 0.044 0.12 0.22
LS (%/V) 133 18 58 1 35 160 150 0.93
Area (mm?) 0.12 1.08 0.032 0.24 0.1 0.025 0.00048 0.057

Performance summary and comparison of low power, low frequency
oscillators

ACKNOWLEDGEMENT

This research was supported in part by NSF awards
#2043017, Pitt Momentum Funds, Mascaro Center for
Sustainable Innovation (MCSI), and the University of
Pittsburgh Center for Research Computing through the
resources provided.

Authorized licensed use limited to: University of Pittsburgh Library System. Downloaded on July 28,2025 at 15:32:06 UTC from IEEE Xplore. Restrictions apply.



(1

(2]

(3]

REFERENCES

H. Wang and P. P. Mercier, "A Reference-Free Capacitive-
Discharging Oscillator Architecture Consuming 44.4 pW/75.6 nW at
2.8 Hz/6.4 kHz," in IEEE Journal of Solid-State Circuits, vol. 51, no.
6, pp. 1423-1435, June 2016.

A. Paidimarri, D. Griffith, A. Wang, A. P. Chandrakasan and G.
Burra, "A 120nW 18.5kHz RC oscillator with comparator offset
cancellation for +0.25% temperature stability," 2013 IEEE
International Solid-State Circuits Conference Digest of Technical
Papers, San Francisco, CA, USA, 2013, pp. 184-185.

S. Jeong, 1. Lee, D. Blaauw and D. Sylvester, "A 5.8 nW CMOS
Wake-Up Timer for Ultra-Low-Power Wireless Applications," in

704

(4]

(5]

(6]

IEEE Journal of Solid-State Circuits, vol. 50, no. 8, pp. 1754-1763,
Aug. 2015.

U. Denier, "Analysis and Design of an Ultralow-Power CMOS
Relaxation Oscillator," in IEEE Transactions on Circuits and Systems
I: Regular Papers, vol. 57, no. 8, pp. 1973-1982, Aug. 2010.

Y. -S. Lin, D. Sylvester and D. Blaauw, "A sub-pW timer using gate
leakage for ultra low-power sub-Hz monitoring systems," 2007 IEEE
Custom Integrated Circuits Conference, San Jose, CA, USA, 2007,
pp. 397-400.

J. Lim et al., "A 224 PW 260 PPM/°C Gate-Leakage-Based Timer for
Ultra-Low Power Sensor Nodes with Second-Order Temperature
Dependency Cancellation," 2018 IEEE Symposium on VLSI Circuits,
Honolulu, HI, USA, 2018, pp. 117-118.

Authorized licensed use limited to: University of Pittsburgh Library System. Downloaded on July 28,2025 at 15:32:06 UTC from IEEE Xplore. Restrictions apply.




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20140918080338
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     675
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 12.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170126085122
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     12.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 5.40 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     5.4000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 18.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20160112132206
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     18.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 18.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20160112132206
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     18.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 18.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20160112132206
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     18.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



