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Abstract 

A pico-watt CMOS voltage reference is developed using an SK Hynix 0.18 µm 

CMOS process. The proposed architecture is resistorless and consists of MOSFET 

circuits operated in the subthreshold region. A dual temperature compensation 

technique is utilized to produce a near-zero temperature coefficient reference 

output voltage. Experimental results demonstrate an average reference voltage of 

250.7 mV, with a temperature coefficient as low as 3.2 ppm/°C for 0 to 125°C 

range, while the power consumption is 545 pW under a 420 mV power supply at 

27°C. The power supply rejection ratio and output noise without any filtering 

capacitor at 100 Hz are –54.5 dB and 2.88 µV/Hz
1/2

, respectively. The active area 

of the fabricated chip is 0.00332 mm
2
. 
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1. Introduction 

Development of ultra-low power systems using the subthreshold region of the 

MOSFETs are becoming increasingly popular [1], [2]. This feature is particularly 

attractive in portable electronic systems, such as biomedical implants [3] or smart 

sensor networks [4], where energy optimization is of the utmost priority. 

Furthermore, wireless powered systems [5], used to provide powers to the 

wireless microsensors and wearable biomedical devices, also implement 

subthreshold operation to reduce power consumption. To achieve such low power 

operation, the circuit has to be operated in reduced supply voltage managed by 

subthreshold operation. However, maintaining process parameters at subthreshold 

operation region is the key challenge for the designers.     

Process, supply voltage and temperature (PVT) variations independent voltage 

references are ubiquitously used in analog, mixed-signal RF and digital systems 

[6]. A new voltage reference consists of subthreshold MOSFET circuits that can 

operate with pico-watt power dissipation and has less temperature sensitivity and 

smaller line sensitivity is presented. A self-biased first temperature compensation 

circuit (TCC) is used to generate temperature independent (TI) bias voltage and 

driving current for the second TCC [2]. Therefore, a dual-temperature 

compensated reference output voltage is produced with a near-zero temperature 

coefficient (TC). The proposed design achieves high power supply rejection ratio 

(PSRR) and low output noise with ultra-low power consumption, which makes it 

a suitable candidate for biomedical electronic devices. 

 

 
 

Fig. 1 Primary building blocks for the proposed voltage reference circuit 

 



  

 

 

 
 

Fig. 2 Proposed TCC1 
 

2. Proposed Voltage Reference Design 

Fig. 1 shows the primary building blocks of the proposed voltage reference. It 

consists of two main sections: TCC1 and TCC2. The start-up circuit in TCC1 is 

used to ensure bias of the current source sub-circuit (CSSC) and TI output voltage 

(V0) generator stage in the desired state upon power up. The V0 and driving 

current of TCC1 are then fed to TCC2 to generate final reference voltage VREF. 

TCC2 is constructed with self-biased cascode (SBC) and Wilson current mirror 

(WCM).  

Low power consumption is the primary design metric for the proposed voltage 

reference. The start-up circuit confirms the bias of the main voltage reference in 

the desired state. Subsequently, it has been discontinued as the power supply 

voltage reaches higher than Ms3 turn-off voltage. Thus, the start-up consumes 

insignificant power. Further, the MOS-transistor’s subthreshold operation is 

utilized in the proposed architecture to minimize both the power consumption and 



  

 

the supply voltage. The purpose of the CSSC is to provide a current, as 

independent as possible of supply voltage variations, which is injected in to the 

output stage to compensate temperature effects on Vo of TCC1. To neutralize the 

complementary to absolute temperature (CTAT) effect in the load stage, the 

CSSC produces a proportional to absolute temperature (PTAT) current that 

depend on the thermal voltage and carrier mobility. Moreover, the diode 

connected structure MOS-transistor is used at the load of TCC1. It forces the 

drain-source voltage to be equal to gate-source voltage. Thus, drain-source 

voltage of M7 is almost constant for small variations in the supply voltage. 

Additionally, high impedance M7 ensures the supply voltage variation will not 

affect the I7. This temperature independent current is then mirrored to TCC2 

which generates PTAT voltage using SBC stages to mitigate the CTAT of Vo. 

Thus, dual temperature compensated VREF is generated. The MOS-transistors in 

the TCC2 are also operating in the subthreshold region to ensure low power 

operation. Further, WCM is used to improve the impedance of the output stage of 

the TCC2 to enhance the PSRR. The detailed operation principle of these blocks 

is described in the following subsections.  

2.1. TCC1 working principle 

Traditional voltage reference circuits work in the saturation region providing TI 

reference voltage output (VREF) higher that its threshold voltage (Vth) at room 

temperature (27°C). In order to generate VREF < Vth and reduce the supply voltage 

of the overall voltage reference circuit, the subthreshold operation of the MOS-

transistors are exploited [6–8]. Fig. 2 shows the proposed TCC1, which includes 

start-up circuit, CSSC, and active load-based TI output (Vo). The start-up circuit 

with transistors Ms1 ~ Ms5, has been added as a precautionary measure to ensure 

circuit bias in the desired state. The CSSC consists of a self-biased current source 

which forms with only subthreshold transistors (resistorless) and generates the 



  

 

necessary injection current (I7) for the load transistor (M7). In Fig. 2, a linear 

combination of subthreshold NMOS gate-source voltages (VGS) to generate TI Vo 

can be represented as 

 

5 2GS GS
V V=  (1) 

 

In CSSC, M1 and M3 form a subthreshold current mirror, providing ratioed 

currents, I5/I2 = (W/L)3/(W/L)1 = α. From [6], (1) can be expressed as   
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where ∆Vth = Vth2 – Vth5, F is non-ideal factor (subthreshold slope), VT = kBT/q is 

the thermal voltage (kB is the Boltzmann constant and q is the elementary charge), 

S = UCOX (U = W/L is the transistor aspect ratio and COX is the gate oxide 

capacitance per unit area), and µ  is the carrier mobility. Assuming µ  in (2) are 

identical and I5 = αI2, the current flowing in the left branch of the current 

generator can be evaluated from (2) as [6] 
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I2 in (3) confirms the subthreshold operation of CSSC [6]. Furthermore, this 

current is mirrored to M7 through M6. Utilizing the current mirror gain (I7/I2 = 

(W/L)6/(W/L)1 = c), Vo becomes, from [6] and (3)   
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The temperature dependence of Vo is firmly related to the thermal behaviour of  

VT and Vth. Considering the linear approximation of Vth (Vth(T) = Vth(T0) + k(T – 

T0), where Vth(T0) is the threshold voltage at the reference temperature, T is the 

absolute temperature, and k is the threshold voltage temperature coefficient) and 

setting δVo/δT = 0, a value (W/L)7 for temperature compensation can be expected 

as  
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Considering F parameters of different NMOS are biased in the subthreshold 

region have similar value (then F7/∑F ≈ 1) and k7 ≈ k5 ≈ k2. Hence, satisfying (5), 

the final expression of Vo is 

 

[ ]7 0 7 5 0 2 0( ) ( ) ( )
o th th th

V V T k V T V T= + + −  (6) 

Vo in (6) ensures the subthreshold operation [6] and for a specific technology it 

depends on the difference between Vth5 and Vth2. Consequently, it exploits the 

temperature compensation theory.  

 



  

 

 
 

Fig. 3 Proposed TCC2 

 

2.2. TCC2 working principle 

The self-biased cascode (SBC) in Fig. 3 accepts TI current I7 through current 

mirrors (M8, M11, M14, and M17) and produces VREF. To ensure TI operation of 

proposed TCC2, the first stage of SBC, i.e, self-cascode (SC1) is biased by the 

Vo. All MOS-transistors of SBC are operating in the subthreshold region, where 

the here called ‘current drive (CD)’ transistors (M10, M13, M16) are in triode, 

while the ‘current control (CC)’ ones (M9, M12, M15) are saturated [9]. The 

difference of their VGS appears across the drain-source voltage (VDS) terminal of 

the CD transistors, and this voltage is proportional to the thermal potential. Thus, 

VDS(CD) can be calculated as [2] 
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The logarithmic dependence limits the PTAT voltage generated by the single SC 



  

 

[10] Therefore, several pairs of SC are used to generate high temperature 

derivative, as shown in Fig. 3. The total PTAT, thus dual temperature 

compensated VREF is 
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In Fig. 3, U8 = U11 = U14, U8 = U6/ N1, and U17 = N2U8. Additionally, the 

proposed circuit uses Wilson current mirror (WCM), consisting of M19 and M20, 

which is a negative current feedback circuit. It increases the output impedance of 

the proposed voltage reference. Therefore, the WCM improves the PSRR of the 

voltage reference.  

 

 

 

 

Fig. 4 (Down) Chip micrograph. (Up) 

Layout of the proposed voltage 

reference circuit 

 

Fig. 5 Measured VREF vs. VDD 



  

 

 

 
 

Fig. 6 Measured VREF vs. temperature 

 

Fig. 7 Measured PSRR vs. frequency 

 
 

Fig. 8 Measured VREF noise vs. 

frequency  

Fig. 9 MC distribution of VREF  over 

200 samples at 27°C 

 

3. Experimental Results 

The proposed voltage reference is fabricated using Magnachip/SK Hynix 0.18 

µm, 6-metal standard CMOS process. The micrograph of the device is shown in 

Fig. 4 (Down). The proposed voltage reference has been fabricated as a part of 

3.8 mm × 1.9mm chip in a low profile quad flat package (LQFP). The active 

layout area is 0.0033 mm
2
 and the corresponding layout is shown in Fig. 4(up). 

Fig. 5 shows the VREF variation with the supply voltage VDD. In the VDD range 

from 0.42 V to 5 V, a mean reference voltage of 250.7 mV is generated with a  



  

 

Table 1. Performance comparison. 

 [9], 2015 [11], 2015 [12], 2016 
This 

work 

Technology (µm) 0.13 0.09 0.028 0.18 

Area (mm
2
) 0.0022 0.028 N/A 0.0033 

VDD (V) 0.9~1.2 1.15~1.3 0.85~4.1 0.42~5 

VREF (V) 0.550 0.723 0.252 0.250 

Temperature range (°C) 0~125 10~80 –15~80 0~125 

TC (ppm/°C) 11 10.1 218.8 3.2 

MC (σ/µ) % 2.59 0.86 0.19 4 

PSRR (dB) (100 Hz) –41 –45 –35 –54.5 

Line sensitivity (%/V) 0.9 mV/V 0.3 0.64 0.46 

Noise (µV/Hz
1/2

) @ 100 

Hz 

2.9 0.68 3.08 (10Hz) 2.88 

Power consumption (nW)  5 576 395 0.55 

 

line sensitivity of 0.46% at 27°C. Over a temperature range of 0 to 125°C, the 

lowest TC obtained is 3.2 ppm/°C for VDD =  0.5 V, as shown in  Fig. 6. Fig. 7 

shows the comparison of measured and post-layout simulation (PLS) PSRR with 

and without WCM circuit, respectively. With WCM a PSRR improvement of 

10.2 dB is achieved at 100 Hz comparing with –44.3 dB PSRR of the non-WCM 

circuit based proposed voltage reference. The output noise is 2.88 and 3.03 

µV/Hz
1/2

 at 100 Hz for WCM (measured) and without WCM (PLS)-based voltage 

reference, respectively, as shown in Fig. 8. Fig. 9 depicts Monte Carlo (MC) 

simulation of the VREF over 200 samples which corresponds a coefficient of 

variation (≈ σ/µ) of 4% at 27°C.  

Table 1 shows a comparison between the designed voltage reference circuit with 

the previously published works. The active circuit area of the proposed voltage 

reference is lower than the recently published work [11] mentioned in Table 1. In 

[9], the number of MOS-transistors is lower than the proposed circuit. Thus, [9] 

has better area performance than the proposed voltage reference. We exploited 

the subthreshold operation of the MOS-transistors which facilitates the proposed 

reference circuit with the lower supply voltage than the other attempts listed in 



  

 

Table 1. The low VREF and power consumption of the proposed circuit are 

achieved due to the utilization of the subthreshlod operation as well. In [9] and 

[11], a signification amount of power is consumed due to BJT bias. The lower 

power performance of [9] compared to [11] can be justified with the same 

argument as the proposed voltage reference. Further, the proposed architecture 

uses dual temperature compensation to cancel the effect of temperature change on 

VREF. The WCM enhances the output impedance of the proposed circuit and 

offers a high PSRR compared to the other recently published works. 

Consequently, our device is comparable to other circuits in chip area, line 

sensitivity, and output noise, and it is superior to others in power consumption, 

TC, and PSRR.             

4. Conclusion 

In this paper, a dual temperature compensated subthreshold operation-based 

voltage reference circuit is proposed and analysed to achieve near-zero TC. The 

power consumption is 545 pW at nominal supply voltage and 27°C. Additionally, 

WCM circuit is used to improve PSRR and output noise. The maximum active 

chip area is 62.4 × 53.22 µm
2
. Therefore, the proposed voltage reference is a 

competitive candidate for the low power biomedical electronic applications.   
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