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Abstract: On-chip systems are challenging owing to the limited size of the components, such as the 
capacitor bank in the rectifier. With a small on-chip capacitor, the output voltage of the rectifier 
might ring if the circuit experiences significant changes in current. The reference circuit is the first 
block after the rectifier, and the entire system relies on its robustness. A fully integrated dual-voltage 
reference circuit for bio-implantable applications is presented. The proposed circuit utilizes nonlin-
ear current compensation techniques that significantly decrease supply variations and reject high-
supply ripples for various frequencies. The reference circuit was verified using a 0.35 µm comple-
mentary metal-oxide semiconductor (CMOS) process. Maximum PSRR values of −112 dB and −128 
dB were obtained. With a supply range from 2.8 to 12 V, the proposed design achieves 0.916 and 1.5 
mV/V line regulation for the positive and negative reference circuits, respectively. 
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1. Introduction 
A block diagram of the bio-implantable system is shown in Figure 1. The external 

system comprises a coil driver, which wirelessly transmits power to the implanted sys-
tem. The transmitted power enables the operation of an implantable system comprising a 
rectifier, reference circuit, low dropout regulator (LDO), digital controllers, analog cir-
cuits, and stimulators. The reference circuit is the first block after the rectifier, and the 
entire system relies on the robustness of the reference circuit. The DC voltage is generated 
by passing through a rectifier and LDO from an AC power signal, which is wirelessly 
transmitted via an inductive link [1,2] or infrared radiation [3]. However, the misalign-
ment of the inductively coupled coils or the infrared source sometimes reduces the power 
transmission efficiency. Consequently, the implanted rectifier produces an unstable out-
put voltage ripple, which is then fed to the input terminal of the reference circuit. There-
fore, the voltage reference circuit must provide a stable output over the device process, 
power supply, and temperature variations. Significant works on reference circuit design 
have been reported in the literature [4–9], where attempts were made to reduce the vari-
ations in the voltage owing to temperature variations. In detail, the prior methods were 
based on compensating the negative temperature coefficient of a diode-connected bipolar 
junction transistor (BJT) or complementary metal-oxide semiconductor (CMOS) with a 
positive temperature coefficient thermal voltage. 

The temperature compensation, termed the curvature-compensation technique, of a 
first-order or higher-order nonlinear voltage or current is often limited by the operating 
supply voltage. Channel length modulation also occurs in the transistor when the supply 
voltage increases. A cascode current mirror, which enables high output impedance, was 
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commonly used in earlier studies to suppress the channel length modulation effect. How-
ever, at high supply voltages, a phenomenon called impact ionization in metal-oxide sem-
iconductor (MOS) transistors creates a leakage current to the substrate that causes prob-
lems in the cascode current mirror [10]. 

The voltage across the drain-depletion region and drain current change the magni-
tude of the substrate current. This is because the drain to the substrate parasitic resistance 
is created (for the NMOS) in parallel with the output impedance of the MOS transistor. 
Thus, as the supply increases, the parasitic resistance dominates and significantly reduces 
the total impedance of the cascode current mirror. This effect produces a significant error 
in the distributing current to all branches, including the temperature compensation cir-
cuits. Consequently, the temperature compensation circuits depend on the supply volt-
age. Increasing the supply voltage could produce errors in the voltage or current that se-
verely impact the line sensitivity of the reference circuit. Furthermore, these conventional 
methods require additional circuitry to sink the undesirable current out of the output 
branch or to add current to the output to compensate for the output voltage variations 
[11–14], resulting in an expansive layout footprint and higher power consumption. Ac-
cordingly, the typical compensation technique for voltage reference is unsuitable for im-
plantable devices. Since our body maintains a constant temperature of 37 °C, it is essential 
for bio-implantable applications to increase the line regulation efficiency and decrease 
power dissipation rather than temperature compensation. 

Motivated by this, we propose a novel reference circuit optimized for implantable 
devices that uses nonlinear current compensation circuits to increase the power line reg-
ulation performance and power supply rejection ratio (PSRR). The proposed reference 
circuit was designed using a standard SK-Hynix 0.35 µm CMOS standard process. 

 
Figure 1. Bio-implantable system diagram. 

The current paper extends our previous work in [15]. Our previous work focused on 
a positive reference only, which was used in LDO to generate a positive supply voltage. 
However, a negative supply in the stimulators (shown in Figure 1) is also needed to gen-
erate balanced biphasic pulses. Therefore, additional circuits, such as a charge pump cir-
cuit or inverting voltage circuit, were required in the previous work to generate the neg-
ative voltage, increasing the design’s total area, due to additional components such as 
capacitors. The new circuit in this paper fulfils this requirement by having positive and 
negative references. Furthermore, it utilizes simple compensation circuits to produce ex-
cellent performance in PSRR and line regulation for positive and negative reference volt-
ages. 
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2. Methods 
The proposed reference circuit diagram is illustrated in Figure 2. The core circuit is 

based on a self-biasing gate-source voltage reference [6]. The positive reference voltage, 
VREFP, is the established voltage across the current source circuit when both the current 
mirror and current source in the core circuit reach the desired operating point, as shown 
in Figure 2. However, an undesired operating point should be avoided because I1 = I2 = 0, 
a start-up circuit guarantees that the proposed circuit is not trapped in the zero-current 
state by initiating a current in the core circuit. The summation of VGS1 and VGS2 from ܸீ ௌ =஽ܸௌ,ௌ஺் + ்ܸ ு produces VREFP. The negative reference voltage, VREFN, indicates the voltage 
generated when IR flows into the resistor, R. The three compensation circuits devised in 
this work are designated as Comp-A, Comp-B, and Comp-C in Figure 2. 

 
Figure 2. The proposed reference circuit diagram. 

Comp-A and Comp-B aim at alleviating the supply-dependent current in I2 and IREFP1, 
leaving a constant current in the core and current mirror circuits. A constant current can 
be achieved by equalizing the slopes of S1 and S2, as well as those of S3 and S4, respectively, 
for Comp-A and Comp-B. Comp-C generates the current ICC, which is added to the current 
mirror circuit. Assuming that ICC and IREFP2 are linear currents, they may be written as ܫ஼஼ = ଺ݏ ௌܸௌ +  ஼஼_஽஼ (1)ܫ
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ோாி௉ଶܫ = ହݏ ௌܸௌ +  ோாி௉ଶ_஽஼. (2)ܫ

where ICC_DC and IREFP2_DC are the DC currents of ICC and IREFP2, respectively. If S5 = S6, ICC in 
Equation (1) can be written as ܫ஼஼ = ହݏ ௌܸௌ +  ஼஼_஽஼. (3)ܫ

The current through resistor the R is given by ܫோ = ஼஼ܫ− +  ோாி௉ଶ (4)ܫ

Substituting Equations (2) and (3) into Equation (4) gives: ܫோ = ஼஼_஽஼ܫ− +  ோாி௉ଶ_஽஼ (5)ܫ

Equation (5) suggests that an independent supply current IR (S7 = 0) is obtained if S5 = 
S6 (the detailed equations are provided in Appendix A). The PSRR performance is also 
increased by incorporating Comp-A, Comp-B, and Comp-C into the proposed circuit. The 
small-signal analysis that proves this idea will be presented later. 

Figure 3 illustrates the proposed dual-voltage reference circuit based on the circuit 
diagram shown in Figure 2. When the supply is powered up, the start-up circuit sinks 
some current through MN2, denoted as ISA, which then initiates a voltage at the gate termi-
nals of MP3 and MP4. The current starts flowing through MP3 and MP4, thereby establishing 
VREFP. When VREFP exceeds the threshold voltage of MN1, current flows through MP1 and 
MP2. The decrease in voltage at the drain terminal of MN1 moves MN1 into a deep triode 
region and eventually leads MN2 to operate in a cut-off region. MP6, MP5, MP12, MN7, and 
MP13 are newly added to the proposed reference circuit that consists of the Comp-A, 
Comp-B, and Comp-C circuits presented in Figure 2. The slopes of S2, S4, and S6 shown in 
Figure 2 can be adjusted by varying the size of transistors MP6, MN7, and MP13, respectively, 
as shown in Figure 3. VREFP can be obtained from the circuit as: 

ோܸாி௉ = ܸீ ௌ,ேଷ + ܸீ ௌ,ேସ. (6) 

MN6, MP7, and MP9 form a current reference circuit, providing IREFP1 to MP8. The non-
linear current in IREFP1 is compensated by Comp-B, resulting in IREFP2, which is mirrored by 
MN10. The constant current IR produces VREFN across R2, given as: 

ோܸாிே = ோܫ− × ܴଶ. (7) 

Since VREFN becomes more negative if IR increases, the source-gate voltage of MP13 in-
creases and more current flows into MP13. According to Equation (5), the increment in ICC 
decreases IR. Thus, the negative feedback loop returns VREFN back to its initial value. 

Figure 4a shows the equivalent circuit for the positive reference (VREFP) small-signal 
analysis. vR1 can be approximately equal to vrefp because it is the output of the source fol-
lower circuit formed by MN3 and R1 in Figure 3. Therefore, vg,P2 can be obtained by letting (ݒௗௗ − ௚,௉ଶ)݃௠,௉ଷݒ = ௢,ேଷݎ௚,௉ଶݒ + ܴଵ. (8) 

After rearranging Equation (8) for vg,P2, we obtain ݒ௚,௉ଶ ≈ ௗௗݒ , resulting in ݃௠,௉ସ൫ݒௗௗ − ௚,௉ଶ൯ݒ ≈ 0. Applying nodal analysis at the node of vm, the following equation 
can be derived: ݒௗௗ − ௢.௉ସݎ௠ݒ = ݃௠,௉଺൫ݒ௠ − ௥௘௙௣൯ݒ + ௠ݒ − ௢,௉଺ݎ௡ݒ + ݃௠,ேସ(ݒோଵ) + ௢,ேସݎ௥௘௙௣ݒ . (9) 

Assuming that ݎ௢,௉଺ and ݎ௢,ேସ are large, Equation (9) can be simplified as ݒௗௗ − ௢,௉ସݎ௠ݒ ≈ ݃௠,௉଺൫ݒ௠ − ௥௘௙௣൯ݒ + ݃௠,ேସ(ݒோଵ). (10) 
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Here, ݒ௠ can be derived from the circuit written as ݒ௠ ≈ ௥௘௙௣ݒ ቆ݃௠,ேସ݃௠,௉ହ + 1ቇ. (11) 

Substituting Equation (11) into Equation (10), vrefp/vdd can be obtained as follows: ݒ௥௘௙௣ݒௗௗ ≈ ௢,௉ସݎ1 ቆ ݃௠,௉ହ݃௠,௉଺. ݃௠,ேସ + ݃௠,ேସ. ݃௠,௉ହቇ. (12) 

Mathematical analysis shows that ݒ௥௘௙௣ exhibits small variations with 	ݒௗௗ. ݎ௢,௉ସ in 
Equation (12) ensures that the ratio of vrefp/vdd is nearly zero. The proposed Comp-A con-
tributes ݃௠,௉଺ in Equation (12), and hence increases the PSRR performance. 

A small-signal analysis of the negative reference is illustrated in Figure 4b. The signal 
path through MP10 and MP8 is ignored because IREFP1 is assumed to be an ideal current 
source. Assuming ݃௠,௉ଵଷ, ݃௠,ே଼ ≫ ଵ௥೚,ುభయ , ଵ௥೚,ಿఴ	, respectively, the ro of MP13 and MN8 can be 

neglected. From Figure 4b, the total resistance, RTOT, is extremely high, owing to ro,N7; 
hence, we can assume that ݒ௫ ≈ ௬ݒ ≈ ௬ݒ௦௦, resulting in ݃௠,ேଵ଴൫ݒ− + ௦௦൯ݒ ≈ 0. Applying 
nodal analysis at the node of vZ, the following equation is obtained: ݃௠,௉ଵଷݒ௥௘௙௡ + ݃௠,ே଼(ݒ௦௦ − (௭ݒ = ௭ݒ + ௢,ேଵ଴ݎ௦௦ݒ . (13) 

and ݒ௭ = ௥௘௙௡݃௠,ே଼ܴଶݒ −  ௦௦. (14)ݒ

 
Figure 3. The circuit diagram of the proposed dual-voltage reference circuit. 
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(a) 

 
(b) 

Figure 4. Small-signal equivalent circuits of the proposed circuit. (a) Positive reference 
circuit and (b) negative reference circuit. 

Substituting Equation (14) into Equation (13) and rearranging for vrefn/vss, we can ob-
tain Equation (15). ݒ௥௘௙௡ݒ௦௦ ≈ ݃௠,ே଼ܴଶ݃௠,௉ଵଷݎ௢,ேଵ଴݃௠,ே଼ܴଶ + ݃௠,ே଼ݎ௢,ேଵ଴ + 1 ≈ ܴଶݎ௢,ேଵ଴൫݃௠,௉ଵଷܴଶ + 1൯. (15) 

Equation (15) indicates that vrefn/vss is inversely proportional to ro,N10. In addition, ro,N10 
is increased by a factor of gm,p13R2, introduced by Comp-C, which decreases the ratio 
vrefn/vss. gm,p13 can be further increased by increasing ICC; however, IR will be reduced 
slightly, causing VREFN to become more positive. Hence, the PSRR is limited by the 
minimum value of VREFN. 
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The positive and negative reference voltages are fed into the LDO. Thus, PSRR in the 
LDO is influenced by the reference circuit. The PSRR performance of the LDO also 
includes an open-loop gain of the error amplifier and output capacitor. In practice, the 
reference voltage rejects supply noise at a low-frequency region only; hence a high PSRR 
reference at low frequency is required. The error amplifier maintains a high PSRR in the 
middle region until it reaches a 3-dB roll-off frequency. The output capacitor of the LDO 
determines the high-frequency PSRR performance. Table 1 tabulates the component 
parameters used for the proposed dual-voltage reference circuit. 

Table 1. Parameters of the transistors and resistors used for the proposed reference circuit. 

Component Parameters Component Parameters 
MP1, MP2 W = 0.5 µm, L = 25 µm MN1 W = 80 µm, L = 1 µm 
MP3, MP4 W = 4 µm, L = 1 µm, m = 50 MN2 W = 10 µm, L = 1 µm 

MP5 W = 1.15 µm, L = 1 µm MN3 W = 4 µm, L = 1 µm, m = 10 
MP6 W = 4 µm, L = 1 µm, m = 9 MN4 W = 100 µm, L = 3 µm 

MP7, MP8  W = 4 µm, L = 1 µm, m = 4 MN5 W = 4 µm, L = 1 µm, m = 20 
MP9, MP10 W = 16 µm, L = 1 µm MN6 W = 1 µm, L = 10 µm 

MP11 W = 4 µm, L = 1 µm MN7 W = 4 µm, L = 2 µm, m = 3 
MP12 W = 1 µm, L = 50 µm MN8, MN9 W = 5 µm, L = 10 µm 
MP13 W = 4 µm, L = 1 µm, m = 62 MN10, MN11 W = 1 µm, L = 10 µm 
R1 70 kΩ R2 150 kΩ 

3. Results 
The proposed reference circuit was verified using a Hynix 0.35 µm CMOS standard 

process. As shown in Figure 5a, VGS,N4 decreases, whereas VGS,N3 increases with increasing 
VDD. As ICA in Comp-A increases rapidly at higher VDD, VREFP decreases. Thus, the slope of 
VGS,N3 is assigned to be more positive than 3.5 mV/V to compensate for the variations at 
higher VDD. MN7 in Comp-B senses the variations in VDD and produces ICB, as shown in 
Figure 5a, which compensates for the current variation in IREFP1. The slope of ICB (S4 in Fig-
ure 2) can be adjusted by varying the size of MN7. Comp-C tracks the changes in voltage 
at node z, as shown in Figure 3, and produces ICC, which varies in the same manner as 
IREFP2, owing to channel-length modulation. ICC and IREFP2 vary from 10 µA to 19 µA and 
15.7 µA to 24.7 µA, respectively, and consequently, a stable IR of 5.7 µA is obtained when 
VSS ranges from 2.8 to 12 V. 

The variations in output voltage with respect to VDD and VSS are presented in Figure 
5b. For bio-implantable applications, that is, retinal prosthetics, it is crucial to generate a 
negative supply voltage for producing a cathodic waveform in a biphasic pulse [14]. Ac-
cordingly, we observed a negative output reference voltage with a supply dependency of 
1.583 mV/V. As shown in Figure 5a, the nonlinear ICC increases in a similar fashion to ICA; 
however, VGS,N3 compensates for the VREFP variation caused by ICA. Conversely, VREFN varies 
at a high supply voltage owing to unmatched current rate changes in ICC and IREFP2. Thus, 
the negative reference line regulation is larger than the positive reference line regulation 
(0.916 mV/V). 

The elaborate corner results for line regulation are shown in Figure 5c, according to 
which the compensation circuits proposed in this work can generate stable reference volt-
ages in various environments. Furthermore, the positive and negative PSRR results with 
respect to VDD and VSS are plotted in Figure 5d, where the maximum PSRRs of −112 and 
−128 dB were obtained for VREFP and VREFN, respectively. The PSRR difference between VREFP 

and VREFN arises from the different factors in the denominator; ro,P4 in Equation (12) in-
creases by a factor of gm,N4(gm,p5 + gm,p6), while ro,N10 in Equation (15) increases by approxi-
mately gm,P13. 



Electronics 2021, 10, 2024 8 of 11 
 

 

(a) (b) 

(c) (d) 

Figure 5. Results of (a) DC responses of VGS,N3, VGS,N4, ICA, ICB, ICC, and IR, (b) line regulation at typical 
condition (0	ܸ ൑ ஽ܸ஽ ൑ 12	ܸ	and	 − 12	ܸ ൑ Vୗୗ ൑ 0), (c) line regulation in different corners, and (d) 
PSRR. 

Finally, the overall performance of the proposed reference is tabulated in Table 2 and 
compared with the previous voltage reference circuits presented in [12,13,16]. The line 
regulation obtained was higher than those in [13,16], but lower than that in [12]. However, 
the proposed reference circuit exhibits excellent PSRR compared with [12,13,16]. The volt-
age range was 9.2 V, close to [13], while the corresponding quantities for [12,16] were 3 V 
and 0.5 V, respectively, indicating that the proposed work is robust to wide supply 
changes. Considering the accuracy and stability, the proposed reference circuit with ex-
cellent line regulation and PSRR is suitable for a wide supply and high precision LDO. In 
addition, the proposed negative reference could possibly replace the charge pump circuit, 
which is typically used to generate negative voltage. 

Table 2. Overall performance and comparison. 

Parameter This Work [12] [13] [16] 
Technology 

(µm)  0.35  0.35 1.6 0.18 

Supply voltage 
(V) 2.8~12 2~5 2.6~12 1.3~1.8 

VREF (V)  
1.4 (VREFP) 
−0.8 (VREFN) 1.14 1.6 1.17 
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Line regulation 
(mV/V) 

0.916 (VREFP) 
1.583 (VREFN) 

2 0.511 0.35 

PSRR (dB) −112 (VREFP) 
−128 (VREFN) 

−61 −59.2 −52 

4. Conclusions 
A high-PSRR wide-supply range dual-voltage reference circuit was proposed. In 

practice, the reference circuit needs to reject power supply noise only at low frequencies 
(usually a few tens of Hz), because the LDO error amplifier feedback ensures high PSRR 
for the remaining frequencies. Hence, the PSRR of −112 and −128 dB obtained from the 
positive and negative references, respectively, minimize the supply noise from the im-
planted LDO at low frequencies. When the supply ranged from 2.8 to 12 V, line regulation 
performances of 0.916 and 1.583 mV/V were obtained for the positive and negative refer-
ences, respectively. The proposed circuit is suitable for retinal prosthetic applications be-
cause balanced biphasic pulses in the stimulators can be generated by supplying stable 
positive and negative voltages, thereby avoiding damage to body tissues. Presently, a 
back telemetry digital controller and a dual-voltage LDO that incorporates the proposed 
reference circuit are under development. These designs will be fully integrated with 256-
pixel stimulators and implanted in a pig’s eyeball after in vitro testing. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

PSRR  Power supply rejection ratio 
LDO  Low-voltage drop regulator 
BJT Bipolar junction transistor 
CMOS Complementary metal-oxide semiconductor 
MOS Metal-oxide semiconductor  
NMOS N-channel metal-oxide semiconductor 

Appendix A 
From the proposed circuit in Figure 3, we have ܫ஼஼ = ஽ುభయ(1ܫ + ௣ߣ ௌܸ஽ುభయ). (A1) 

We can write the slope of S6 in Figure 2 as 
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|௏ೄೄ|ߜ஼஼ܫߜ = ௏ೄವ_ುభయߜ஼஼ܫߜ . ߜ ௌܸ஽_௉ଵଷߜ|௏ೄೄ| = ܵ଺ (A2) 

where ఋூ಴಴ఋೇೄವ_ುభయ = .஽_௉ଵଷܫ ௣ߣ  obtained from Equation (A1). For simplification ఋ௏ೄವ_ುభయఋ|ೇೄೄ|  is 

approximated 1, hence ܵ଺ = .஽_௉ଵଷܫ  ௣. (A3)ߣ

From Figure 3, we know ܫோாி௉ଶ = ோாி௉ଵܫ − ோாி௉ଵܫ஼஻ and  (A4)ܫ = ஽_ே଺൫1ܫ + ௡ߣ ஽ܸௌಿల൯.	 (A5)

The slope of S3 is obtained as follows ఋூೃಶಷುభఋೇವವ = ఋூೃಶಷುభఋೇವೄ_ಿల . ఋ௏ವೄ_ಿలఋೇವವ = ܵଷ. (A6) 

By assuming ఋ௏ವೄ_ಿలఋೇವವ = 1, hence ܵଷ = .஽_ே଺ܫ  ௡. (A7)ߣ

The variation of ܫோாி௉ଶ with respect to ஽ܸ஽ can be written as ܫߜோாி௉ଶߜ௏ವವ = ܵଷ − ܵସ		 (A8) 

or ܫߜோாி௉ଶߜ|௏ೄೄ| = .஽_ே଺ܫ ௡ߣ − ܵସ = ܵହ.	 (A9)ܵ଻ equal to 0 if ܵହ = ܵ଺, therefore ܫ஽_ே଺. ௡ߣ − ܵସ = .஽_௉ଵଷܫ 	.௣ߣ (A10)

The slope of S5 can be controlled by adjusting S4. The following derivation is for ob-
taining S4. First, ICB is assumed in the saturation region, ܫ஼஻ = ଵଶܭ௡ ቀௐ௅ ቁே଻ ( ஺ܸ − ்ܸ ு)ଶ. (A11)

S4 is obtained from the following equation: ܫߜ஼஻ߜ௏ವವ = ௏ಲߜ஼஻ܫߜ . ߜ ஺ܸߜ௏ವವ = ܵସ. (A12)

By assuming ఋ௏ಲఋೇವವ = 1, hence ܫߜ஼஻ߜ௏ವವ = ௡ܭ ൬ ܮܹ ൰ே଻ ( ஺ܸ − ்ܸ ு) = ܵସ. (A13)

Equation (A13) suggests that the size of MN7 adjusts the slope of S4. 
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