
Design of Bandgap Voltage Reference with Curvature Compensation for the Space 

Industry 

 

Jonathan P. Calvillo 
Instituto de Telecomunicações, 

Instituto Superior Técnico 

jonathan.calvillo@tecnico.ulisboa.pt 

 

Jorge Guilherme 
Instituto de Telecomunicações, 

Instituto Politécnico de Tomar 

jorge.guilherme@ipt.pt 

 

Nuno Horta 
Instituto de Telecomunicações, 

Instituto Superior Técnico 

nuno.horta@lx.it.pt 

 

 

Abstract1— The presented work describes the design steps of a 

Bandgap Voltage Reference (BGV) with Curvature 

Compensation suitable to be used in the Space Industry. The 

BGV circuit is an essential block for high performance and 

reliable circuits, with a wide range of applications in many fields 

from analog to digital circuits. This work focuses on the design of 

the different sub-circuits which integrate the bandgap voltage 

reference and the implementation of the trimming sections, to 

improve the performance in all the special conditions that the 

circuit might be exposed to. The circuit was designed in a 150 nm 

Silicon On Insulator (SOI) CMOS process technology, using 

components with radiation hardening characteristics. The 

simulations achieve a performance of 0.857 ppm/°C of 

temperature coefficient for a military temperature range, a 

1.25  V output reference voltage, and with a power consumption 

of 2.325 mW. 

I. INTRODUCTION 

In electronics, the analog and digital circuits consist of 

different blocks, having a specific function which allows them 

to work together in order to obtain a desired result. One of the 

most important blocks in a high performance circuit is the 

reference block, whose primordial function is to generate 

specific DC voltages and currents, independent from the 

variations in the circuit conditions due to noise and changes in 

supply source and temperature. 

 

This block is normally formed by various circuits as bias, 

start-up, and regulators. Those circuits are designed with 

passive and active components that by essence suffer 

variations in electrical parameters from external factors such 

as currents, noise, temperature and voltage. 

 

A project of Instituto de Telecomunicações (IT) and Instituto 

Superior Técnico, a solicitation from a third party was made to 

redesign and implement a voltage reference block for 

integration with a Bandgap Voltage Reference circuit, Start-up 

circuit, Bias circuit and Power down circuit. This 

implementation has been based on CMOS 150 nm technology 

with Radiation-Hardened components for space applications. 

 
 

A bandgap voltage reference is a temperature independent 

voltage reference circuit widely used in integrated circuits. It 

produces a fixed (constant) voltage regardless of power supply 

variations, temperature changes and circuit loading from a 

device. It commonly has an output voltage around the 

theoretical 1.22 eV bandgap of silicon at 0 K. 

 

This document describes the design of a 2nd order bandgap 

voltage reference with curvature compensation, divided in 5 

sections from the introduction (I) to the conclusions (V), 

presenting in section II the background & the state-of-the-art 

considered for this work. The section III show the design of 

different blocks; section IV presents the simulations and 

results obtained. 

 

II. BACKGROUND & STATE OF THE ART 

A. Background 

The voltage reference circuit is a system that generates very 

precise output voltage. Ideally, the system isn’t affected by the 

input voltage, load current, temperature, time or any other 

disturbance. 

This circuit is normally confused as a voltage regulator, but 

even when both circuits are quite similar, the accuracy 

between these systems distinguish one from another. The 

voltage reference is a circuit which is extremely precise at its 

output signal, with a reduced noise, a long-term stability and 

less power consumption [1]. 

A voltage reference performance can be evaluated on its 

reliability and accuracy. The performance of the system in the 

steady state suffer an influence from the regulations in the line 

and load, mismatches in the components. In the transient state 

is being influenced by others factors as: 

 Temperature Coefficient (TC). 

 Linear Regulation. 

 Power Supply Rejection Ration (PSRR). 

 Output Noise. 
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B. Operating Function 

The bandgap energy is the potential between conduction and 

valence band in semiconductors. In the design of a BGV circuit 

this value is determined by extrapolating back the PN junction 

voltage at 0 K of temperature. This characteristic names the 

circuit, based on subtracting the voltage of a BJT having a 

negative temperature coefficient from a voltage proportional 

to absolute temperature (PTAT). 

 

 

Figure 1 - BGV Operating Function. 

 

Figure 1, illustrates the operating function of a bandgap 

reference circuit, where the PTAT voltage is obtained by 

amplifying a difference in the voltage of the two forward-

biased base-emitter junctions. The PN junction generate a 

complementary to absolute temperature voltage (CTAT) also 

known as emitter-base voltage for the case of PNP transistors, 

this voltage also generates a thermal voltage which is a PTAT. 

 

The thermal voltage (VT) is amplified by a constant K and 

added to the emitter-base voltage (VEB) or CTAT, resulting in 

by Equation 1. Where the output voltage is the sum of two 

components (CTAT & PTAT). 

 

𝑉𝑅𝐸𝐹 = 𝑉𝐸𝐵 + 𝐾 ∗ 𝑉𝑇 Eq. 1 

 

C. Second Order Compensation 

The high order compensation is also known as curvature 

compensation or curvature correction. Theoretically, the 

adjustment to obtain a near-zero temperature coefficient 

voltage is based on the proper scale of CTAT and PTAT 

voltages which these voltages are rarely precisely and linearly 

proportional to temperature. 

 

This second order temperature dependent voltage is 

expressed as 

 

𝑉𝐵𝐸(𝑇) = 𝑚(𝑇) ∗ 𝑉𝐶𝑇𝐴𝑇(𝑇) + 𝑛(𝑇) ∗ 𝑉𝑃𝑇𝐴𝑇(𝑇) Eq. 2 

 

 

The extension of a voltage with second order TC at the 

appropriate temperature region will increase the reference 

voltage at the selected temperature region, and thus archive a 

low TC reference voltage over a wide temperature range. 

D. State of the Art 

A wide assortment of topologies for second order 

compensation was published in the last 15 years, making 

difficult to select the topology, these architectures are 

implemented with different stages and techniques but all 

following the principle of the compensation. 

 

The reference topology used as influence to implement this 

project is a popular architecture proposed in 2001 by [2]. The 

characteristics and results presented, fix into the type of 

topology look to fulfill the specifications for this project.  

 

Figure 2 shows the schematic of the bandgap circuit 

presented in [2]. As expressed by the authors the architecture 

used allow a direct implementation of the curvature 

compensation method. 

 

 

Figure 2 - Topology proposed in 2001 by [2]. 

 

E. Circuit Comparison 

Knowing that there more than a few parameters to be 

considered in a comparison of Bandgap Voltage Reference 

circuit and even more different techniques. In a simplification 

Table 1 shows a rough correlation of the recent publications. 

 

F. Specifications 

The specifications proposed in this project are indicated on 

Table 2, where the BGV must be stable and with a certain 

number of bits to program the trimming section. 

A crucial request for this implementation are the feature that 

helps to avoid the radiation effects, which are using a specific 

technology and 10 µA of current in each branch of the circuit. 

 

Table 2 – Specifications of this work. 

Voltage 

Reference 

[V] 

Supply 

Voltage 

[V] 

Current 

Cons. 

[mA] 

TC 

[ppm/°C] 

PSRR 

[dB] 

1.25 3.3 <1 <10 >60 

VBE

Vt K

Σ

KVt

VREF = VBE + KVt

+V



Table 1 -  Correlation between some architectures. 

Ref. 
Tech. 

[µm] 

VREF 

[V] 

TC 

[ppm/°C] 

TR [°C] Supply 

Voltage 

[V] 

PSRR 

[dB] 
Year Topology 

From To 

[3] 0.18 0.82 15.67 -55 125 1.7 96.56 2013 2nd Order Compensation 

[4] 0.18 1.195 7.72 -40 125 2.6 62 2013 1st Order Compensation 

[5] 0.18 0.767 4.5 -40 120 1.2 - 2014 
Curvature Compensation with a 

second Amp. 

[6] 0.35 1.25 2 -55 125 3.3 81.93 2016 2nd Order Compensation 

G. Summary 

Choosing a suitable architecture to implement took several 

considerations, from the performance presented in their 

respective publication to the specifications needed for the new 

circuit. Discarded from the selection, the topologies that uses 

just a first order compensation due to their high temperature 

coefficient intended to accomplish. 

 

The selection of the best architecture was reduced by 

skipping solutions that need a second operational amplifier to 

implement the curvature correction, is more practical to 

implement just one operational amplifier and compensate the 

output though another bipolar transistor with a couple of 

resistors. 

 

In general, the selection of the target topology [2] was due to 

the facilities of application of techniques to improve the 

quality of the circuit. The chosen topology is older if 

comparted with recent topologies, but the architecture not only 

allows modifications in the different blocks of the circuit, also 

proves to have a good performance in a recent implementation 

as demonstrated in [6]. These results literally influenced the 

decision of maintain the chosen topology. 

III. CIRCUIT DESIGN 

The BGV architecture is illustrated as a block diagram in 

Figure 3. 

 

 

Figure 3 - BGV Block Diagram. 

 

Hence, the whole circuit is divided into 7 sub-circuits (Bias, 

Curvature Compensation, OTA, Output Stage, Power-Down, 

Start-up & Core). These sub-circuits perform a particular 

function which allow the BGV to function as specified. 

 

A. Drain Voltage Equalization Current Mirror (Core) 

The drain voltage equalization current mirror is better known 

as the core or the PTAT (∆VEB). Being the difference of VEB 

between two Bipolar Junction Transistors biased with different 

current densities (∆J). The current density is associated to the 

emitter areas. An important consideration must to be assumed 

is that the emitter areas have a ratio between them of 1:N, and 

the bias current or emitter current are equals. Figure 4 illustrates 

how the ∆VEB is obtained from the BJTs. 

 

  

Figure 4 - ∆VEB Extraction. 

 

Directly from Figure 4, if VA=VB, the ∆VEB will be the 

same as the voltage in R0, due so the current flowing through 

the resistor is defined in Equation 3. 

 

 

𝐼0 =
∆𝑉𝐸𝐵
𝑅0

=
𝑉𝑇 ln(𝑁)

𝑅0
 Eq. 3 

 

In order to ensure the conditions of equality in the circuit 

such as the currents and the voltages (VA=VB). A current 

mirror with PMOS is implemented to give a better similitude 

between the currents, and for the voltage a drain voltage 

equalization technique is implemented meaning placing a 

OPAMP (in this case an operational transconductance 

Q1 Q0

R0
- 
 

V
E

B
 +

I0 I1

1:N

VA VB



amplifier) in the positive feedback loop with its input 

connected to the drains of the transistors in the current mirror. 

B. Operational Transconductance Amplifier 

The Operational Transconductance Amplifier (OTA) is an 

operational amplifier with high impedance in the input and the 

second stage. Its principal function is to produce an output 

current based on differential input voltage, also known as 

Voltage Controlled Current Source (VCCS). 

 

Considering the characteristics of this type of OPAMP in 

combination of ease analysis and implementation, a 2nd stage 

Miller OTA circuit was selected to carry out the duty for this 

BGV. Figure 5, illustrates the schematic used for the 

implementation of OTA. 

 

 

Figure 5 - Operational Transconductance Amplifier schematic. 

 

C. Self-Bias Generator 

A self-bias circuit is implemented for biasing current into the 

OTA block, and also for generating a polarization voltage for 

the cascode stage in the current mirror of the BGV. In Figure 

6 the architecture used to implement this circuit is illustrated. 

 

  

Figure 6 - Self-Bias Circuit schematic. 

 
There is another stage of the bias that is formed by two mirror 

transistors of the cascode previously mentioned and there is 

also a configuration which supplies the gate voltage for the 

second stage in the cascode of the bandgap reference. This is 

also represented in Figure 6. 

D. Start-up Circuit 

A startup circuit is a section of BGV that “Starts-Up” the 

circuit keeping out the undesired operation points, and once it 

reaches the desire operation point it doesn’t interfer with the 

operation of the circuit. 

 

There are a couple of methods to implement this section, 

which are injecting or extracting current, upsetting the 

equilibrium of the circuit forcing the OTA circuit to restore the 

equilibrium and generating a reference. This reference will 

turn the startup circuit off and isolate the startup circuit from 

the bandgap core. 

 

In this solution, the startup circuit is based on the method of 

injecting current to initialize the circuit. The architecture is 

illustrated in Figure 7. 

 

  

Figure 7 - Startup Circuit schematic. 

 

E. Second Order Compensation 

The implementation of a second order compensation in the 

schematic is following the line proposed in [2]. Figure 8, 

illustrate the used configuration. This compensation is a BJT 

Subtracting Current Technique which adds a BJT current 

source with second order temperature dependency achieving 

the second order curvature correction. 

 

The solution to correct the nonlinear term which is a 

combination between VPTAT (VEB) and another VEB with 

temperature-independent current, injecting the current into a 

BJT with the same configuration as the other BJTs, and 

producing the VEB needed to correct the nonlinearity. The 

difference from these terms refers to the nonlinear term, as 

indicated in Equation 4. 

 

𝑉𝑁𝐿 ≅ 𝑉𝐸𝐵2 − 𝑉𝐵𝐸1,2 =
𝑘𝑇

𝑞
ln (

𝑇

𝑇0
) Eq. 4 
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Figure 8 - Second Order Configuration. 

 

F. Output Stage 

The output stage is a simple single-ended stage formed by a 

current mirror and a resistor, connected to an output filter. The 

output filter was implemented with integrated components 

(resistor of 5 KΩ & capacitor of 50 pF), and a unique external 

component (ideal) which is a decoupling capacitor of 10 µF 

(the CL in Figure 9), being taken into account for simulations 

as illustrated in Figure 9. 

 

 

Figure 9 - Output Stage with Filter. 

 

G. Power Down Block 

A Power down block, which is one of the specifications for 

this implementation, is a power down section that allows a 

very low power consumption when activated.  

In order to reduce the power consumption when the circuit is 

disabled, the power down circuit is activated making the 

bandgap circuit to “turn-off”. This block is composed by 

several transistors that work as switches which closes isolating 

the circuit from the power supply.  

 

The core circuit is basically two inverters connected in series 

and with a respective capacitor at its output; working at a high 

logical level the inverters pass the signal, resulting in two 

different logical levels (0 & 1). These logical levels will supply 

gate voltages for different transistors strategically located in 

every stage of the BGV forcing its function as switches and 

isolating the consumption, grounding or biasing with VDD, 

the circuits in every block. 

 

Illustrated in Figure 10 is the core of the power down circuit, 

presenting two inverters that provide both voltage levels to 

shut down the circuit. 

 

 

Figure 10 - Core Power Down Circuit schematic. 

 

H. Trimming Networks 

Due to the process variations and mismatches in the 

manufacturing process, all components vary from their 

designed values. Particularly in this case those variations are 

translated as voltage variations in the reference output. To 

achieve the accuracy at the output a post-fabrication technique 

to adjust the circuit is implemented, called “trimming”. 

 

The trimming is implemented in the current circuit in some 

of the resistors on the circuit to improve the accuracy of the 

output voltage. This resistor network is controlled by bits 

which are limited by specification, controlling the value of the 

resistor across corners and special mismatch conditions. 

Figure 11 represents the configuration used for these resistors. 



 

Figure 11 - Representation of trimming configuration in R0. 

 
In order to evaluate the values of every resistor, a full 

simulation with all corners and variables is needed to obtain 

the values of the resistors in extreme cases, later on, these 

values will be achieved with trimming. For the whole range of 

temperature and corners the maximum and minimum values 

are taken into account. The equations are given by 

 

𝑅𝑀𝑎𝑥 = 𝑅𝑋 + 𝑅𝑌 Eq. 5 

  

𝑅𝑀𝑖𝑛 = (
𝑅𝑋 ∥ (𝑅0.0 + 𝑅𝑀00) …
… ∥ (𝑅0.𝑁 + 𝑅𝑀0𝑁)

) + 𝑅𝑌 Eq. 6 

 

       

IV. SIMULATIONS & RESULTS 

A key part in this project is the sizing of the transistors, 

resistors, and capacitors of the different blocks of the circuit. 

The “Analog Integrated Circuit Design Automation” (AIDA) 

software [7] was used to optimize the sizing on the devices. In 

this technology (Atmel CMOS 150 nm), there are 32 corners 

and 1 typical condition used to analyze the circuit. 

 

The analyses made to evaluate the circuits, can be classified 

into three different types, which are AC, DC and Transient 

analyses. For every block of the circuit specific measurements 

were extracted from the simulations 

 

A. Results 

The implementation of the second order, follows the method 

mentioned in previous chapters. Also the optimization for this 

circuit configuration was performed in AIDA-C, results 

presented in Table 1. A key point of this presented solution is 

the small TC obtained for the sizing presented on Table 2. 

 

From the results presented in Table 1 is possible to realize 

that a few measurements for corners are higher than expected, 

due to this a trimming section is implemented. Figure 12, 

illustrates the output voltage with the second order 

configuration without the trimming section.  

 

 

Table 1 - 2nd Order Compensation Results without trimming. 

 Worst Typical Best 

TC [ppm/° C] 34.164 0.13184 0.13184 

VBG [V] 1.2392 1.25003 1.2633 

Voff @25 °C [µV] 13300 25.496 25.496 

IDD [µA] 750.72 634.45965 548.96 

IR0 [µA] 11.2339 13.27544 16.0785 

PSRR @ 1 Hz [dB] 73.05 77.628 79.628 

PSRR @ 1 MHz [dB] 121.34 121.8117 124.05 

 

Different trimming networks were implemented in order to 

improve this, with 7 bits in every arrangement of resistors. 

 

 

Figure 12 - Output Voltage Reference with Second Order 

Compensation without trimming section. 

 

Once the full circuit is implemented with both trimming 

networks, all the simulations were performed once more in 

order to validate the new data results and possible issues by 

sweeping the programming codes of the bits to detect the best 

programming code (combination) for every corner case. In 

Figure 13, the output voltage of the circuit for every corner with 

the trimming sections. 

 

Table 2 - Sizing of BGV without trimming. 

  Width 

[µm] 

Length 

[µm] 
Multiplicity 

T
ra

n
si

st
o

r Top level 

current mirror 
2.59 4.95 8 

Bottom level 

current mirror 
18.17 4.99 16 

R
es

is
to

r 

R0 2 25.36 1 

R1 & R2 2 187.25 1 

R3 2 206.7 1 

R4 & R5 2 57.35 1 

 

 

The results of the first and second sweep are indicated in 

Table 4. 

 



Table 3 - Final Comparison. 
 This Project CMOS 350 nm Silicon Project 

 Typical Worst Typical Worst Typical Worst 

IDD [µA] 704.82 835.76 737 962 2.34e3 3.35e3 

TC [ppm/°C] 0.85702 1.6093 2 10.991 7.75 10.46 

VGB [V] 1.2511 1.249/1.254 1.249 1.274/1.251 1.235 1.21/1.26 

PSRR [dB]  81.833 81.057  84.406 81.926 56.54 64.695 

Table 4 - Second Sweeping Results. 

Corner 
Code 

1st 

Code 

2nd 

TC 

[ppm/°C] 

VBG @ 

25°C [V] 

Typical 57 31 0.6414 1.2511 

[1-4] 39 33 0.6473 1.2493 

[5-8] 58 32 0.5242 1.2510 

[9-12] 52 36 0.7522 1.2498 

[13-16] 77 33 1.4818 1.2542 

[17-20] 52 36 0.5904 1.2493 

[21-24] 76 31 1.2111 1.2537 

[25-28] 39 32 0.7912 1.2499 

[29-32] 58 30 0.6843 1.2518 

 

In order to conclude, the final result with all the parameters 

a MC simulations were performed obtain the results 

presented in Table 5. The stability during the MC analysis 

maintains reliable and the current consumptions is still under 

1 mA. 

Table 5 - Monte Carlo Results. 

 3Ϭ - Min 3Ϭ - Max Mean 

TC [ppm/°C] 0.25736 38.05758 8.90965 

VBG [V] 1.22477 1.27778 1.25084 

Voff @25 [V] 1.53E-06 0.02778 0.00695 

PSRR @ 1 Hz 69.26003 140.87518 81.6459 

PSRR @ 1 MHz 134.42145 136.47917 135.48292 

 

Figure 13 - Output Voltage Reference with trimming section for 

every corner. 

V. CONCLUSIONS 

The overall performance of the BGV circuit proves to meet 

the specifications in almost every measure. One last simulation 

was made to evaluate the unique operating point in MC 

simulation, the results are represented in Figure 14. 

 

When a deeper analysis was made in the case of Monte 

Carlo, it is clearly observed that with a really small adjustment 

in the trimming values, and perhaps with a better performance 

in the amplifier, the results will improve even more. 

 

 

Figure 14 - Representation of Unique Operating Point with MC 

simulation. 

 

A comparison between similar projects is represented in 

Table 3, were the most related works to this one are indicated 

from one made it in CMOS 350 nm technology and one 

implemented in silicon. This comparison allows have a wide 

overview of this project even when the technologies and 

topologies aren’t the same. 

 

All the objectives established at the beginning of this project 

was accomplished and the results attained are considered 

satisfactory. Following the common workflow in the creation 

of IC designs, the next stage involves the creation of the layout 

and validation of the performance before fabrication. 
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