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ABSTRACT 

Space exploration is a large field that requires high performing circuitry due to the 

harsh environment. Within a space environment one of the biggest factors leading to circuit 

failure is radiation. Circuits must be robust enough to continue operation after being 

exposed to the high doses of radiation.  Bandgap reference (BGR) circuits are designed to 

be voltage references that stay stable across a wide range of supply voltages and 

temperatures. A bandgap reference is a piece of a large circuit that supplies critical 

elements of the large circuit with a constant voltage. When used in a space environment 

with large amounts of radiation a BGR needs to maintain its output voltage to enable the 

rest of the circuit to operate under proper conditions. Since a BGR is not a standalone 

circuit it is difficult and expensive to test if a BGR is maintaining its reference voltage.   

This thesis describes a methodology of isolating and simulating bandgap 

references. Both NPN and PNP bandgap references are simulated over a variety of 

radiation doses and dose rates. This methodology will allow the degradation due to 

radiation of a BGR to be modeled easily and affordably. It can be observed that many 

circuits experience enhanced low dose rate sensitivity (ELDRS) which can lead to failure 

at low total ionizing doses (TID) of radiation. A compact model library demonstrating 

degradation of transistors at both high and low dose rates (HDR and LDR) will be used to 

show bandgap references reliability. Specifically, two bandgap references being utilized in 

commercial off the shelf low dropout regulators (LDO) will be evaluated. The LDOs are 

reverse engineered in a simulation program with integrated circuit emphasis (SPICE). 

Within the two LDOs the bandgaps will be the points of interest. Of the LDOs one has a 
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positive regulated voltage and one has a negative regulated voltage. This requires an NPN 

and a PNP based BGR respectively. This simulation methodology will draw conclusions 

about the above bandgap references, and how they operate under radiation at different 

doses and dose rates. 
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CHAPTER 1 INTRODUCTION TO BANDGAP REFERENCES 

1.1 Historical Perspective 

For many analog and mixed signal (A/MS) integrated circuits (IC) producing 

accurate signals with low noise and distortion is critical. However, for A/MS circuits 

operating in extreme environments, maintaining a high level of precision over wide 

temperature ranges and high levels of radiation can be difficult. One example of an extreme 

environment is space. Space can expose circuits to very large temperature fluctuations as 

well as to large doses of radiation over time. One critical piece of circuitry for provided 

temperature stability in A/MS circuits is the bandgap reference (BGR). The BGR is 

designed to provide a stable reference voltage for many components in an IC [1-4]. 

Bandgap references are designed to be both supply and (mostly) temperature independent 

within a specified range. Therefore, if there is a temperature shift in the environment the 

BGR will hold its voltage and allow the rest of the circuit to operate properly.  

Radiation exposure in space has shown to cause many types of A/MS ICs to fail, 

including linear bipolar circuits that use BGRs composed solely of bipolar junction 

transistors (BJTs) [2], [6-20], [23], [44], [48], [54]. Exposure to a total ionizing dose (TID) 

of radiation degrades the current gain of BJTs which can cause the BJT-based bandgap 

reference voltage to drift out of specification. BJTs and linear bipolar circuits are also 

susceptible to enhanced low dose rate sensitivity (ELDRS). This means that BJTs will 

degrade more rapidly as a function of TID when exposed to a low dose rate (LDR) 

compared to a high dose rate (HDR) [7-9], [14], [17-19], [21-23], [26], [29], [37], [40-43]. 
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One of the most basic temperature independent voltage references developed was 

a Zener diode reference. Although this design works, it requires a supply voltage large 

enough to breakdown the Zener diode. Therefore, for most technologies it is only practical 

for supply voltages greater than 7V [1]. Once the Zener diode is put into an avalanche 

breakdown mode its resistance is negligible and it act as a near zero temperature coefficient 

(TC) voltage source [1-5]. Still, for the Zener diode reference a temperature independent 

voltage source is required. This is where a supply independent BGR becomes necessary. 

  Bandgap references were first introduced in 1971 by Robert Widlar, but were they 

quickly improved upon by Paul Brokaw [2]. The Brokaw cell enables the BGR to perform 

at both high and low supply voltages. The Brokaw cell’s high voltage capabilities removes 

the need for any Zener references. The cell set the stage for the future of almost all BGRs. 

To be used in most linear analog circuits, bandgap references need to operate at low and 

high supply voltages without losing their temperature insensitivity. The basic idea behind 

a bandgap reference is to cancel the negative TC of a BJT’s base emitter voltage with the 

positive TC of the thermal voltage. This process in theory will allow for a total TC near 

zero. Fig. 1 provides a conceptual illustration for how a BGR is implemented. 

 

Fig. 1 Hypothetical BGR [1] 
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This conceptual BGR schematic shows how the temperature dependences of the 

BJT’s Vbe(ON) and thermal voltage, VT, can effectively offset each other. The thermal 

voltage, VT, is equal to kT/q = 0.2586 V at 300K, where k is Boltzmann’s constant, q is the 

magnitude of electronic charge, and T is the lattice temperature. At 300K VO is typically 

1.21V (near the bandgap energy of silicon) which is the sum of the ≈0.6V from the Vbe(ON) 

summed with an amplified version of thermal voltage. The amplification will bring the TC 

of VT to nearly 2mV/ ℃ to create the overall TC of 0 V/ ℃.  

The Brokaw cell does come with a few minor downsides one being TC curvature 

and the other being noise. These bandgaps exhibit a positive TC at high temperatures and 

a negative TC at low temperatures [2]. This TC change can shift the reference voltage by 

about +/- 1% depending on the temperature. Secondly, the summing amplifier requies a 

large gain which drastically increases noise generated from the BJT’s. This limits a BGR’s 

practicality within noise sensitive circuits like high resolution analog to digital converters 

(ADC) [2].  With careful design many drawbacks of the BGR can be mitigated at the cost 

of making a more complex circuit.  

1.2 Bandgap Reference Design Considerations 

A bandgap reference uses a combination of proportional to absolute temperature 

(PTAT) and complementary to absolute temperature (CTAT) references. PTAT references 

increase with temperature and CTAT references decrease with temperature. A BGR will 

use the sum of the CTAT and PTAT currents to reach close to temperature independence 

within a certain temperature range [4]. BGRs utilize a combination of two transistors with 
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different emitter current densities. One BJT will typically run at an 8-10 times larger 

current density than the other. This creates a  

voltage differential (≈60mV at 300K, or 27℃) which is then amplified and added to a VBE 

to get the reference voltage of the BGR [2].  A full analysis of one type Brokaw cell design 

is provided below.  

As mentioned above an ideal BGR should have a low TCF with both long- and 

short-term stability. A BGR also needs to be insensitive to loading since in almost all cases 

a BGR will be supplying other blocks within a large circuit [3].  

 

Fig. 2 Brokaw Cell [3] 

Fig. 2 illustrates a simple Brokaw cell design. It contains two diode connected BJT’s and 

an amplifier. In the Brokaw cell the output reference, VO, is set by Vbe1 and a resistor ratio. 

ΔVbe 

Vbe1 
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Due to the opamps virtual short we can expect Vbe1 on both the positive and negative 

terminals. This introduces a ΔVbe across resistor R3. VO can be modeled as a sum of Vbe1 

and a gain of M*ΔVbe, where M is set by the resistor ratio (R2 + R3)/R3. A more general 

function for VO specific to the BGR circuit is given in Eq. 2 below where the VGO term is 

the approximate bandgap voltage of  

                                  𝑉0  =  𝑉𝐺𝑂 + (η − 1)
𝑘𝑇

𝑞
− (η − 1)

𝑘𝑇

𝑞
ln (

𝑇

𝑇0
)                                  (1) 

silicon at 0K (1.21V). This equation reveals the positive and negative temperature 

dependent factors of the BGR output. In Eq. 2 η = 4-n where n is a parameter dependent 

on the doping concentration and T0, which is the temperature at dVO/dT = 0V/ ℃ [3]. 

Typically, T0 is set between 25 ℃ and 28 ℃. The functional dependence of VO and T is 

roughly parabolic near T0. It can be seen in Eq. 2 that when T = T0 then VO = VGO + αVT. 

At T = T0 there is ideally total temperature independence. This parabolic relationship 

between VO and T is illustrated in Fig. 3.  

 

Fig. 3 Parabolic Temperature Relationship [2] 

The small concavity of the function near T0 is acceptable since if the temperature ranges 

from           -55℃ to 125 ℃ there are only small changes in VO (<10mV). An additional 

source of error comes from the opamp’s voltage drift [3]. Voltage drift of the amplifier 
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shifts the entire parabolic curve of the BGR. To compensate for this more diode pairs can 

be added along with a preamplifier stage [3]. Designing a low drift amplifier will greatly 

increase the temperature stability of the BGR.  

A BGR often acts as a startup for many of the blocks on a single integrated circuit 

[2]. Therefore, a BGR needs to start up promptly so that it may power the rest of the system 

[2]. This calls for a highly reliable startup circuit to get the BGR running.  Startup circuits 

are designed to provide initial biasing for many of the transistors within the BGR. After 

the startup toggles the BGR to its targeted reference voltage, it should draw little to no 

power.  

1.3 Overview of Bandgap Reference Reliability Concerns Related to NPN vs PNP 

A typical BGR is composed of an amplifier and a transistor pair. Each block needs 

to be working properly to achieve optimal performance. The amplifier is used to provide 

feedforward gain to the small voltage difference generated by the different current densities 

through the transistor pair. This amplifier’s gain will be a main factor in setting the 

reference voltage. This can be used as a benefit to select a specify desired reference voltage. 

If the opamp is not working properly the BGR will set an incorrect reference voltage and 

will likely exhibit greater temperature sensitivity.  

Within a BGR there are critical transistors that must be carefully placed to ensure 

operational stability [8]. Due to the bandgap reference’s importance to the A/MS circuit, it 

is crucial to select a BGR that is the most resistant to all forms of degradation. In this thesis, 

two BGR architectures will be investigated based on NPN and a PNP topology. The PNP-
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based BGR is used in a negative voltage low dropout regulator (LDO), e.g. the LT1175, 

which requires a negative reference voltage. The LT1175 has a supply range down to -20V. 

It needs a BGR supplied reference voltage of -3.8V across this supply range. The NPN 

critical transistor BGR is used in a positive regulating LDO, e.g. the LP2953. This LDO 

has a supply of 2.3-30V and the NPN BGR must maintain its 1.22V reference across the 

supply range.   

1.4 Goals and Approach 

This thesis will discuss the robustness of both BGR types to TID. Test and modeling 

results on two commercial-off-the-shelf (COTS) linear bipolar parts, the LT1175 and 

LP2953, that use one or the other BGR types will be presented. Both parts are low dropout 

regulators (LDO) and require BGRs to perform their functions. The LT1175 regulates a 

negative voltage utilizing a PNP pair for the BGR, and the LP2953 regulates a positive 

voltage with an NPN pair in the BGR. Analysis of the standalone BGR and its 

implementation in the LDOs will show if any significant differences exist between the two 

types of BGRs after they have been irradiated. The data and analysis gathered will provide 

information as to which BGR may be more reliable in high radiation environments. This 

may allow engineers to quickly chose a circuit for a project based on its bandgap reference 

type. The circuits and models developed will also grant a cheaper method for verifying an 

irradiated circuits long term reliability in extreme environments.  

This project will use a large database of post-irradiation NPN and PNP 

characteristics that were obtained from experiments or models. With this database, compact 

models are developed to simulate degraded BJTs in circuits as a function of TID at both 
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HDR and LDR. Circuit modeling with SPICE can help mitigate the costs of irradiating and 

testing actual hardware.  
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CHAPTER 2 RADIATION EFFECTS BACKGROUND 

2.1 Total Ionizing Dose Effects: Radiation-induced Defects 

Radiation in the space environment can cause transient errors and permanent 

changes to semiconductors material parameters. In space the primary sources of radiation 

are energetic particles, which are specifically electrons, protons, photons, alpha particles 

and heavy ions.  When a material is struck by a particle the mass, charge, and kinetic energy 

of the particles all play a role in how much damage is caused [48]. The two main forms of 

degradation are displacement and ionization. This thesis will only focus on degradation 

due to ionization damage.  

Total ionizing dose (TID) uses the unit rad which is the energy absorbed per unit mass of 

the target material [50]. Many materials used in circuits have different rates at which 

electron hole pairs (ehps) are generated per rad. Table 1 compares GaAs a direct bandgap 

material commonly used in optoelectronic applications to silicon and silicon dioxide. The 

mean energy required to ionize a material is dependent on the materials bandgap energy. 

 

This leads to a strong relationship between bandgap energy and number of ehps generated 

at a certain dose. 
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Fig. 4 TID Damage Process [50] 

The process associated with TID damage in SiO2 are shown in Fig. 4. These processes 

include 1) the generation of ehps, 2) recombination of some of the ehps, 3) transport of free 

carriers remaining in the oxide, and 4) creation of trapped charge in the oxide or traps 

forming at the oxide semiconductor interface [50]. The free carriers causing the oxide 

trapped charge and interface traps will be the focus for the remainder of the section.  

 Due to mobility differences electrons can move rapidly out of the oxide whereas 

holes have a much higher susceptibility to be trapped in the oxide. Hole mobility depends 

on the electric field and temperature. At low temperatures and low electric fields holes 

move slowly within the oxide [51]. The oxide trapped charge is typically net positive due 

to the slower holes being captured at oxygen vacancies within the SiO2. There are two 

vacancy defects (E’): Eδ’ and Eγ’. The Eδ’ vacancy forms shallow traps within the SiO2 

bandgap energy around 1eV above the valence band.  These shallow vacancies will allow 

holes to hop through the oxide. The Eγ’ center is a deep trap at energy levels    

approximately 3eV above the SiO2 valence band. Most of these defects are located near the 
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Si/SiO2 interface [50]. Depending on their distance from the interface both defects are 

capable of exchanging charge with the Si layer. Eγ’ centers located over 3nm away from 

the interface may capture and emit carriers, but in most circumstances the trapped holes 

are regarded as fixed. These Eγ’ defects containing the fixed charges are denoted as NOT. 

The buildup of this charge can be estimated by Eq. 3 [50]. 

                                                     ΔNOT =  D κ𝑔𝑓𝑦𝑓𝑂𝑇𝑡𝑂𝑋                                               (1)       

Where D is the TID level, κg is the ehp density per rad, fy is fractional charge yield, fOT is 

the hole trapping efficiency, and tOX is the thickness of the SiO2. These defects can alter 

surface potentials and carrier concentrations in underlying semiconductors, like silicon 

[48].  

 Interface traps (NIT) are defects located exactly at the Si/SiO2 interface. These traps 

have a very low barrier for trapping carriers, and therefore can drastically affect the carrier 

mobility and recombination rates at the surface of the semiconductor [50]. NIT is formed 

from reactions with H+ ions drifting through the oxide to the semiconductor oxide interface. 

Campbell and Bogden reported experimental data which showed that under a positive bias 

almost all H+ ions are converted into interface traps [51]. In dry gate oxides NIT formation 

does not depend on the oxide thickness, this points to the H+ ions coming from the holes 

trapped near the interface as the main cause for NIT buildup. However, in wet gate oxides 

there is a lot of H+ in the bulk of the oxide [48], [51]. Therefore, the way hydrogen is 

introduced during processing of the semiconductor plays a significant role in where holes 

will be trapped and where H+ will be released. This influences the buildup time for NIT and 
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its dependence on oxide thickness [51]. The equation for formation of the defects can be 

seen in equation 4. 

                                                          SiH + H+ => D+ + H2                                               (2) 

The D+ is the interface trap defect. This D+ is a resulting dangling bond at the interface. 

 

Fig. 5 Interface Trap Defects for Different Miller Indices [50] 

In Fig. 5 from [50] Pb0,1 are both dangling bond defects caused by reactions with H+ ions. 

In a bipolar process NIT buildup creates an excess base current due to the increase in surface 

recombination. Defects in semiconductors caused by TID cause shifts in key parameters, 

but the dose rate at which the irradiation occurs also plays a large role in degradation of a 

circuit.  

2.2 Dose Rate Effects  

Dose rate (DR) effects also contribute to the degradation of semiconductors. Some 

CMOS processes (65nm, 130nm) have shown defects at certain TID levels within the 
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isolation oxides and the lightly doped drain spacers. These defects are similar to those 

generated within the passivation oxide layers of BJTs [52]. Dose rate dependent effects 

arise from reactions involving the electrons and holes in the semiconductor.  At low dose 

rates (<0.1rad/s) these effects are nearly linear with the TID [36]. At high dose rates 

(>10rad/s) the larger carrier density in the oxide layers leads to more recombination or less 

carrier movement due to the electric field created by radiation generated charge [36].  

Considering the defects due to TID (NOT and NIT) the reactions involved when forming 

these defects play a critical role in determining the dose rate effects. First it is known that 

E’ centers in the oxide trap the lower mobility holes. This can be modeled by Eq. 3 [36]. 

                                          𝑇𝑟𝑎𝑝0 + 𝑝 →  𝑇𝑟𝑎𝑝+                                                 (3)       

At high dose rates the electron concentration is more notable which leads to the trapped 

holes being neutralized. A similar phenomenon can be seen in the Pb dangling bonds from 

NIT [36]. Most of the dangling bond defects are passivated by hydrogen during processing 

and do not cause recombination [36]. Hydrogen released in the oxide moves to the interface 

and reacts with these bonds. From the previous section an H+ is released when a hole is 

trapped at a hydrogenated defect in the oxide bulk. At high dose rates an electron can 

recombine with this hole before an H+ proton is released [36]. This suppression in H+ ion 

release reduces NIT buildup at high dose rates in bipolar oxides where the local electric 

field is low. Carrier trapping and recombing due to bimolecular recombination is the 

primary result in a high dose rate suppression, which explains the difference between high 

dose rate (HDR) and low dose rate (LDR) effects in BJTs.  
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LDR irradiation cause failures at far lower TID levels than HDR [6-9], [14], [17-23], [26-

29], [36-43], [52], [53].  This concept is known as enhanced low dose rate sensitivity 

(ELDRS). Although MOS transistors are not typically subject to LDR failure there have 

been experiments which show dose rate dependencies at ultrahigh TID levels [52]. At low 

dose rates there is a faster buildup of NIT. This is because at low dose rates the holes 

generated in the oxide are more likely to transport to hydrogenated-site and release H+ 

proton that subsequently depassivate interface bonds and create interface traps. At higher 

dose rates holes can be confined by space charge which retards transport and makes 

recombination with electrons more likely. This reduces the amount of H+ able to drift to 

the interface to create the NIT dangling bonds [36]. This can be seen in Fig. 6 [36]. The data 

shows that at low dose rates the NIT level is maximized and that the hydrogen impact 

saturates.  

 

Fig. 6 NIT Dependence on Dose Rate for Different H2 Concentrations [36] 
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2.3 Total Dose and Dose Rate Effects on Bipolar Junction Transistors, both NPN and 

PNP 

Bipolar junction transistors (BJT) are the focus of this thesis since they are the 

transistor types used in the bandgap references studied here. BJTS exhibit significant TID 

and dose rate dependencies. Much research has been done on dose and dose rate (DR) 

effects in BJTS and there are many results showing BJTs sensitivity to both TID and DR. 

Some but not all BJTs experience ELDRS [6-9], [14], [17-23], [26-29], [36-43], [52], [53]. 

Radiation sensitivity is often attributed to the way the transistors are processed, biased, and 

their layout [18]. The base current of BJTs can drastically increase with little to no change 

in collector current. The excess base current ΔIB caused by radiation leads to gain 

degradation in the transistor [6-9], [17-23], [31], [32], [34], [47].  This excess base current 

comes from the increased carrier recombination rate at the interface traps (NIT). Radiation 

effects also increase the positive trapped charge within the oxide (NOT) which is another 

factor contributing to the excess base current response [18], [21-23]. The remainder of this 

section will explore radiation degradation in both PNP and NPN transistors. 

Lateral PNP (LPNP) transistors are commonly preferred for their flexibility and the 

simplicity of their fabrication. A lateral PNP BJT can be used as input stages, current 

sources, or active loads [34]. The LPNP transistor is of interest, because it has been shown 

to fail far earlier than NPN and vertical PNP transistors at low dose rates [20], [34]. These 

transistors fail due to losing their current gain (β = IC/IB). With the IB increasing due to an 

excess base current and the IC having negligible change the current gain factor goes down. 

The increased NIT levels cause more recombination on the Si/SiO2 
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Fig. 7 Lateral PNP Cross Section [34] 

interface which increases the recombination velocity at the surface of the base of the LPNP 

[20], [22], [34]. This then increases the recombination in the base region which leads to a 

base current increase [34]. However, in PNP BJTs, the NOT in the oxide reduces the amount 

of surface recombination as the surface recombination velocity increases. Holes trapped in 

the oxide create an imbalance between the two carrier concentrations which leads to less 

recombination at the base surface. Therefore, for PNP BJTs, the effects of NOT and surface 

recombination velocity oppose each other [34].  

Ionizing dose damage most commonly occurs in oxides at the oxide semiconductor 

surface. This poses an issue for LPNP devices since their current moves across the surface 

near the semiconductor oxide interface [20]. Dose rate dependencies can be significant in 

LPNP BJTs. The ELDRS effects can be observed in the experimental data from [22] below 

which demonstrates a higher excess base current at low dose rates. 
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Fig. 8 LPNP Excess Base Current Vs TID for different dose rates [22] 

Another point of interest is that annealing the wafer can reduce the excess base current at 

high dose rates. Thus, a true dose rate effect should consider the HD response after 

annealing over the same time as the LDR exposure. True dose rate enhancement factors 

aid in visualizing ΔIB, ΔNOT, and ΔNIT. The dose rate enhancement factor is essentially a 

ratio of the LDR response to the post anneal response of HDR. At low dose rates the ΔNOT, 

and ΔNIT increase to much higher levels than those at low dose rates. The enhancement 

factor being a larger number indicates that the part exhibits greater low dose rate sensitivity 

[22]. Although not all LPNP transistors experience these ELDRS effects it is important to 

understand these worst-case conditions when considering their applications in space. 

  NPN transistors show less sensitivity than LPNP transistors for both TID and dose 

rate effects [8], [20], [22], [31], [34]. Like the LPNP transistors, the NPN transistors lose 

current gain due to increased surface recombination velocity, i.e., NIT buildup, causing an 

excess base current [31]. Within an NPN the oxide trapped charge depletes the base of the 

transistor an increase in the depletion region width where the maximum recombination 

occurs. For this reason, NOT is also a factor in increasing the base current of an irradiated 
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NPN [31]. This is opposite to the LPNP transistors where NOT mitigates the impact of NIT 

buildup and increased surface recombination velocity. NPN transistors show less 

dependence on dose rate effects. Below Figs. 9 and 10 show the same NPN transistors 

simulated with high and low dose rates respectively.  

 

Fig. 9 NPN transistor at HDR for different TID levels [8] 

 

Fig. 10 NPN transistor at LDR for different TID levels [8] 

These data [8] suggests less of a dose rate dependence in NPN devices. For most bipolar 

circuits NPNs and LPNPs are used in conjunction with one another. In operational 

amplifiers for example, LPNPs are typically used as input stages so that NPN may be used 

as gain stages. This can sometimes help circuit ELDRS due to the NPN transistors suffering 
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less degradation at low dose rates [34]. The following section will cover commercial-off- 

the-self-parts (COTS) containing both NPN and PNP transistors to compare their 

performances and identify critical transistors that impact radiation reliability.  

2.4 Radiation in Commercial off the Shelf Products  

Bipolar linear circuits used in COTS are of great interest when it comes to radiation 

hardness. Some COTS can have less radiation sensitivity based on their design. Studying 

these parts gives insight into the radiation sensitivities that different bipolar topologies 

experience.  This section will focus on COTS low dropout regulators (LDO) due to their 

dependence on bandgap references (BGRs). Most LDOs use three blocks: BGR, Error 

Amplifier, and a pass transistor. The BGR sets the common mode input reference for the 

error amplifier. The error amplifier drives the pass transistor and uses feedback to maintain 

its proper biasing. The pass transistor takes the supply voltage and has a set voltage drop 

across it which sets the output of the LDO. The goal of a voltage regulator is maintaining 

a constant output over a wide range of conditions. The ability to identify how each block 

contributes to the failure of an LDO with irradiation allows engineers to have better insight 

as to how these LDOS will perform in the space radiation environment.  

 The LM117 is an adjustable voltage regulator with a 1.2 – 37V output range and a 

1.5A output current capability. There is a modified Brokaw cell BGR used in the LM117 

which allows the reference voltage of the BGR to be adjustable. A study of the LM117 was 

performed at both HDR and LDR in [8]. It was tested over a dose rate range of 1-150rad/s 

with total doses of up to 1Mrad.  
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Fig. 11 LM117 Output Voltage at HDR and LDR [8] 

When irradiated during high dose rates the output voltage increases before turning to a 

large negative slope at about 200krad. At low dose rates the output voltage decreases before 

turning back to a positive slope at about 200krad [8]. It was determined in [8] that this 

regulator response was a function of the BGR’s reference voltage degradation. Critical 

transistors within the BGR were simulated in [8] to see if their behavior concurred with 

what was seen at the output of the regulator. The BGR’s reference voltage followed a 

similar behavior as the output of the LDO at a high dose rate [8]. To build the model for 

the BGR its critical NPN and PNP transistors were characterized. At high dose rates the 

collector-emitter leakage current in the NPN transistors (Fig. 9) creates an increase in the 

reference voltage, however after 200krad the excess base current begins to dominate and 

decrease the reference voltage [8]. This agrees with the high dose rate output voltage seen 

in LM117 since the output voltage is dependent on the BGR’s reference voltage. At low 

dose rate the decrease in output voltage is due to there being no collector emitter leakage 
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and only increased base current. For the LM117 the BGR is the main cause of total dose 

and dose rate dependencies. Although the BGR is the main cause of total dose and dose 

rate failures in the LM117 this is not the case for every LDO. 

 The LP2953 is a voltage regulator studied extensively for its total dose and dose 

rate sensitivity in [9], [12], and [18]. When tested at both high and low dose rates the 

reference voltage of the circuit was shown to drift in a similar pattern to the output voltage 

[9]. However, for high dose rate the output voltage remained within specification beyond 

100krad. When tested at a low dose rate the output stays within specification until it 

gradually falls out of spec by 30krad [9], [12], [18].  The LP2953 also shows early output 

voltage degradation at LDR when the output current is increased. The pre-irradiated output 

voltage is maintained up to 300mA. At low dose rates the output voltage of the LDO only 

maintained up to 100mA [18]. Although only small voltage shifts are seen it is crucial that 

LDOs maintain its exact rated output voltage precisely since it supplies many sensitive 

reference voltages for larger circuits. 

 

Fig. 12 LP2953 Output Voltage over Dose for HDR and LDR [9] 
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Fig. 12 shows the gradual degradation of the output voltage at LDR [9]. Although the shift 

is only from 0.2V – 0.3V at LDR this is more than enough shift to cause failures across a 

larger circuit. The LP2953’s has an NPN bandgap reference which may explain its 

nonexistent HDR fluctuations and relatively gradual LDR changes. With the polarity of the 

BGR playing a role in the degradation of COTS it is important to compare the LP2953 to 

a PNP BGR to build a comprehensive understanding the radiation effects in a different 

BGR.   

The LT1175 is a negative voltage regulator that can support 500mA of output 

current.  The rated output voltage is -5V across the 0V to -20V supply range. The LT1175 

maintains a constant output at HDR, but at LDR there is abrupt failure at total dose levels 

of 50krad or lower depending on the output current [9], [18]. Failures from the LT1175 

show that the circuit loses its ability to drive the load [9]. 

 

Fig. 13 LT1175 Output voltage Vs Dose for LDR and HDR [9] 

The effects of ELDRS can be seen in Fig. 13 where the output voltage degrades much 

earlier at LDR than at HDR [9]. The more abrupt failure is attributed to the PNP based 

BGR design having a larger ELDRS effect than the NPN based design in the LP2953. The 
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LT1175 and LP2953 both show different dose rate dependencies especially at LDR. One 

major circuit differentiation comes from the BGRs having the opposite polarities in the two 

circuits. This will be shown to be the cause of the different failures. Chapter 3 will describe 

a solution to why BGR polarity affects the TID response, especially at low dose rates.  

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

CHAPTER 3 FAILURE ANALYSIS METHODOLOGY 

3.1 Radiation Enabled Compact Models 

Bipolar transistors are comprised of two p-n junctions that can be controlled by 

three contacts. The base (B), collector (C), and Emitter (E). For example, a PNP transistor 

will have an n-type base with a p-type collector and emitter. The way these two junctions 

are biased controls how much or how little current passes through. Fig. 14 shows a simple 

diagram of a PNP BJT. 

 

Fig. 14 PNP transistor [54] 

BJTs have three main modes of operation: cutoff, saturation, and active mode. In cutoff 

there is no current flowing through the device. This is achieved by reverse biasing both pn 

junctions (for PNP BJTs, VE < VB > VC). In saturation mode the transistor acts like a resistor 

based on VEC and both pn junctions are forward biased (for PNP BJTs, VE > VB < VC). In 

forward active mode the base-emitter junction is forward biased, and the base-collector 

junction is reverse biased (for PNP BJTs, VE > VB > VC). In active mode the transistor 

provides a constant current over all VEC. A forward active BJT the current through the base 

(IB) is much lower than the current through the collector (Ic). The ratio between these 

currents (IC/IB) is known as the current gain of the transistor (β) [54]. Radiation exposure 
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increases the base current of a BJT while only marginally increasing the collector current. 

This phenomenon causes current gain degradation and can be modeled in simulations by 

examining experimental data of BJTs.  

 BJT performance in a space environment can be modeled through simulation by 

using data collected from irradiated BJTs and fitting this data with compact models made 

in a simulation program with integrated circuit emphasis (SPICE). A test chip fabricated 

in a National Semiconductor process containing two gated controlled lateral PNP (GCPNP) 

BJTs, one LPNP BJT, and one NPN device was used for experimental data. The test chips 

came from a single wafer and were all given the same thermal treatments [18].  

 

Fig. 15 Left) Test chip full view Right) LPNP structure [54] 

NASA’s jet propulsion laboratory (JPL) and Arizona State University both experimentally 

irradiated this test chip over a large variety of TIDs and DRs. After each irradiation step 

Gummel curves were created for the PNP and NPN transistors. This information was used 

to track the change in excess base current (ΔIB) from each step of irradiation. The change 

in the excess base currents were then plotted and a best fit was used to precisely model the 

effects.   



26 
 

 The information gathered from the Gummel curves and best fittings enabled an 

accurate compact model design to be made. An accurate model of the ΔIB can be made in 

SPICE by using a diode that is connected between the base and emitter of a BJT.  

                                                   𝐼 =  𝐼𝑆 ∗ (e𝑉𝐷/𝑛𝑘𝑇 − 1)                                                  (4)        

 

In Eq. 4 IS is the saturation current, VD is the voltage across the diode which is also equal 

to VBE, and n is the ideality factor. By selecting different IS and n values the ΔIB can be 

almost exactly matched for each case of experimental TID and DR level. By attaching this 

diode between each transistor in a SPICE simulator and adjusting the IS and n values 

respectively a simulation can be used to show radiation degradation. This is extremely 

valuable because it removes the need to experimentally test large amounts of parts because 

the simulation can be used instead. This can save a drastic amount of time and money when 

it comes to selecting parts for space missions.  

3.2 Reverse Engineering Commercial Off the Shelf Products 

The radiation enabled compact models grants the ability to simulate any circuit as 

if it had been irradiated. Using the compact models in a larger design gives an accurate 

prediction of a circuit’s radiation sensitivity. By reverse engineering the COTS (LT1175 

and LP2953) from chapter 2 the simulation data can be compared to the experimental data 

to verify that the compact models work on a larger scale. The LT1175 and LP2953 were 

reverse engineered using pre-irradiated compact models onto SPICE by matching a handful 

of the key parameters of the two voltage regulators to their respective datasheets. 

Specifications like the output voltage, supply current, output current, and input range were 
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all considered in the reverse engineering process. The following paragraphs will take a 

comprehensive approach to how each of the two regulators were reverse engineered.  

The datasheet of the LT1175 has a handful of diagrams indicating potential 

structures used in the circuit. The target specifications were: VOUT = -5V, -5V < VIN < -

20V, ILOAD = 0-500mA. The LT1175 uses a combination of two BJTs as a pass transistor, 

and error amplifier, and a BGR. After thorough examination the following block diagram 

of the LT1175 was accepted [18]. 

 

Fig. 16 LT1175 Block Diagram [18] 

The BGR was specified to have an output voltage of VREF = -3.8V. The resistors R1 and 

R2 were used as a resistor divider to make the feedback of the error amplifier equal to the 

reference voltage  

                                                        𝑉+ = 𝑉𝑂𝑈𝑇 ∗
𝑅1

𝑅1+𝑅2
                                                    (5)  
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of the BGR. Since VOUT = -5V and it is necessary for V+ = VREF = -3.8V the ratio between 

the resistors needs to be R1/R2 = 3.167. There is also a list of resistor dividers on the 

datasheet if an adjusted output is desired, but for this thesis a fixed -5V output is used. This 

ensures that the feedback to the amplifier will always match the reference voltage of the 

BGR. The focus of this thesis will be the BGR performance and therefore a simple 

differential amplifier was used that was able to properly drive the pass transistors.  The 

bandgap reference uses a PNP output pair with a 1:10 current density ratio. This BGR needs 

a -3.8V output across the entire input range. With the different current densities and a 

resistor, a ΔVBE is created between the two output transistors like the Brokaw cell from 

chapter 1.  

 

Fig. 17 PNP Pair BGR for the LT1175 
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Fig. 17 shows the BGR design implemented in the LT1175. With all the components of 

the LT1175 designed they can be simulated together and compared to the rated values. The 

reference voltage of this BGR along with the output of the reverse engineered LT1175 are 

shown in Table 2.  

 

These values were obtained by simulating the circuit in Texas Instruments SPICE program 

TINA-TI. The reference voltage of the BGR stays mostly constant over the entire input 

range. The output of the reverse engineered LT1175 also shows near rated values over the 

input range. The small variations due to input range will be considered acceptable for this 

thesis. With the LT1175 operating properly as compared to the datasheet the LP2953 will 

be the next goal for reverse engineering.  

 The LP2953 is a positive low dropout regulator with an adjustable output voltage. 

For the sake of this thesis the output voltage target will be 5V across the input range.  The 

input range for the LP2953 is 2.3V – 30V and the circuit can support 250mA of output 

current. The LP2953 has a similar structure to the LT1175 in that it contains a pass 

transistor, error amplifier, and a BGR. Looking through the LP2953’s datasheet there are 

block diagrams describing the circuit, and the finalized diagram for reverse engineering is 

seen below. By controlling the resistor ratio, the common mode voltage of the amplifier 
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can be set to equal the reference voltage of the BGR. The properly biased amplifier can 

drive the pass transistor to have a proper voltage drop across it. The feedback for the 

amplifier will always provide the pass transistor the necessary bias to keep the LDO output 

at 5V. The BGR’s reference voltage is stated as 1.23V in the datasheet. 

 

Fig. 18 LP2953 Block Diagram [18] 

Again, the amplifier being used will be a simple differential amplifier so that the focus can 

remain the bandgap reference performance within the circuit. To remain consistent, the 

BGR being used in the LP2953 will have a similar topology as the LT1175 but with the 

opposite polarity. A 1:10 current density ratio is used in the two output NPN transistors. 

This causes a ΔVBE between the two output transistors like the Brokaw cell. Looking at the 

Fig. above the ΔVBE will be generated across the resistor R1. Since this thesis is using a 5V 

output fixed version of the LP2953 the input range is reduced to 5-30V. With this being 

stated Table 3 below shows the output voltage of the LP2953 and reference voltage of the 

BGR for selected values within the input range at 0A of output current. The simulation 
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program TINA-TI was used for the initial confirmation simulations. Both the BGR and 

LDO operate closely to the specifications of the datasheet. This performance will be 

accepted for the sake of this thesis. The LT1175 and LP2953 will now be able to be 

simulated as if they had been irradiated thanks to the compact models developed in part 

one of this chapter.  

 

Fig. 19 NPN pair BGR for the LP2953 

  

 



32 
 

3.3 Failure Analysis Approach  

The large amounts of radiation experimental data on the LT1175 and the LP2953 

from [9], [12], [18] will prove useful in confirming the radiation enabled compact models’ 

accuracy. Since the compact models have been verified in part one to match an individual 

transistors radiation effects they will be used in the reverse engineered designs of the 

LP2953 and LT1175. By making this replacement of models the two regulators should be 

able to imitate the experimental data found in [9], [12], [18]. This will prove incredibly 

useful because it will make radiation effects highly predictable in circuits if they are first 

simulated with these models. 

Once the LT1175 and LP2953 designs were finalized their netlists were extracted. 

In the netlists of the LT1175 and LP2953 the diode developed in in part one of this chapter 

will be inserted in between the base and emitters of each transistor. The diodes accurately 

model the excess base current of the both PNP and NPN BJTs. By attaching a diode to each 

transistor, it will effectively be like the entire circuit has been irradiated. Based off the 

experimental data provided from JPL and Arizona State University only certain conditions 

were able to be experimentally obtained. At a high dose rate of 100rad/s there is data 

available for 2krad, 5krad, 10krad, 20krad, 30krad, 50krad, 100krad, 200krad, and 

300krad. At a low dose rate of 0.01rad/s there is only data for 2krad, 20krad, 50krad, 

100krad, 200krad, and 300krad. Each TID level for both HDR and LDR requires a specific 

diode saturation current IS and ideality factor n. Each IS and n combination requires an 

individual diode. Additionally, since NPN and PNP transistors have different dose rate 
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dependencies they will require sperate diodes. Each diode model for an NPN or a PNP 

serves as an excess base current model for a specific TID level at either HDR or LDR.  

 The benefit of using the netlists of the LT1175 and LP2953 makes modifying the 

circuits easy. A circuits netlist is essentially a text representation of the circuit. The text 

connects all the circuit elements to their appropriate nodes. In the netlists the compact 

model diodes are added in between the base and emitter of every BJT in the netlist. At the 

end of the netlist the transistor models, and diode models can be defined by their key 

specifications. The diode model can simply be defined by its IS and n values. By using the 

netlists, the diodes can easily be added, removed, and modified within the circuits. 

Changing the diode values in the LT1175 and LP2953 netlists allows the simulation of 

HDR and LDR radiation effects to be simpler.  

 The final simulations of these netlists were all performed on XYCE. XYCE is a 

software that simulates, and stores specified output values in log files. When simulating at 

HDR and LDR a separate simulation was needed for each TID level. First it is necessary 

to simulate the entire LT1175 and LP2953 at HDR and LDR to see if the compact models 

on a large scale can match the experimental data obtained in [9], [12], [18]. Once the 

simulations match the experimental data for both regulators the compact diode models will 

be fully accepted as accurate in this thesis. Once the diode models are fully verified another 

major benefit of using the netlists to simulate the circuit is that removing the diodes from 

certain transistors is easy. This makes simulating only certain blocks of a circuit for 

radiation effects possible. This is not feasibly possible from an experimental standpoint. 

Specifically, the LT1175 and LP2953 will be able to be simulated as if only the BGRs been 
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irradiated. These simulations will grant access into how a BGR specifically causes failures 

in two different voltage regulators.  
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CHAPTER 4 RESULTS AND ANALYSIS 

4.1 Low Dropout Regulator Compact Model Verification  

To make a more positive conclusion about the compact models it is necessary to 

verify their performance in COTS. There is a large amount of experimental data that exists 

on both the LT1175 and the LP2953. Before any conclusions can be made, the compact 

models must follow a similar trend to the COTS post radiation experimental data. This 

section will simulate the compact models in the reverse engineered LT1175 and LP2953 

developed in the previous chapter. This simulation data will show slight short comings, but 

similar degradation behavior to the actual COTS experimental data. 

The LT1175 LDO experimental data presented in Chapter. 2 shows the output 

voltage having little to no change at HDR and abrupt failure at around 30krad for LDR [9], 

[18]. Both sources indicate the LDO loses its ability to properly drive the current load at 

LDR. Simulating the reverse engineered LT1175 with the radiation enabled compact 

models should yield similar output failure mechanisms. Once reverse engineered LT1175 

meets datasheet specifications on TINA-TI it’s netlist is extracted. The radiation enabled 

models are attached to each transistor in the netlist and it is then simulated on Sandia 

National Laboratories XYCE software. A sperate XYCE simulation for each TID level is 

run and compiled separate HDR and LDR curves. The reverse engineered LT1175 with the 

radiation enabled compact models does show a similar trend to the experimental data. The 

compact models only account for the excess base current in each transistor, but since this 

effect is the most dominant in BJT failure the LT1175 simulations are near enough to the 

experimental data to be considered valid. Fig. 20 below shows LT1175’s output voltage at 

LDR and HDR for the XYCE simulated netlist and experimental data.  



36 
 

 

 

Fig. 20 Experimental and Simulated LT1175 Output Voltage Plotted Against TID for HDR and LDR [18] 

The plot illustrates that the simulation data and experimental data for both HDR 

and LDR follow similar behaviors. For HDR the simulation and experimental data for the 

LT1175 maintain a -5V output across the entire TID range available for comparison. At 

LDR the experimental data fails abruptly at about 8krad where as the simulation data fails 

at 11krad. Although there is a slight difference in TID levels for the failures themselves are 

both abrupt. The netlist version of the LT1175 concurs with how the actual hardware 

LT1175 fails. With the LT1175 simulation agreeing with the experimental data this thesis 

will accept the netlist as a good representation of how the LT1175 will perform at HDR 

and LDR.  

The LP2953 positive regulating LDO experimental data in Chapter 2 shows that 

the hardware maintains its output at HDR out to 100krad and does not show signs of failing. 

At LDR there is a more gradual failure starting at around 10krad. The output voltage 
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decreases by 4% of its value by 50krad. These experiments were done at 100mA of output 

current, and as the output current increases the failures begin at lower TID levels [9]. Fig. 

21 below shows the output voltage of the LP2953 with 0A of current load and an input 

voltage of 2.3V.  

 

Fig. 21 LP2953 Experimental data vs Simulated data for Output Voltage at Vin = 2.3V and Iload = 0A [18] 

 Once again for HDR both the experimental data and the compact model simulation 

results both stay within spec for the entire TID range for which data is available. At LDR 

the experimental data and simulation show a gradual decay starting at around 10krad. The 

LP2953 also had data looking at the output voltage vs the current load. The HDR and LDR 

plot for the reverse engineered LP2953 and actual hardware is seen below in Fig. 22. 
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Fig. 22 LP2953 Experimental data vs Simulation Output Voltage against Iload at 20krad(Si) [18] 

The experimental data at 20krad of LDR has an out of specification output voltage for the 

entire output current range and fails quickly starting at 60mA. The reverse engineered 

LP2953 simulation circuit is slightly out of spec at 0 current and fails abruptly at around 

10mA. Although the experimental data output voltage does not exactly match the compact 

model version of the LP2953 the rapid failure as current increases is a shared quality 

between them. The verification of the reverse engineered LP2953 is based more heavily on 

the experimental data and the simulation having a similar style of failure (i.e. gradual LDR 

failure against TID, and instant LDR failure as Iload increases).  The simulated version of 

the LP2953 and experimental data both fail in similar ways, and therefore the compact 

model version of the LP2953 will be considered as giving acceptable results for this thesis.  

 The compact models being used in the reverse engineered versions of the LT1175 

and the LP2953 follow real post radiation experimental data. With the confirmed compact 

models both the LT175 and LP2953 can now be simulated as if their respective BGRs are 
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the only blocks being irradiated. Altering the netlist so that the compact models are only 

connected to the BGRs of the LT1175 and LP2953 will enable simulation of the LDOs as 

if only the BGRs have been degraded by radiation.  

4.2 Isolated Bandgap Reference Degradation in Low Dropout Regulators 

Simulating the LT1175 and LP2953 with only their BGRs degraded by radiation 

provides new information about specific radiation induced failures in the two LDOs. This 

simulated radiation isolation will assist in determining if the more prominent ELDRS 

effects in the PNP BGR are what causes the more abrupt failures in the LT1175. The two 

BGRs have reverse polarities but similar topologies. This consistency makes sure that the 

reference voltages of the BGRs depend on similar sources.  

The LT1175 was shown to have abrupt failures at LDR in the compact model 

simulation and in the sources [9], [18]. The PNP BGRs contribution to the LT1175 failures 

may explain the reason the circuit fails abruptly compared to the more gradual decline of 

the LP2953.  

 

Fig. 23 LT1175 Output Voltage with only the BGR Degraded at LDR 
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 Fig. 23 above shows the LDR responses of the LT1175 with only the BGR being 

degraded for a -10V and -20V input supply level. At LDR the LT1175 degrades similarly 

with the entire circuit irradiated and just the BGR irradiated. The LDO output voltage fails 

immediately and is fully dysfunctional by 20krad. The abrupt failure seen at LDR follows 

a similar pattern compare to when the entire LT1175 was irradiated in simulation and the 

experimental data from [9], [18]. This simulation points to the BGR of the LT1175 being 

the main source of failure for the LT1175 at LDR since data follows the same failure trend 

as the data in the previous section. The ELDRS effects in the PNP BGR seems to be the 

dominant force in the entire LT1175s failure at LDR. When considering the LT1175’s 

ability to maintain its performance over the load current the PNP BGR is also the primary 

factor in degrading the output voltage. Simulations isolating degradation to the error 

amplifier and pass transistor do not make the LDO fail as early as the BGR does. This 

means that for the negative voltage regulator LT1175 the BGR is the main cause in output 

voltage degradation.  

 The LP2953 has an NPN BGR and it was shown in Chapter 2 that NPN transistors 

often experience less TID and ELDRS effects than PNP transistors. However, simulating 

the LP2953 with just its BGR irradiated will give insight as to how much the BGR 

influences the LDOs output behavior. From the previous section it is seen that experimental 

data and simulation data both show that the LP2953 has a more gradual degradation at 

LDR than the LT1175 [18]. The simulation of LP2953 with only its BGR degraded can be 

seen in the figure below. 
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 Fig. 24 LP2953 Output Voltage with Only the BGR Degraded at LD  

 The output voltage of the LP2953 with only the BGR irradiated shows a gradual 

decline over the TID range. This behavior is not comparable to the experimental data and 

simulation data from the previous section. With only the NPN BGR degraded the LP2953 

stays within specification with little degradation. The experimental and simulation data 

above show the LP2953 falling out of specification at around 20krad. The NPN BGR does 

not cause the LP2953 to fail in this way. This points to the NPN BGRs lower degradation 

not being the main cause of failure in the LP2953. The error amplifier or pass transistor 

may be causing the failure in the LP2953. Since NPN BJTs experience less ELDRS effects 

than PNP BJTs it is expected that the BGR in the LP2953 performs better at LDR. The 

LP2953 was also unable to drive the current load in the experimental data. This simulation 

was also performed with only the BGR of the LP2953 being degraded.  
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 Fig. 25 LP2953 Output Voltage Vs Load Current with only the BGR Degraded  

 There is only a gradual output decay as the load current is increased in the LP2953. 

This is opposite to what the experimental data shows. The experimental data at LDR shows 

the output voltage failing abruptly once ILoad > 10mA [18]. This simulation points the BGR 

not being the cause of the LDOs not being able to drive a load current at LDR. This means 

that the error amplifier or pass transistor are the cause this failure in the LP2953. Further 

investigation revealed that the pass transistor of the LP2953 causes the degradation of the 

output voltage due to the current load. Fig. 26 shows the output voltage of the LP2953 vs 

the load current with only the pass transistor degraded at LDR. The pass transistor in the 

LP2953 is a PNP BJT and this device’s excess base current leads to the pass transistor not 

being able to properly operate and manage the rated load current.  
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Figure 26 LP2953 Output voltage vs load current 

 The correlation between output voltage and output voltage over a current load for the 

LP2953 reinforces the fact that NPN BGR is not the leading source of error in the circuit. 

The output voltage of the LP2953 seems to be highly dependent on the BGRs performance, 

but current load performance depends entirely on the PNP pass transistor in the LP2953. 

 The LT1175 PNP BGR causes abrupt failures in the LDO due to the increased TID 

and ELDRS effects seen in PNP transistors. The LP2953 has an NPN BGR explains the 

more gradual degradation at LDR because NPN BJTs suffer less from these radiation 

effects. The LT1175 BGR only simulation has a similar abrupt failure at LDR when 

compared to its experimental data. This means that either the PNP BGR is the main cause 

of failure or a trigger that causes the failure of the error amplifier. The LP2953 NPN BGR 

simulation showed gradual degradation out to 300krad. The experimental data for the 

LP2953 shows the circuit failing at around 20krad. This means that the NPN BGR of the 

LP2953 is not the main cause of failure in the LDO. The output voltage versus load current 
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simulation also had gradual degradation at LDR and confirmed that the NPN BGR is not 

the main failure source. The next section will simulate the BGRs used in the LT1175 and 

LP2953 as standalone circuits. This will reveal correlations between how the BGR failures 

contribute to the LDO failures at LDR.  

4.3 Standalone Bandgap Reference Radiation Simulation  

The results from degrading only the BGR in the LT1175 and LP2953 points to the 

BGR potentially acting as a trigger to induce failures. For the LT1175 only BGR 

degradation simulation, the LDO’s output voltage followed a similar trend as the 

experimental data for the entire LDO. The key difference was that the experimental data 

showed abrupt failure at approximately 10krad and the simulation with only the BGR 

degraded had abrupt failure at approximately 20krad when exposed to LDR. The LP2953 

had more noticeable differences between the experimental data and BGR only degradation 

simulations. The LP2953 fell out of specification by about 20krad at LDR in the 

experimental data whereas the simulation data showed hardly any degradation across the 

entire TID range. The section will simulate the BGRs used within the LT1175 and LP2953 

respectively. These simulations will give telling visualizations of the relationship between 

the BGR reference voltage and the output of the LDOs.   

The LT1175 experimental data and simulation data shows abrupt degradation of its 

output voltage at LDR [9], [18]. After isolating and simulating the circuit with only its 

BGR degraded this trend continued. The BGR of the LT1175 is specified to operate at a 

reference voltage of -3.8V. Fig. 27 below shows the BGR of the LT1175 simulated as a 

standalone circuit at LDR. 
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Fig. 27 LT1175 Standalone BGR Reference Voltage at LDR 

The BGR starts at a proper reference voltage, but also abruptly fails by a TID level of 

20krad. The failure of the BGR shows a directly proportional relationship to the failure of 

the LT1175 at LDR. The standalone BGR simulation data confirms that the BGR is the 

main cause of failure in the LT1175 at LDR for this methodology. To specifically isolate 

what was the cause of the failure in the PNP BGR a simulation at LDR was run with the 

goal of monitoring the voltages and currents of the interior nodes. Fig. 28 considers the 

ΔVbe formed across the critical 1:10 ratio transistors. 

 

Fig. 28 ΔVbe of the 1:10 Critical Transistors at LDR 
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Fig. 29 Currents down the 1:10 Branches Prerad (TOP) and 20kRad LDR (BOTTOM) 

Figs. 28 and 29 show the reasoning behind the PNP BGR’s failure. The PNP BGR fails at 

20krad and Fig. 28 shows that at 20krad at LDR the ΔVbe between the 1:10 transistors that 

is designed to be 60mV takes a 50% drop to 30mV. This ΔVbe is gained up and serves as a 

factor to set the reference voltage of the BGR. Additionally, the 1:10 transistors are meant 

to run at the same current which creates a 1:10 current density ratio through the BGR. Fig. 

29 shows that at 20krad during LDR the currents between the branches degrades to create 

a 66% difference in current between the branches. This means that the branches are not 

running at a 1:10 current density ratio which therefore contributes to the failure of the PNP 

BGR at LDR. Although this specific simulation cannot be easily verified with experimental 

data it will be considered reliable in this thesis due to the consistency of the compact model 
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results to experimental data results for the entire LT1175. The PNP BGR in the LT1175 

shows clear signs of TID and ELDRS effects. Since PNP transistors experience more 

degradation as seen in Chapter 2 these results abrupt failures due to TID ELDRS can be 

expected.  

  The LP2953 simulation data shows more gradual degradation than that of the 

LT1175 [9], [12], [18]. The LP2953 when only the BGR is degraded at LDR degrades the 

output voltage by 15% at LDR for the TID range (0-300krad). The experimental data shows 

output failure by 20krad at LDR. These results show that the BGR in the LP2953 may not 

be the quickest block to fail at LDR in the LDO. To further confirm this the BGR of the 

LP2953 was also simulated as a standalone circuit with the compact models developed in 

Chapter 3. The standalone BGR simulation for the LP2953 is shown in the figure below.  

 

Fig. 30 LP2953 Standalone BGR Reference Voltage at LDR 
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at its rated 1.22V reference and this degrades to 1V by then end of the TID range.  This is 

an 18% degradation which is closely comparable to the degradation seen in the simulation 

results LDO with only the NPN BGR degraded at LDR. The NPN BGR has a proportional 

relationship to the output voltage of the LDO. However, there is no failure seen across the 

entire TID range which may mean that the NPN BGR is not the limiting block of the 

LP2953 at LDR. This can be attributed to the minor changes in the NPN BGR’s internal 

voltages and currents. Figs. 31 and Fig. 32 shows the ΔVbe of the 1:10 transistors as well 

as the currents down each of the branches.  

 

Fig. 31 ΔVbe of the 1:10 Critical Transistors at LDR 
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Fig. 32 Currents down the 1:10 Branches Prerad (TOP) and 300kRad LDR (BOTTOM) 

 From Fig. 31 and Fig. 32 there are only minor changes in the ΔVbe and currents 

through the 1:10 transistors. The ΔVbe changes by around 20% across the entire TID range 

at LDR. This degradation is reflected in the reference voltage of the BGR. The currents 

down the branches do change substantially, due to the excess base current introduced at 

300krad, but the ΔVbe remaining mostly constant helps the BGR maintain its performance 

with only gradual degradation.  The data presented in this section showed that the BGRs 

reference voltages of both the LT1175 and LP2953 have proportional degradation to the 

output voltages of the LDOs with only their BGRs degraded at LDR. A key result to 

observe is the PNP BGR of the LT1175 exhibits a much more abrupt failure than the NPN 

BGR of the LP2953. This could be due to the PNP BJTs experiencing more ELDRS effects 
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than the NPN BJTs. The BGR in the LT1175 could be the main cause of LDR failure in 

the LDO, or it could act as a trigger causing another block to fail. The NPN BGR in the 

LP2953 has little degradation across a large TID range at LDR which points to another 

block causing the 20krad failure seen in the experimental data. The next chapter will 

conclude on the results found in this chapter and provide suggestions about what polarity 

of BGR to select for applications in an environment where radiation threats exist.   
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CAHPTER 5 CONCLUSION 

5.1 NPN vs PNP Standalone Bandgap References  

Space exploration is on the rise; however, it proves to be a difficult environment 

for bipolar linear circuits to operate in. Analog/Mixed Signal (A/MS) circuits in space are 

exposed to constant radiation and they need to maintain their performance for a long 

lifetime. Specialized radiation hardened A/MS circuits can perform this function at a high 

cost. This thesis has proposed a method of quickly and cheaply assessing COTS products 

for their radiation hardness. This method of hardness verification led to the conclusion that 

NPN BGRs will have much more long-term reliability in an environment where radiation 

exists. The compact models enable the simulation of all COTS parts quickly at both HDR 

or LDR. This method can greatly decrease the time and money required to verify many 

COTS parts experimentally. This thesis focused on simulating the LT1175 and LP2953 

with specific goals of comparing PNP and NPN BGR radiation robustness. Verifying that 

NPN BGRS have a gradual degradation at LDR compared to the PNP BGRS abrupt 

degradation can help design engineers quickly decide on what type of BGR may be the 

most useful in their application’s needs.   

Looking back at Chapter 2 experimental data shows that not all BJTs experience 

the same TID and ELDRS effects [6-9], [14], [17-23], [26-29], [36-43], [52], [53]. An 

LPNP BJT is more likely to exhibit these effects then an NPN BJT. [20], [34]. This is 

because in an LPNP the base current is more sensitive to surface recombination. This 

allows radiation induced defects like the dangling bonds of NIT to degrade the transistor. 

The compact models developed in Chapter 3 were created from experimental data taken 

on a test chip that had LPNP and NPN BJTs. The compact models implemented a diode 
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connected between the base and emitter of the BJTs to model their ΔIB. The ΔIB in BJTs is 

the main cause of failure in a BJT due to it creating a large amount of gain degradation in 

the transistors [6-9], [17-23], [31], [32], [34], [47]. The failures seen in Chapter 4 in the 

LT1175 and LP2953 are due to the gain degradation of the BJTs. The LDR failures causing 

the BGRs to degrade stems from the degradation occurring in the critical 1:10 transistors 

in the BGR discussed in Chapter 1. These transistors have the same current flowing through 

each branch and due to their area differences, this means one branch is operating at 10X 

the current density of the other. This creates a ΔVbe (ideally 60mV) between the transistors 

that serves as a reference voltage of the BGR. In the PNP BGR this ΔVbe degrades 50% by 

20krad at LDR. This degradation is the cause of the PNP BGR’s reference voltage 

degradation. The NPN BGR sees about a 20% decrease in the ΔVbe across the entire TID 

range at LDR. This explains why the NPN BGR has only gradual reference voltage 

degradation across then entire TID range.  

As seen in Chapter 4, the PNP BGR of the LT1175 has its reference voltage degrade 

by 73% by 20krad at LDR. The NPN BGR of the LP2953 had a reference voltage 

degradation of about 18% across the entire TID range at LDR. From these simulations the 

NPN BGR of the LP2953 is much more resistant to radiation damage at LDR than the PNP 

BGR of the LT1175. The PNP BGR reproduces TID and ELDRS effects due to the LPNP 

characteristics that the compact models were created from. The standalone BGR 

simulations for the LT1175 show similar methods of failure as the experimental results. 

The only difference is the abrupt failure occurs at 11krad in the experimental data and 

20krad in the BGR degradation simulation. This signifies that the PNP BGR either is the 

main cause of the abrupt failure at LDR or a trigger to cause another block to fail. The 
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ELDRS effects causing the degradation of the BGR is likely most prominent in the 10:1 

transistor ratio that creates the ΔVBE within the BGR. From Chapter 1 a ΔVBE is designed 

in a BGR by having a pair of transistors with a 10x difference in their corresponding current 

densities. ELDRS effects causing a ΔIB in these transistors would cause one of the 

transistors to degrade 10x faster than the other. This explains the abrupt failure of the PNP 

BGR’s reference voltage. The difference between the BGR only simulation and the 

experimental data of the LT1175 likely comes from the BGRs degradation causing a more 

rapid degradation in the error amplifier. The LP2953’s NPN BGR degradation at LDR does 

not have comparable results to the experimental data from the entire LDO. In the 

simulations when the BGR is degraded only the output voltage of the LP2953 degrades a 

mere 18% across the entire TID range at LDR. The experimental data for the LP2953 has 

the LDO falling out of specification by 20krad. Comparing these results points to a 

different block being the cause of the LP2953’s failures at LDR. With this information it 

can be concluded that the PNP BGR shows drastically more degradation at LDR than the 

NPN BGR.  Future work can use the compact models to simulate more topologies of BGRs 

to verify if the results presented in this thesis are constant across all topologies. Extending 

this work into more BGR topologies will provide designer engineers with more at hand 

information to help them quickly decide what BGR is right for their specific application. 

5.2 Bandgap Reference Contributions to Low Dropout Regulator Failure 

The BGR supplies a stable reference voltage for the LDO to operate on [1], [2]. 

This crucial circuit block is proven in this thesis to be a main factor in LDO failure due to 

radiation exposure. The ΔIB introduced by radiation from NOT and NIT defects causes a shift 
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in the BGR’s reference voltage [8], [9], [12], [14]. The BGR sets the common mode voltage 

of the error amplifier in the LDO. If there is a large enough drift the reference voltage will 

fall out of the error amplifiers common mode range and eliminate all functionality in the 

LDO.  The simulation results found in this thesis by targeting only the BGR with radiation 

effects shows a clear correlation between the BGR reference voltage and the output voltage 

of the LDO’s. However, when the positive LDO is simulated against its current load the 

NPN BGR is not the cause of the output voltage degradation. The loss of load current 

capabilities comes from the PNP pass transistor in the LP2953. In the negative voltage 

regulator, the PNP BGR still remained the earliest cause of failure due to the current 

loading. 

 Isolating the radiation effects to the BGR of the LT1175 and LP2953 shows a 

proportional relationship between the reference voltages of the BGRs and output voltages 

of the LDOs. After simulating the LT1175 and LP2953 with only their BGRs irradiated 

the results seen were slightly different when compared to the experimental data obtained 

by irradiating the entire part. For the LT1175 at LDR there was an abrupt degradation in 

the regulators output voltage of 80% by 20krad of TID. The experimental data shows the 

output voltage of the LT1175 degrading by about 10krad. This means that the PNP BGR 

degradation likely acts as a trigger to degrade the error amplifier of the LT1175 at a faster 

rate. This explains why the isolated BGR simulations fail at 20krad as opposed to the 

10krad failure of the entire circuit at LDR. The LP2953 at LDR demonstrated 15% of 

degradation at the output voltage across the entire TID (0-300krad). However, 

experimental irradiation at LDR shows the LP2953’s output voltage degrading out of spec 
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by 20krad. A more abrupt failure can be seen in the LP2953 when the PNP pass transistor 

is degraded and current load is swept. The LDO fails abruptly by 20krad and loses almost 

all its rated current load performance. Comparing the results of the LP2953 shows that the 

NPN BGRs little degradation is not the cause of the LP2953s degradation it is the PNP 

pass transistor. The results from both LDOs show that the ELDRS effects seen in the PNP 

BGR leads to the BGR having a more prominent role in the output voltage’s degradation. 

The NPN BGR shows little TID and ELDRS effects which leads to the pass transistor as 

the main cause of the output voltage’s degradation. 

 NPN and PNP BGRs have different responses when exposed to radiation most 

notably at LDR. This thesis has verified that LDR performance differences in the two types 

of BGR with a compact model simulation. The radiation enabled compact models were 

used in reverse engineered COTS parts (LT1175 and LP2953) and their results were 

comparable to the experimental data that they were developed from. The LP2953 contained 

an NPN BGR that showed gradual degradation at LDR over a large TID range. The results 

showed that the NPN BGR’s minor degradation at LDR were not the main cause of the 

LDOs output voltage degradation. The main cause of the LP2953s output voltage 

degradation was the PNP pass transistor degradation. This caused an abrupt failure by 

55mA of load current at 20krad of LDR. The LT1175 contained a PNP BGR and showed 

abrupt output voltage degradation at LDR. The LT1175’s PNP BGR’s LDR output voltage 

degradation shows comparable results to the entire LDO being irradiated at LDR 

experimentally. The radiation effects seen in the PNP BGR creates a trigger that causes the 

rest of the blocks within the LT1175 to degrade at lower TID levels. The NPN BGR’s 
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minute degradation at LDR points to the NPN BGR having less total effect on the LP2953’s 

output voltage degradation. The information found in this thesis will help design engineers 

quickly and easily decide on which LDO to use in space applications based on the circuit’s 

BGR (PNP BGR acts as a trigger to cause failure at LDR and the NPN BGR does not). 

Selecting an LDO based on the BGR’s polarity will greatly decrease the testing time and 

costs required because, it is easier to narrow down which LDOs will likely be able to 

perform properly in the application. Space exploration is gaining popularity and with the 

results presented in this thesis it will be possible to reduce time in part selection by using 

COTS LDOs based on the type of BGR they use.  
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