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Abstract – High thermal and electrical stress, over a period 

of time tends to deteriorate the health of power electronic 

switches. Being a key element in any high-power converter 

systems, power switches such as insulated-gate bipolar 

junction transistors (IGBTs) and metal-oxide 

semiconductor field-effect transistors (MOSFETs) are 

constantly monitored to predict when and how they might 

fail. A huge fraction of research efforts involves the study of 

power electronic device reliability and development of novel 

techniques with higher accuracy in health estimation of 

such devices. Until today, no other existing techniques can 

determine the number of lifted bond wires and their 

locations in a live IGBT module, although this information 

is extremely helpful to understand the overall state of health 

(SOH) of an IGBT power module. Through this paper, a 

new method for online condition monitoring of IGBTs and 

IGBT modules using spread spectrum time domain 

reflectometry (SSTDR) has been proposed. Unlike 

traditional methods, this research work concentrates at the 

gate terminals (low voltage) of the device instead of looking 

at the collector side. In addition, the RL-equivalent circuit 

to represent a bond wire has been developed for the device 

under test and simulated in CST Studio Suite to measure 

the reflection amplitudes. Experimental results were 

obtained using a prototype reflectometry hardware, and 

both the simulation and experimental results have been 

compared. These results prove that a single measurement is 

sufficient to predict the failure of the device instead of 

looking at the traditional precursor parameter (VCEON). 

With only two sets of measurements, it is possible to locate 

the aged device inside a module and detect the number of 

bond wire lift offs associated to that device. 

Index terms – Accelerated aging, IGBT condition 

monitoring, failure precursor and mechanism, lifetime 

estimation, power electronic devices, spread spectrum time 

domain reflectometry (SSTDR). 

I. INTRODUCTION

High-power converters are the key elements in a majority of 

power electronic applications. The applications include but are 

not limited to industrial power systems, FACTs devices, 

commercial cooling units, electric vehicles and utility systems, 

aircrafts, navy and commercial ships, military applications, and 

so on [1]. Many of these applications may have redundancy 

since they support invaluable systems for homes, 

transportation, business, and many more. However, some of the 

applications e.g., aircrafts may not have the luxury of 

redundancy due to the weight limitations and fuel efficiency. 

Therefore, any application requiring highly reliable power 

electronic system needs an accurate estimation of state of 

health. The most commonly used power converters are 

comprised of high power IGBTs and MOSFETs. These power 

electronic switches are the most failure prone components in 

the entire power converter circuit [2].  

In high power applications, IGBTs are manufactured as a 

module which consists of more than one IGBT devices. These 

devices are connected through bond wires (BW) inside a 

module. In practical applications, these bond wires experience 

lift off, surface crack or heel crack etc., and the device degrades 

or poorly performs. In order to estimate the level of aging, 

electrical parameters such as current, voltage, etc. can be 

monitored and compared either off-line with, or in-situ 

alongside a healthy device. The most commonly used failure 

precursor parameters for an IGBT are threshold voltage (Vt), 

collector-emitter ON-state voltage (VCEON), collector-emitter 

current (IC), and case temperature of the semiconductor 

package (TC) [3-15]. However, all of these precursor parameter-

based condition monitoring techniques are either highly 

operating point dependent or extremely hard to perform in a live 

circuit when the semiconductor switches are pulsed with PWM 

signals [16-20].  

Spread spectrum time domain reflectometry (SSTDR) based 

technique has opened a new avenue in live condition 

monitoring, and can be found in many literature [21-29]. 

SSTDR based techniques have been successfully carried out in 

cable fault location in [21], and aircraft wiring fault location has 

been identified using SSTDR in [22]. The co-author has 

effectively used the SSTDR technique to determine PV panel 

ground fault detection [21], and PV arc fault detection [24]. In 

addition, this technique has been implemented in degradation 

detection of Si MOSFETs [25-26] as well as for the wide-

bandgap-based power MOSFETs in [27-28]. This novel 

method has also been used in aging estimation of IGBT 

modules in [29]. However, none of the existing methods can yet 

identify the location of the fault and if any bond wire has been 

detached from the substrate. Through this research, we have 

carried out active power cycling to accelerate the aging of the 

device under test (DUT) and an RL-equivalent IGBT model of 

an Infineon dual pack module (FF450R12ME4). The rationale 

for choosing this particular IGBT module is the widespread use 

of it in various commercial and agricultural vehicles due to its 

high-power density. Then, the SSTDR data were collected to 

estimate the aging of this module, identify the location of the 
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lifted bond wire inside the device, and compare the 

experimental and simulation results to validate the RL-

equivalent circuit representation. 

There are several advantages of SSTDR based degradation 

detection. First of all, the signal was applied at the gate-source 

interface of the module which will eventually make the 

measurement technique safer. Secondly, SSTDR frequencies 

(several MHz) are way above the converter’s switching 

frequency, which ensures no interruption in the normal 

operation of the power converter. Using this method, any 

unwanted downtime can be significantly reduced by 

performing scheduled maintenance which will eventually 

provide the converter circuit a longer life resulting in a reduced 

overall cost. Until today, an electrical equivalent circuit of 

FF450R12ME4 is not available. Therefore, this equivalent 

circuit will help researchers to understand not only the 

reflectometry based degradation detection but also the other 

researchers who will be using this module. 

The novelties of this research are twofold. Firstly, the 

correlation between the SSTDR amplitude and VCEON implies 

that the aging can be detected without measuring any precursor 

parameters. This significantly reduces the measurement error 

and uncertainty. Secondly, no other existing non-intrusive 

methods are able to identify the number of detached bond wires 

and their locations inside the packaging. We are able to 

overcome this limitation by using the outcome of the conducted 

research. Hence this research work will open a new window for 

the future researchers in the condition monitoring field and 

significantly help improving the reliability of the power 

electronic semiconductors and converters. 

This paper is organized as follows. Section II briefly 

introduces the SSTDR method and how this can be used in 

device degradation estimation. The detail SSTDR theory and 

applications in power electronics have been discussed in 

multiple papers authored by Khan [23-29]. Section III 

summarizes the accelerated aging test and comparison of 

SSTDR and VCEON data. The RL-equivalent of the bond wires 

in IGBT module is discussed in section IV, and the simulation 

results obtained for RL-equivalent circuit using CST Studio 

Suite is presented in section V. The experimental and the 

simulation results are compared and shown in section VI. 

Finally the conclusion is provided in section VII. 

II. SSTDR – A NEW WAY OF TESTING ELECTRONICS 

LIVE 

Several reflectometry methods are currently being used in the 

field of reliability and condition monitoring. Among them, 

SSTDR is the most immune to noise and faces least 

interference, which make it an ideal test system for any power 

converter. The block diagram of SSTDR prototype hardware is 

shown in Fig 1 [1]. 

Traditional time domain reflectometry (TDR) uses a high-

amplitude and high-frequency signal which requires the system 

to be in offline so that the TDR signal does not interfere with 

the system. In addition, TDR requires a wide dynamic range of 

frequencies to transmit and to receive the reflected signals. On 

the other hand, SSTDR sends down a significantly lower 

amplitude signal (usually around or below 100mV and lowest 

could be 22mV) with a frequency of several hundreds of kHz 

to several MHz making it non-interfering with the system 

operation. Unlike traditional TDR, SSTDR method sends a high 

frequency sine wave modulated pseudo noise (PN) through the 

cable. When this signal finds any impedance mismatch it 

reflects back. The percentage of reflection depends on the 

impedance contrast between the characteristic impedance of its 

propagation path and the impedance at the point of mismatch. 

Then the reflected and incident signal is cross-correlated 

creating a peak at the center frequency of the SSTDR. Since the 

incident signal and noise signals are not synchronized, their 

cross correlation yields a flat spectrum. That is why the SSTDR 

signal is highly immune to noise and interference. 

SSTDR is traditionally used to detect impedance 

discontinuity in electric power lines, and based on the 

experimental data, SSTDR can be used to detect the presence 

of cracks and voids in large IGBT modules by considering the 

entire module as a multi-conductor complex transmission line. 

This method can be made extremely sensitive (to locate small 

impedance changes), and extremely precise in both space and 

time, by using a longer PN code to increase the effective 

bandwidth of the system [30-32]. In addition, the SSTDR can 

be routed in a controlled way by the use of simple filters in the 

current trace on the PCB, leading to a very accurate signal 

injection method. Like other reflectometry method, SSTDR 

magnitude or the reflection coefficient Γ can be expressed as: 

Γ =  
𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

𝑉𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
=  

𝑍𝐿− 𝑍𝑜

𝑍𝐿+ 𝑍𝑜
(1) 

where ZO is the characteristic impedance of the line, and ZL 

is the impedance of the discontinuity [21]. 

SSTDR generated data could be potentially used to detect the 

parametric variations caused by thermal and electrical stresses 

in IGBT modules and the results are independent of the IGBT’s 

operating points. The DUT is a dual pack module which 

consists of 6 IGBT devices, with their corresponding anti-

parallel diodes. These devices and diodes are interconnected 

with a total of 48 bond wires. Three IGBTs and three diodes are 

connected in parallel, forming the top IGBT, and the remaining 

devices form the bottom IGBT as shown in Fig. 2. 

Fig. 1: Schematic diagram of the SSTDR system showing the setup to 

characterize an IGBT in a live converter. [Courtesy: livewire innovation, 

2012] [1] 
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Each of the bond wires present in this module has its own 

resistance and inductance. The interconnections are made in 

such a fashion that they can mimic a very complex transmission 

line network. When any device ages, the ON-state resistance 

(RON) value will be different than that of the healthy device. 

Similarly, if any bond wire lift-off occurs, the overall 

impedance seen from any two terminals will be different than it 

was before. 

Let the equivalent impedance for a healthy module seen from 

gate and emitter terminals of the top IGBT device be ZG1E1, H 

and with aging, this impedance is increased to ZG1E1,A , then if 

the change in these two measurement is denoted by ΔZG1E1, we 

can express this value as shown in the equation (2) below: 

 

ΔZG1E1 = ZG1E1, H - ZG1E1, A    (2) 

Now, the reflection coefficient Γ, presented in equation (1), 

will give the impression of this difference in impedance, and a 

non-zero value will illustrate the aging of the module. 

 

 

 
 

 

III. ACCELERATED AGING AND DEGRADATION 

DETECTION 

A.  Active Power Cycling of IGBT: 

The DUT, shown in Fig. 3, was placed in an accelerated aging 

station (shown in Fig. 4) to stress it electrically and thermally. 

The simultaneous stress was achieved by stopping the coolant 

flow during the ON-state of the DUT. This active power cycling 

technique helps to induce aging in the device in a more efficient 

way than stressing it either electrically or thermally. A 600A 

Lambda-TDK (EMS 7.5-600-2-D-RSTL) power supply was 

used to push current through the device, and 313A DC current 

was supplied between the collector and emitter terminals during 

the aging process. The number of cycle was counted based on 

the temperature swing of the device. The swing in temperature 

was 100°C (ΔT) starting from 50°C and ending at 150°C of case 

temperature. A k-type thermocouple was used to monitor the 

temperature. 

A Lab-Jack T7-Pro DAQ was utilized to record VCEON, 

collector current (IC), and case temperature (TC). Once the 

temperature reached 150°C, the power supply automatically 

stopped sending power to the device and coolant flow was 

activated. 

 

 

 

 
    
Fig. 2: (a) Infineon dual pack IGBT module (FF450R12ME4) without 

top cover (b) Simplified schematic of the module 

  
Fig. 3: Infineon IGBT power module (FF450R12ME4) 

 
Fig. 4: Active power cycling setup 
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Similarly, when the device’s case temperature went down to 

50°C, the power supply started pushing current to the collector, 

and the coolant pump stopped the coolant flow. This control of 

the power supply was incorporated by using a power MOSFET 

in series with the DUT at the collector side, and this switch was 

turned ON and OFF in order to activate or deactivate the power 

supply. This ensured the full conduction of the device under 

test. In order to make the cooling efficient, a heat sink was 

attached underneath the IGBT module, and Ethylene-glycol 

was used as the cooling agent. The overall schematic is 

presented is Fig. 5.  

 
 

B. Experimental Setup and Test Results: 

The SSTDR signal was applied at both of the gates of top and 

bottom IGBT, and simultaneously the DAQ was recording the 

VCEON data (plotted and shown in Fig. 7). Fig. 6 illustrates the 

simplified Infineon module and shows the SSTDR test points: 

G1, E1 (1b), G2, and E2 (2b). This device was aged at two 

different levels, and data obtained at each level was compared 

with the measurements consistent to the zero aged device. 

Aging level 1 was defined as 400 aging cycles, and aging level 

2 was considered once the device failed. The SSTDR data was 

recorded for frequencies 3MHz, 12MHz, and 48MHz for 

collector current levels of 0A, 25A, and 50A.  

From Fig. 7, it is apparent that with the aging i.e., as the 

number of cycles increases, the VCEON keeps increasing and 

gives a spike at around 800 cycles as the change is about 5% of 

the initial voltage. At this point the IGBT can be considered as 

non-functional. This pattern of IGBT’s VCEON is very common 

and can be found in many condition monitoring literatures [33-

34]. Now, according to equation 1, it is expected that when 

IGBT goes through aging, the ON-resistance will increase and 

the auto-correlated amplitude of SSTDR will produce a lower 

magnitude. Hence with the increase in RON value, the equivalent 

impedance, ZL for the SSTDR hardware will also go down 

when seen from the gate terminals. Fig 8 shows the auto-

correlated amplitude of SSTDR signal recorded between the 

gate and emitter terminals of the top and bottom IGBT 

respectively. The zoomed portion within this plot clearly shows 

that there is a significant difference between the healthy and 

aged data. As the level of aging increases i.e., RON increases, 

the amplitude of the auto-correlated amplitude keeps falling, 

which supports the reflectometry theory stated in equation 1. 

 

 
Now, it is necessary to find a correlation between the VCEON 

and the auto-correlated SSTDR amplitude in order to reach a 

conclusion. Table I presents the comparison between the above 

mentioned quantities, which were recorded by the DAQ and 

SSTDR hardware respectively (also can be obtained from Fig. 

7, and Fig. 8). From this table, it is apparent that the percent 

change in the VCEON of healthy and failed device is about 5.49%. 

Similarly, the percent change in the amplitude of SSTDR 

reading between the healthy and failed device recorded at the 

gate terminals are 5.83% and 5.81% respectively. These values 

are very close to each other and hence it can be concluded that 

the SSTDR measurement at the gate terminals are accurate 

enough to identify the failure or aging of the IGBT power 

module. However, in order to verify that the SSTDR technique 

is able to provide aging information independently of current 

level, data were recorded between the gate and emitter interface  

 

Fig. 5: Schematic of the accelerated aging station 

 

 
Fig. 6: Simplified SSTDR test schematic: TP1 and TP2 represent SSTDR 

test points for top and bottom IGBT’s gate-emitter interface respectively 

 

 
Fig. 7: VCEON vs number of cycles plot 
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Fig. 8: SSTDR auto-correlated amplitude plot 

 

Fig. 9: SSTDR auto-correlated amplitude plot 
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for 25A and 50A collector currents at 12MHz and 48MHz of 

SSTDR frequencies. These data have been plotted in Fig. 9. All 

of these plots show the similar pattern with 0A data.  None of 

these figures contain the aging level 2 data because the device 

failed by that time, and IGBT was not conducting any current 

at that point. Therefore, through these measurements we can 

conclude that the SSTDR test data does not depend on the 

current level of the device, and a single measurement is 

adequate to identify any aging related information inside the 

IGBT power module. 

In addition to the monitoring at the gate terminals, SSTDR 

were applied between the collector, C1 (1a) and emitter, E2 (2b) 

interface (nodes are shown in Fig. 6) of the IGBT at different 

current levels (25A and 50A) and SSTDR frequencies (12MHZ 

and 48MHz). These data were plotted in Fig. 10 inlcuding the 

zoomed portions to have a better clarity. Interestingly these 

plots show the similar pattern of aging as depicted in previous 

plots. This matching information proves that SSTDR based 

condition monitoring is independent of nodes and frequency at 

which the signal is applied. However, it is advantageous to 

connect to the gate side for the lower voltage level and ease of 

access. 

SSTDR is a relatively new technique to determine impedance 

discontinuity in power transmission lines [21-22] [35]. Since 

2012, Khan and his group have effectively used SSTDR to 

determine the level of aging in MOSFETs, capacitors, 

inductors, bond wire degradation in IGBTs and PV faults [23-

25] [36]. So far, all SSTDR results are experimental, and there 

was no way to validate the accuracy and repeatability of the 

technique because no SSTDR based simulation models were 

available. This is the first time we have derived an accurate 

model of SSTDR propagation in CST Studio Suite, and we can 

verify all experimental results by using a newly derived IGBT 

model. The underlying reasons for choosing the CST Studio 

Suite for the simulation purpose are: (i) this software 

accommodates the platform to directly input a Spice model, (ii) 

electrical equivalent circuit can be drawn using its own 

schematic and component library, (iii) this software is able to 

measure reflection parameters at any points of the schematic, 

and (iv) the SSTDR hardware’s functionality is based on the 

reflectometry principle.  The following section depicts detail 

description of the SSTDR simulation method and results using 

the CST Studio Suite. 

IV. RL-EQUIVALENT OF THE BOND WIRE IN IGBT 

MODULE RL-EQUIVALENT OF THE BOND WIRE IN 

IGBT MODULE  

 There are six pairs of IGBTs and diodes in the 

FF450R12ME4 IGBT power module. All of them are 

interconnected via bond wires and each diode and IGBT device 

are interconnected with 8 bond wires. The devices in this dual 

pack module has been numbered and shown in Fig. 2(a).  A 

simplified block diagram is shown in Fig. 11.  

Since all of the IGBT device and diode pairs are symmetrical 

and have the exact length and number of bond wires between 

them, one pair was modeled in detail, and the remaining pairs 

were replicated. After that, the interconnected bond wires  

 

Fig. 10: SSTDR auto-correlated amplitude plot 
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between each pair were modeled in the similar fashion. 

Multiple bond wires were detached from the module to measure 

wire resistance (R), and the measurements were averaged for 

each bond wire. The length of the bond wire was 12mm long, 

with 2.4mΩ resistance and 12nH inductance. For simplicity, 

inductance was estimated as “1mm length equivalent to 1nH 

inductance” according to [37]. The equivalent circuit of a single 

pair is shown in Fig. 12(a), and Fig. 12(b) depicts the equivalent 

branch minimized from Fig. 12(a). 

In the following section, the bond wire details will be 

explained: 

 The collectors of the devices T1 and T2 are connected with

9 bond wires of 7mm length each, so as the collectors of

B1 and B2.

 Similarly, the collectors of the devices T2 and T3 are

connected with 8 bond wires of 7mm length each, so as

the collectors of B2 and B3.

 The emitters of B1 and B2 are connected with 8 bond wires

of 7mm length, and the emitters of B2 and B3 are

connected with 8 bond wires of 7mm and 3 bond wires of

10mm length.

Bond wires at the gate and end terminals are connected as 

stated below: 

 Gate terminals of T1, T2, and T3 have 3 bond wires of

50mm, 10mm, and 40mm length respectively. The end 

points of these bond wires are then connected via a 30mm 

length bond wire to the external gate terminal, G1.  

 Similarly, gate terminals of B1, B2, and B3 have 3 bond

wires of 45mm, 15mm, and 45mm length respectively.

The end points of these bond wires are then connected via

 

 

 

 

a 15mm length bond wire to the external gate terminal, G2. 

 The collector of T1 and emitter of B3 are connected to the

external C1 and E2 terminal with 10 parallel bond wires,

each of 12mm length.

 The emitter of T3 and collector of B1 are connected to the

external point E1 and C2 respectively with 6 parallel bond

wires of 14mm length each.

 Another bond wire of 21mm length connects the emitter

of T3 to the ground connection of the G1.

 The emitter of B2 is connected with the ground of G2 via

a 15mm long bond wire.

Incorporating all of the above points into the equivalent 

circuit, the final bond wire RL-equivalent circuit will have the 

schematic shown in Fig 13. The values of the resistors and 

inductances have been enlisted in Table II. 

TABLE II  

PARAMETRIC VALUES OF THE ELEMENTS IN RL-EQUIVALENT CIRCUIT 

OF THE IGBT MODULE 

Resistance (mΩ) Inductance (nH) 

RT1=RT2=RT3 

=RB1=RB2=RB3 
0.3 LT1=LT2=LT3

=LB1=LB2=LB3 
1.5 

R3,10 0.67 L3,10 3.33 

R8,7 0.18 L8,7 0.88 

R9,7 0.16 L9,7 0.78 

R6,14 0.47 L6,14 2.33 

R10,12 0.24 L10,12 1.2 

R10 2 L10 10 

R15 3 L15 15 

R21 4.2 L21 21 

R30 6 L30 30 

R40 8 L40 40 

Fig. 11: Simplified block diagram of FF450R12ME4 dual pack IGBT power module 

TABLE I 
CORRELATION BETWEEN VCEON AND SSTDR AMPLITUDE 

VCEON 

(V) 

SSTDR auto-correlated amplitude at IC = 0A 

Between terminal G1-E1 Between terminal G2-E2 

Healthy device 3.64 3MHz 12MHz 3MHz 12MHz 

1820 4788 1751 4913 

Aged device (failed) 3.44 1692 4566 1633 4673 

Percent change (%) 5.49 7.03 4.63 6.74 4.88 

Average (%) 5.49 5.83 5.81 
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V. SIMULATION RESULTS

The bond wire RL-equivalent circuit was simulated using CST 

Studio Suite software in order to investigate lift off phenomena. 

Not all of the circuit simulators are equipped with both 

schematic and reflectometry ability, hence to serve the research 

goal, CST Studio Suite was chosen as the platform. The 

equivalent circuit was redrawn in the simulation platform and 

simulated data were recorded at both of the gate terminals (G1 

and G2) over a wide range of frequencies (5MHz to 385MHz). 

Table III summarizes the simulation steps or phases at a glance. 

As the first step, it is necessary to verify if multiple bond wire 

lift off incidents are detectable from the simulation results. 

Based on this, identification of the affected device will be 

calculated. Let us consider two random phases Phase-2 and 

Phase-5 and the simulation results at 48MHz is shown in Fig. 

14 and Fig. 15 respectively. 

Phase-0 is included in both of the plots to show the separation 

between the healthy and aged i.e., lifted bond wire cases. It is 

clearly distinguishable from the plots that each of the bond wire 

lift off case is different from each other. 

 

 

Fig. 12: (a) RL-equivalent of a single pair of IGBT and diode (b) 

Simplified schematic of a single pair of IGBT and diode 

Fig. 13: Finalized bond wire RL-equivalent circuit of the IGBT module 

Table III SIMULATION PHASES 

Phase-0 Phase-1 

Lift off 

@T1 

Phase-2 

Lift off 

@T2 

Phase-3 

Lift off 

@T3 

Phase-4 

Lift off 

@B1 

Phase-5 

Lift off 

@B2 

Phase-6 

Lift off 

@B3 

Test 

points 

Frequency 

range 

Healthy 

device (no 

lifted 

bond 

wire) 

1BW 1BW 1BW 1BW 1BW 1BW G1-E1 

& 

G2-E2 

5MHz 

to 

385MHz 
4BW 4BW 4BW 4BW 4BW 4BW 

7BW 7BW 7BW 7BW 7BW 7BW 
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Since the device T2 is closer to the gate G1, hence the 

magnitude is higher than the magnitude recorded at G2-E2 

interface. Similarly, B2 has a higher magnitude when recorded 

at the G2 gate terminal. It is also noteworthy that the values in 

the y-axis are the absolute magnitude, whereas, they all are 

actually negative numbers. So, the true amplitude of the 

reflection is decreasing with increasing number of bond wires, 

which is consistent with equation (1) as well as with the 

experimental SSTDR data. In addition, the SSTDR hardware is 

a prototype device manufactured by LiveWire Innovation, 

therefore, the peaks in simulation and experimental results are 

not equal in value. However, the trend in the data with device 

degradation is similar in both cases. 

Identifying the location of the affected device is complex and 

requires the reflection data from both the gate terminals. Instead 

of generating results at a certain frequency, the model was 

simulated over 5MHz to 385MHz frequency spectrum and the 

maximum amplitudes were recorded. Fig. 16 shows the peak 

reflection amplitude from both the gate terminals. 

When SSTDR signal is applied across the gate-emitter 

terminals of the IGBT module, reflection amplitude readings 

are recorded, which have been eventually used  to identify the 

location of the affected device using these two sets of data. Let 

us consider two scenarios as shown in Fig. 16. “Scenario 1”: 

first set of data taken from G1-E1 interface, and the recorded 

reflection magnitude is 11,790. This data set could indicate the 

following instances (please see Fig. 16(a)): (i) seven bond wire 

lift offs for device B1, (ii) seven bond wire lift offs for device 

B3, and (iii) four bond wire liftoffs for device B3. Therefore, this 

single measurement is not enough to identify the actual incident 

out of these three possible cases. This is why we had to consider 

a second set of data recorded at a different location. Let us 

consider the second set of SSTDR data recorded at G2-E2 

interface, which generates a magnitude of 33,870. According to 

Fig. 16(b), this magnitude is unique to seven bond wire lift offs 

at B3. Therefore, by combining these two readings we are able 

to point the location of the affected device which is B3 (with 

seven detached bond wires) in this case.  

Let us consider “Scenario 2”, where three different cases 

produce the same SSTDR amplitudes close to 12,500 obtained 

from G2-E2 interface. According to Fig. 16(b), devices T1, T2, 

and T3 are associated with this amplitude. In all cases, seven 

bond wires were detached. Therefore, this single reflection data 

cannot determine the location of the affected device. Let us 

assume we have another set of data obtained from G1-E1 

interface with a magnitude of 70,050, and this data is only 

associated with the device T2 (please see Fig. 16(a)). Therefore, 

the same incident which was producing a reflection co-efficient 

of 12,500 when measured from G2-E2, it produces a reading of 

70,050 when measured from G1-E1. Thus, by taking data from 

two locations, it is possible to pinpoint the number of bondwire 

detachments and the corresponding physical location. Table IV 

shows these data sets. 

Fig. 14: Reflection magnitude vs frequency plot when T2 has 

lifted bond wire (a) recorded at G1-E1 interface (b) recorded at 

G2-E2 interface 

Fig. 15: Reflection magnitude vs frequency plot when B2 has 

lifted bond wire (a) recorded at G1-E1 interface (b) recorded at 
G2-E2 interface 
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VI. EXPERIMENTAL RESULTS

Initial testing was conducted with FF450R12ME4 IGBT 

modules. These are EconoDUAL™3 modules with 

Trench/Fieldstop IGBT4 and Emitter Controlled HE diode, 

manufactured by Infineon Technologies. The high power 

density of this particular module has made it useful in several 

commercial, construction, and agricultural vehicle applications 

where extended reliability is a key. Each FF450R12ME4 has 

one top and one bottom IGBT and their corresponding free-

wheeling diodes. 

In order to mimic the bond wire lift off, we have intentionally 

detached the bond wires in a sequential manner and then 

observed the SSTDR output. We found this is the only 

controlled way to emulate a specific number of bond wire 

detachment, and the number of disconnected bond wires cannot 

be guaranteed using the accelerated aging techniques. This 

arrangement is shown in Fig. 17(a), and the actual IGBT 

package is shown in Fig. 17(b). The top IGBT’s collector 

terminal was connected to the silicon die through 24 bond 

wires. The Top IGBT (shown in Fig. 6) consists of three IGBT 

devices connected in parallel, and each of them has 8 bond 

wires, and 3 diodes are connected in anti-parallel fashion. Thus, 

the Top IGBT has total of 24 bond wires. Fig. 17(c) shows the 

close-up view of the IGBT module.  Similarly, the bottom 

IGBT has another 3 parallel IGBT devices with a total of 24 

bond wires, and three anti-parallel diodes. The total current 

through the entire IGBT module is shared among these 48 bond 

wires. Therefore, any lift-off associated to any of these wires  

 

will lead to increase in current path resistance and will inhibit 

natural current flow to the IGBTs. The main task was to 

investigate if the SSTDR data could detect these lift-off events 

once we sequentially disconnected these wires.  

Table IV ACTUAL DATA POINTS FOR BOTH SCENARIOS 

Affected device 

and number of 

detached bond 
wires 

Reflection 

magnitude 

recorded at  
G1-E1 

interface 

Reflection 

magnitude 

recorded at 
G2-E2 

interface  

Scenario 1 

7 BW at B1 10,990 40,760 

7 BW at B3 11,790 33,870 

4 BW at B3 11,760 6,250 

Scenario 2 

7 BW at T1 8,690 12,640 

7 BW at T2 70,050 12,380 

7 BW at T3 15,280 12,130 

Fig. 17: (a) The actual test setup (b) Photograph of the actual 

IGBT module used with and without top cover (c) Close-up 
view of the IGBT bond wires. 

Fig. 16: Peak reflection amplitude plot for six device locations (a) recorded at G1-E1 interface (b) recorded at G2-E2 interface 
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The protective gel layer in the IGBT module was removed 

prior to the testing in order to get easier access to the bond 

wires. The module was submerged in the Digesil NC Xtra 

solution (a polymer remover) until the gel layer was completely 

removed. Isolated +15 V DC voltages were applied across the 

gate and emitter of both the top and bottom IGBT modules. 

SSTDR data were recorded for seven instances (6, 12, 18, 24, 

30, 36, and 42 lifted bond wires) at SSTDR center frequency of 

12MHz and 48MHz. The peak amplitudes were compared with 

the corresponding peak amplitudes obtained from the 

simulation. Fig. 18 shows the comparable results at 12MHz, 

and Fig. 19 represents the result obtained at 48MHz, and the 

simulation and experimental data are in very close agreement. 

These figures also show that when the module have 24 lifted 

bond wires, the magnitude is the minimum. The experiments 

and simulations were conducted for multiple times in multiple 

modules, and all of the results showed similar pattern. The 

reason behind this is yet unknown, and beyond the scope of this 

paper. However, since both results correspond to each other and 

are repeatable, it is apparent that the location and number of 

lifted bond wires can be identified if the results from the both 

gate terminals are compared. 

VII. CONCLUSIONS

SSTDR based technique is one of the few degradation 

monitoring methods that is able to estimate aging and detect 

wire fault in-situ. Based on the reflectometry principle, the RL-

equivalent circuit was simulated and the experimental data were 

recorded. These plots show that both of the results follow the 

similar trend, and therefore, the equivalent circuit is a true 

representation of the bond wires present in FF450R12ME4 

IGBT power module.  

 

In addition, the SSTDR amplitudes show a direct correlation 

with the VCEON data obtained from active power cycling. This 

it is possible to determine the location of the lifted bond wire 

The research outcome documented in this manuscript shows 

that and total number of bond wire lift offs.technique can be 

extremely helpful in the field applications where the collector-

emitter nodes are not accessible. This method can also be 

extended to any converter circuit topology provided that the 

data are collected from the gate terminals of every module 

which is very feasible. Unlike collector terminal, the gate 

terminal is always at the lower potential level which 

significantly helps in the design phase of any condition 

monitoring hardware. Since electrical parameter measurement 

is not required, this technique not only reduces the 

measurement error but also helps in designing the SSTDR 

hardware at a much lower rating. Even with proper scaling the 

hardware can be incorporated in the gate driver board which 

will allow the system to be monitored autonomously. 
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 Fig. 18: Simulation and experimental results show the similar pattern in the peak magnitude with equal number of bond wire lift off scenario at 12MHz 

frequency (a) obtained through simulation (b) recorded from experiments 

Fig. 19: Simulation and experimental results show the similar pattern in the peak magnitude with equal number of bond wire lift off scenario at 48MHz 

frequency (a) obtained through simulation (b) recorded from experiments 
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