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1. Characteristics of Series RLC Circuits

The characteristics of a series RLC circuit of the type shown in Fig. 1 are well known [1,2].

R

Fig. 1. Series RLC Circuit
For a given series RLC circuit, the exponential decay rate, « , can be found by

R

a:Z. (1)

This parameter is a measure of how quickly the ringing of an impulse dies out. It is closely related to
the damping factor,
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The damping factor helps determine the damping characteristics of the ringing, i.e., whether the
ringing is under-, over-, or critically-damped. Likewise, the frequency at which the ringing will occur
is given by
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These parameters can be combined to create the quality factor, Q, of the RLC circuit:
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The Q factor of a circuit roughly corresponds to the number of observable peaks before the ringing
falls below 5% of its initial peak value [1].

2. MOSFET Equivalent Circuit Model

From [3] and [4], the equivalent circuit of a MOSFET transistor is shown in Fig. 2. In order to
examine the validity of the Matrix Pencil Method to detect shifts in the poles of a transistor due to
aging, the circuit in Fig. 3 was designed and constructed. The gate of the low-side MOSFET is tied
low, while the gate of the high-side MOSFET is driven by a PWM signal.
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Fig. 2. Equivalent circuit of a MOSFET
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Fig. 3. MOSFET test circuit for the evaluation of the MPM
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Through careful analysis of the constructed circuit, it has been determined that the vast majority of
the ringing current flows along the path highlighted in blue on Fig. 3. In Fig. 4, which shows the top
and bottom layouts of the board, the current flowing on the top side of the board is marked in red,
while the current flowing on the bottom side is marked in blue. Note that these lines are only a rough
guide and that the actual ringing current will spread out along pads and go through multiple vias.
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=== Part of current loop on the top side of the board

g ~— Part of current loop on the bottom side of the board

3.2i0n
Fig. 4. Layout of MOSFET test circuit with current path highlighted

Note that capacitors C8 and C9, though not visible in Fig. 4, are located immediately under C10. At
high frequencies (e.g. above 1 MHz), current tends to flow through the path of least inductance rather
than the path of least resistance. From Fig. 4, it is obvious that the closest paths, those with the least
amount of inductance, are the paths that include C8, C9, C10, and C29.

From analysis of the MOSFET equivalent circuit in Fig. 2 and the schematic and layout of the
MOSFET test circuit in Fig. 3 and Fig. 4, an equivalent circuit model of the ringing current loop,
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shown in Fig. 5, is proposed in order to accurately describe the ringing behavior of the MOSFET test
circuit. Note that this equivalent circuit is valid only for ringing on the high-to-low transition of the
output voltage, with both the high- and low-side MOSFET transistors in switched-off states. For
analysis of ringing that occurs on the low-to-high transition, the low-side MOSFET may be modeled in
the same manner, while the high-side MOSFET may be modeled as simply Rpgon). The inductances of
the drain and source of both MOSFETs have been lumped together with the total loop inductance of
the circuit, Lioop.
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Fig. 5. Equivalent circuit of MOSFET test circuit ringing current loop

3. Measurement of Cggg

With a known ringing frequency and exponential decay rate, the total loop resistance and
inductance can be calculated if the capacitance of the circuit is known. This then allows the Rogs of
each transistor to be determined as well as Ljoop. To determine the total capacitance of the circuit, the
Coss of each transistor must be measured. Since Cpss depends on the drain-to-source bias voltage, it
must be measured at the bias points of both the high- and low-side transistors. The DC drain-to-source
voltage of each transistor was measured under operating conditions and was found to be approximately
3.08 V for the high-side MOSFET, and approximately 2.28 V for the low-side MOSFET. Next, Coss at
each bias voltage was measured using the setup found in Fig. 6

R=200 kQ C=i1|7nF
Tl

v DUT

Fig. 6. Setup for measuring Coss
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The 200-kQ resistor between the voltage source and the transistor in Fig. 6 was used to ensure that
the voltage source did not interfere with the capacitance measurements of the LCR meter. It allowed
the meter to measure the capacitance of the transistor rather than that of the source. The 47-nF
capacitor in series with the LCR meter was used as protection to block the DC biasing voltage from the
meter. Once the capacitance of the circuit was measured at the proper DC bias voltages, Coss was
calculated from

-1
1 1

Coo=|—— 5

o5 [CMEAS 47 nF} )

to account for the fact that Coss was measured in series with the 47-nF capacitor. A table of the
capacitances resulting from this measurement can be found in Table 1.

Table 1 — Cogs Measurements

Transistor Vbs CMEAS Coss
Low-Side MOSFET 3.08V 7.2 nF 8.5 nF
High-Side MOSFET 228V 7.4 nF 8.8 nF

4. Final Equivalent Circuit Model

The final equivalent model of the ringing present in the circuit of Fig. 3 is shown below in Fig. 7.

_____________________________________ L,,.,=69 nH
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Fig. 7. Equivalent circuit of MOSFET test circuit ringing current loop

This circuit can be simplified to the series RLC circuit shown in Fig. 8 in order to more easily
examine the properties of the ringing it produces.
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R =500 mQ

L=69 nH

— C=43nF

(o,
Fig. 8. Simplified circuit of MOSFET test circuit for ringing analysis

Given the equivalent circuit parameters in Fig. 8 and Eqns. (1)-(4), the characteristics of the ringing
this circuit produces are

a:i:m;36 Ny
2L 2-6.9nH HS

1 1

“22VIC 27,69 nH)-(43 nF)

Q:l\ﬁz 1 6.9nH _,
R\ C 500mQ\/4.3nF

which are consistent with the results obtained by the Matrix Pencil Method.

5. Validation of Series RLC Circuit Model for MOSFET Test Circuit

To validate the series RLC model of the MOSFET test circuit, shown in Fig. 5, a simple experiment
was performed. First, C29 was removed. This was expected to increase the inductance of the loop by
forcing more current to go through C8, C9, and C10. Next, C8, C9, and C10 were removed, leaving
none of the four decoupling capacitors. Similarly, this was expected to increase the inductance of the
current loop by causing the ringing current to now have to travel along a much larger loop in order to
return to its point of origin. By estimating that removing all four decoupling capacitors would increase

=29 MHz ,

fo

the loop inductance by a factor of 2, & and f; were both expected to decrease by a factor of %/5

This was very nearly the case. Fig. 6 demonstrates that removing all four decoupling capacitors
increased the inductance by a factor of roughly 3.25.
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Fig. 6. Matrix Pencil Method pole plots with varying numbers of decoupling capacitors
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