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University (GVSU) Electromagnetic
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EMC Master Design Engineer. He was a founding
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and industry.
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60 papers on EMC education, measurement,
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with Practical Applications” (Wiley, 2017) and the
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(Wiley 2022).
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Commerce’s National Institute of Standards
and Technology (NIST) National Voluntary
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are “adopted by reference” by United

States Government Agencies to be used by
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Hoolihan teaches courses in EMC Engineering
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EMUC Society, and the C63-Committee.

Hoolihan is Past-President of the IEEE-EMC
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Jason Harrison, Head of Engineering, says:
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vision, and goals for the future, it made me
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Project Manager.
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Electromagnetic Waves—T'heory and Practice.
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TRANSMISSION LINE REFLECTIONS
AT THE RL AND RC LOADS

By Bogdan Adamczyk

his article discusses the reflections on a

transmission line terminated with either an RL
or an RC load. The detailed analytical derivations
are verified through the HyperLynx simulations and
laboratory measurements.

1.1 REFLECTIONS AT THE RL LOAD - ANALYSIS

Consider the circuit shown in Figure 1.1, where the
transmission line of length 4 is terminated by an RL
load. (Reflections at the purely inductive load are
discussed in [1]).

Note that the load resistor value is equal to the
characteristic impedance of the transmission line; it
is also assumed that the initial current through the
inductor is zero, 7,(07) = 0.

When the switch closes at # = 0, a wave originates at
z = 0, [2], with

Ve
Vi=5 (1.1a)
i=Ye
baze (1.1b)

and travels towards the load. When this wave arrives
at the load, (at the time # = 7'), the reflected waves, v,
and 7_are created. This is shown in Figure 1.2.

The reflected current wave is related to the reflected
voltage wave by

- "r(t)
t) = —2=2
() Zc (1.1¢)

KVL and KCL at the load produce
v + v.(t) = v, (t) + vg(t) (1.22)

i + i () =, (t) (1.2b)

Dr. Bogdan Adamczyk is professor and director
of the EMC Center at Grand Valley State
University (http://www.gvsu.edu/emccenter)
where he regularly teaches EMC certificate
courses for industry. He is an iNARTE certified
EMC Master Design Engineer. Prof. Adamczyk
is the author of the textbook “Foundations of
Electromagnetic Compatibility with Practical Applications”
(Wiley, 2017) and the upcoming textbook “Principles of
Electromagnetic Compatibility with Laboratory Exercises”
(Wiley 2022). He can be reached at adamczyb@gvsu.edu.

Zc t=0
_/\/V\/_PG
ZT *
vy rl-i
Vo= _/\/_’
Var
z=0 z=d

Figure 1.1: RL termination of a transmission line

i+ iy
—

Figure 1.2: Incident and reflected waves at the RL load
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Obur initial goal is to determine the reflected voltage

v (#) at the location z = 4, i.e., v (4,). The ultimate goal
is to determine the total voltage at the load, v, (4,2).
From Eq. (1.2a) we obtain the inductor voltage as

v (£) = v + vp(t) — vp(0) (1.3)
'The load resistor voltage can be obtained from

vp(t) = Zciy (t) (1.4)
Using Eqns. (1.1a) and (1.4) in Eq. (1.3) produces

v, (€) = Z& + v,(6) — Zci, (£) (1.5)

'The differential v-i relationship for the inductor is

diL(t)
v, (t) = L—— (1.6)

Utilizing Eqns. (1.2b) and (1.6) in Eq. (1.5) we get

FHu® = Zli+ @ =Ly li+i®O]

Using Eq. (1.1b) and (1.1¢) in Eq. (1.7) we have

vrch] _ G
d..t

+ vr(t) ZC [ ?.Zc Zc (18)

2Z¢
Since ¥, and Z__ are constant Eq. (1.8) reduces to

L_dve(t) _
TZe &t +v.(t)=0 (1.9)

This differential equation needs to be solved for v (2),
for # > T, subject to the initial condition v (¢ = T). Let’s
determine this initial condition. Using Eqns. (1.1a)
and (1.1¢) in (1.2b) gives

v t
Y ”r() = L(t)

2Z¢  Zc (1.10)
Evaluating it at 7= 7, we get

Yo _w@M_,;

22c  Zc 0(T) (1.11)

Since the current through the inductor cannot change
instantaneously, we have 7 (7)), and thus

v (M) =5 (1.12)

JANUARY 2021 IN COMPLIANCE | 41

Now we are ready to solve Eq. (1.9), subject to the
initial condition in Eq. (1.12):

L dvn(®

2Z¢ dt .

_ =Y
+v () =0, »(T) =77, (1.13)

First, let’s rewrite this equation in a standard form:

dvg(t) ”r(t]
—+——=10
at Ly

(1.14)

or
dvy | vy _
¥t =K (1.15)
where

L

=—, K=0

T2 (1.16)
The solution of Eq. (1.16) was derived in [3] as
v, (6) = Kr + [v,(T) — Ke]e = (1.17)

Utilizing Eqns. (1.12) and (1.16) in Eq. (1.17), we

obtain

_ZZC _
v(d)="Ce 0", t>T

(1.18)
The total voltage across the RL load is
vpe(d, t) = v +v,.(d,t) = % +v,(d, 1) (1.192)
or
Ve, (d,t) =2C + 2% eI, taT (1.19b)

Equation (1.19b) predicts that at #= 7, the voltage

at the load rises from zero to ¥, and then decays
exponentially to ¥, /2. Let’s verify these observations
through simulations and measurements.

1.2 REFLECTIONS AT THE RL LOAD -
SIMULATION

Figure 1.3 on page 42 shows the HyperLynx
schematic of the transmission line terminated in an

RL load.



42 | EMC concepts explained

'The simulation results are shown in Figure 1.4.

1.3 REFLECTIONS AT THE RL LOAD -
MEASUREMENTS

The measurement setup and the results are shown in
Figure 1.5.

The measurement results are shown in Figure 1.6.

Note that the measurement results verify the
simulation and the analytical results.

2.1 REFLECTIONS AT THE RC LOAD - ANALYSIS

Consider the circuit shown in Figure 2.1 where the
transmission line of length &is terminated by an RC
load. (Reflections at the purely capacitive load are
discussed in [1]).

Note that the load resistor value is equal to the
characteristic impedance of the transmission line; it is

via2 R1 z=0 M1
Zi=d
"4
50.0 ohms L1
MODVSEZBIS s
CMOS,5V,FAST,I0 Net001
Net003
22uH
R2
50.0 ohms
Figure 1.3: RL load - HyperlLynx schematic
Ve vm(dt) v(0,t)
6000 = |
Py V,
oo Y | | 1 Y
i \\'\ 2
Lo & ol o, |
%on _’: { = ‘I_ = _4_1__
2000 t |
1000 - -1-
000 -
1000 r +
2000 1 - 4 . ‘
om0 2000 4000 6000 8000 |-‘E:’|’:'M] 12000

Figure 1.4: RL load - Voltages at the source (z = 0) and the load (7 = d)

also assumed that the initial voltage across the

capacitor is zero, v,(07) =

0.

When the switch closes at # = 0, a wave originates at
z = 0, with the initial voltage and current values given
by Eqgns. (1.1a) and (1.1b); this wave travels towards
the load. When the wave arrives at the load, (at the
time 7= 7)), the reflected waves, v and i are created.

'This is shown in Figure 2.2.

The reflected current wave is related to the reflected
voltage wave by Eq. (1.1c). KVL and KCL at the load

produce

v + (1) = v (1)

i + i, (t) = ig(t) +ic(t)

(2.1a)

(2.1b)

Obur initial goal is to determine the reflected voltage
v (#) at the location z = 4, i.e., v (4, 7). The ultimate
goal is to determine the voltage at the load, v,(, #).

Figure 1.5: RL load — Measurement setup

Tek fun I — == ] Trig'd
v Vs
V.- " vpe(dit)
. : v(0,0) Yo
e 2
‘/
bl
—
T
@ oV~ o \[:n.on: 50065/ Wi ‘I 10ct 2020
(1 20k points 18V 10:39:55

Figure 1.6: RL load — Measurement results



From Eq. (2.1b) we obtain the capacitor current as

ic(®) =i +i-(t) — ig() (2.2)
The load resistor current can be obtained from

: _ vitee(t)

(6 == 2.3)
Using Eqns. (1.1b), (1.1¢) and (2.3) in Eq. (2.2)
produces

. _ h _ ‘v,-_{rJ. _ vi+uy(t)

e® =202 " 2.4)

'The differential v-7 relationship for the capacitor is

’-C(t) - dvc(t) (25)

Utilizing Eqns. (1.1a) and (2.4) in Eq. (2.5) we get

Vg vr(t) Ve vr(t) = da Ve
e e g0l
Since ¥ is constant Eq. (2.6) reduces to
zcc dv,-(t) _

2 vr(t) = 2.7)

This differential equation needs to be solved for v (2),
for # > T, subject to the initial condition v (#= T). Let’s
determine this initial condition. Using Eq. (1.1a) in
(2.1a) gives

v (t) = ve(t) 2.8)

Evaluating it at # = 7] we get

Ef- + v,.(T) = v:(0) (2.9)

Since the voltage across the capacitor cannot change
instantaneously, we have v (7") = 0, and thus

Ve
ve(T) =—5° (2.10)

Now we are ready to solve Eq. (2.7), subject to the
initial condition in Eq. (2.10):

czg dvr(t)

> o Tr®=0 %)=~

v
2 2T oq
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First, let’s rewrite this equation in a standard form:

dvp(t) vr(t)
dr + CZC/ 0

(2.12)
This equation is in the form of Eq. (1.15), with

_ oz _
t==, k=0 (2.13)

The solution of Eq. (2.13) is of the form presented in
Eq. (1.17). Utilizing Eqns. (2.10) and (2.13) in Eq.
(1.17) we obtain

v (d,t) =28 @, a7 (2.14)
The total voltage across the RC load is

ve(d,t) = v +v(d,t) = V?G"' vy(d, ) (2.15a)
or

ve(d,t) = ‘;—5 —V—;e et~ T, 27 (2.15b)

Figure 2.2: Incident and reflected waves at the RC load
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Equation (2.15b) predicts
that at # = 7, the voltage at
the load is zero and increases
exponentially to V_/2. Let’s
verify these observations
through simulations and
measurements.

MODvsEZIBIS
CMOS, 5V, FAST.IO
Net003

2.2 REFLECTIONS AT THE
RC LOAD - SIMULATION

52
18.000 ns R2 c1
Simple

Net001

50.0 ohnys 220.0 pF

Figure 2.3 shows the
HyperLynx schematic of the
transmission line terminated in
an RC load.

The simulation results are shown in Figure 2.4.

2.3 REFLECTIONS AT THE RC LOAD -
MEASUREMENTS

The measurement setup and the results are shown in
Figure 2.5.

The measurement results are shown in Figure 2.6.

Note that the measurement results verify the
simulation and the analytical results. @

Figure 2.3: RC Load - HyperlLynx schematic
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Figure 2.5: RC load — Measurement setup
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Figure 2.4: RC load - Voltages at the source (z = 0) and the load (7 = 0)

Figure 2.6: RC load — Measurement results
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TWO-PIN HBM TESTING: A NEW OPTION?

By Robert Ashton for EOS/ESD Association, Inc.

I I uman Body Model (HBM) is the original ESD

test method for semiconductor devices and is still

the most widely used ESD test [1]. This article will

discuss the old, but now new two-pin HBM tester. Not

only are the new two-pin testers not subject to one of
the drawbacks of today’s high pin count testers, they
provide additional testing convenience and diagnostic
options not available in traditional HBM testers.

BACKGROUND

'The basic HBM circuit diagram is shown in Figure 1.
A 100-pF capacitor is charged to a voltage and

then discharged across the device through a series
1500-ohm resistor. This produces the classic HBM
waveform, a rapid rise in current followed by a 150

ns exponential decay, with a nominal peak current of
about V.. /1500 ohms. Developing an HBM tester
based on Figure 1 is not as straightforward as it might
seem. Details of the high voltage relay to initiate the
pulse have led to unintended consequences and false
failures which have been documented in the literature.
Ionized gas in the relay after the pulse created
sustained low currents after the main pulse [2] and
rapidly changing relay capacitance created voltages
before the pulse [3]. These artifacts have been rectified
with simple modifications of the pulse source.

Delivering the pulse to the device under test (DUT)
can also be a challenge. The very earliest HBM tester
was undoubtedly a very simple RCL circuit with a pair
of clip leads, a Two Pin Tester. As integrated circuits
became more complicated, the test method evolved.
To save test time, pin combinations were developed

> 1 MQ 1500 ©
HV
DUT
Supply | 100 pF
| |

Figure 1: Basic HBM circuit model where DUT is the device under test,
conventionally an IC package
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in which a number of pins were ganged together on
the low side of the pulse source, while a single pin

was stressed on the high side of the pulse source.
These are the traditional pin combinations, now in
Table 2B of JS-001. [4] To accommodate these pin
combinations HBM testers were designed to facilitate
the pin combinations in both manual and automated,
relay-matrix based, configurations. Relay matrix-based
testers have been the mainstay of HBM testing of high
pin count for some time, but there have occasionally
been issues related to parasitic circuit elements within
the matrix, which have resulted in false failures. The
next section will discuss how parasitics can lead to
distorted waveforms. We will then discuss how a new
generation of the two-pin testers has come on the
market, such as the Grund Technical Solutions Pure
Pulse HBM system and HPPI's HBM option for
their Transmission Line Pulse (TLP) systems. These
systems are insensitive to tester parasitics but have a
number of other advantages that will be discussed.

TESTER PARASITICS

Relay matrix-based testers have been found to have
significant parasitic circuit elements, particularly the
capacitance across open relays [5,6]. An example is
shown in Figure 2 on page 46. If the stressed pin is a
supply group with many pins, or an Input or Output
with diodes to a power rail, many open relays with
parasitic capacitance will be stressed. The result can
be that the actual waveform exiting the DUT can
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