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Overcome Mismatched
Load Impedance
iINn Arbifrary Function

Generators

Waveforms produced by AFGs can be impacted by cable mismatches. Here’s a novel
approach to solving this problem without an oscilloscope.

rbitrary function generators (AFGs) are used to
generate many different types of electrical wave-
forms, such as sine waves, square waves, triangu-
lar waves, and arbitrary waveforms. In addition,
most electrical engineers use an AFG as a reference source for
their device under test (DUT). With a relative frequency range
from dc to 250 MHz, the latest AFGs can cover the audio
frequency band, the video frequency band, and the radio fre-
quency band. In all cases, impedance matching is required to
maximize power transfer and minimize signal reflection.

The AFG’s output impedance should be equal to the load
impedance or characteristic impedance. For example, in au-
dio systems, 60 Q is used as the characteristic impedance; in
video systems, 75 Q is used as the characteristic impedance.
For the radio frequency band, the most common characteris-
tic impedance is 50 ), which is the compromise value between
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1. An AFG’s output uses a simple Thévenin equivalent circuit.

minimum loss and optimum power-handling capability.

Most AFGs use 50 Q as their characteristic impedance
because of its wideband high-frequency capability and uni-
versality. Virtually all analog/RF parameters listed in product
specification are measured under 50-Q load-matching condi-
tions.

But what happens if the load impedance is not 50 Q? Will
the actual output waveforms of a signal generator remain ide-
al under non-50-Q load-impedance conditions? The answer
depends on the degree of mismatch. Signal generators use a
simple Thévenin equivalent circuit (Fig. 1) under dc or low-
frequency or short-cable conditions.

According to Ohm’s law and Kirchhoff’s circuit laws, we
could get:

Zy

Vi=Vs*
=SS i

We assume Zg is 50 ), and Vgis 2 V p-p amplitude:

« When Z; is equal to 50 ), the V should be 1 V p-p, half
of the Vg amplitude.

o When Z; is 1 MQ or infinite resistance, the V; willbe 2 V
p-p; the same as the Vg amplitude.

As this illustrates, the actual output waveform’s amplitude
changes based on different load impedance under low-fre-
quency conditions. But as frequency increases, the system
circuit models become more complex. In this case, it may be
necessary to regard the cable as a transmission line and con-
sider reflection and complex load (not only resistance, but
also inductance or/and capacitance).

Under certain mismatching conditions, the amplitude and
shape of a waveform produced by an AFG can end up being
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significantly different from the ideal source output. These con-
ditions are usually caused by mismatched load impedance or
the use of mismatched long cables. The impact of bad refer-
ence waveforms can be significant, including measurement
errors that lead to inaccurate conclusions and, under extreme
conditions, damage to the DUT.

Displaying the Actual Waveform
The typical method for identifying the actual signal wave-
form is to use an oscilloscope to probe

the load of the AFG or the input of T~ - ~"7"7"7"7~7~ -
P Zsource @ .

DUT. This method requires an addi-
tional instrument and cable, adding 20iGhiy
time and increasing complexity. There
must be a better way.

One of the development goals for

our next-generation arbitrary function

generator was to discover a way to dis-
play the actual waveform at the DUT,
instead of just the nominal waveform
as set on the AFG. This effort led to the

2. Compared to previous-generation AFGs such as the Tektronix
AFG3000C, InstaView simplifies test setup. All that’s needed is the cable
between the AFG output and the DUT, which is already in place.

inclusion of what were calling InstaView (short for instanta-
neous view) in our recently introduced AFG31000 arbitrary
function generator.

With this function—for which we've received patents—all
that’s needed is the cable between the AFG output and the
DUT, which is already in place (Fig. 2). The user merely needs
to enter cable parameters to show waveform changes in real
time, along with the settings like frequency, amplitude, and
waveform shape changes or impedance changes at the DUT.

Equivalent System Models

To understand how this all works, we need to look at what’s
involved in building equivalent system models and the under-
lying mathematical calculations.

Figure 3 depicts an equivalent system model. The AFG cir-
cuits are simplified as an ideal voltage source with series 50-Q)
source resistors. These three resistors compose a unidirection-
al bridge. We acquire sampling data through it and after arith-
metic calculation, we can obtain the actual load waveform.

The transmission line is represented by the symbol of the
coaxial cable with length L, which should have a 50-Q char-
acteristic impedance. The DUT has a load impedance, Z, 4,
which could be pure resistance, inductance, or capacitance,
or a combination of them. The arrow represents the incident
waveform propagation direction. The reflection waveform
propagates in the reverse direction.

Now let’s walk through a step-by-step analysis of this sys-
tem.

1. DC or low-frequency range

The transmission line consists of two conductors: one is
regarded as the signal path; the other is used as the return
path. PCB traces on multilayer boards, such as the microstrip
and stripline, can be transmission lines. Coaxial cables can be
transmission lines as well. But whether the traces and cables
actually end up being regarded as transmission lines depends
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3. This is a depiction of an equivalent system model.
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on the maximum signal frequency or the fastest rise/fall time
in relation to the cable’s physical length.

In the two equations below, L represents cable length, A rep-
resents wavelength, v represents propagation velocity, fmax
represent maximum frequency, TD represents transmission
delay, and 1, represents rise time.

1 1

v
L<_*A= —*
10 10 fmax

T,> 10*TD =10* %

When the cable length (L) is smaller than 10 times of wave-
length (), or the waveform’s rise time (t,) is larger than 10
times of transmission delay (TD), the transmission-line effect
can be ignored. That means we can regard the cable as ideal or
lossless line with no attenuation and no phase delay.

To simplify equations, we can use light speed, ¢, to replace
propagation velocity v when we do calculations by hand. Fig-
ure 4 shows a simplified equivalent model diagram where the
transmission line is replaced by an ideal line.

Based on Kirchhoff’s laws:
R1 (R2+R3)+Zload
VA - VS* + R2+R3+Zload
Zsaurce+R1+w
R2+R3+Zload

(R2+R3)*Zload

- = * R2+R3+Zload
Ve YAt~ N5 Zsource+R1+ K2 R3)-Zload
R2+R3+Zload

(R2+R3)+Zload
VC = \/g* R2+R3+Zload * R3
- (R2+R3)*Zload R2+R3
Zscn,u'ce+.Rl+7R;_,+m+zmad

Z)paq 1s the load impedance and unknown value. Vs is the
amplitude of the source. We can regard it as unknown value.
Va» Vy and V- are test points.

When Z;,4 = 50 Q:

Va=V(0,t) = Vs*>

There’s no reflection signal, so the B point waveform is same
as the load’s and can be considered as the initial incident wave-
form.

2. High-frequency range with lossless transmission line

As frequency increases, the transmission-line effect is
brought into play. But when the cable length is not very long
and frequency isn’t very high, the transmission line’s attenu-
ation elements R (distributed resistance) and G (distributed
conductance) are small and can be neglected. Under these
conditions, we can consider the coaxial cable as a lossless
transmission line. The signal’s amplitude on a lossless trans-
mission line will stay constant; only propagation delay occurs.
Figure 5 shows the system models with a lossless transmission

line.
The reflection occurs when an imped-
v({o,1 ance mismatch happens. The reflection
Zsource @ 2\ . . bp
— W ———\W—eo——(E) coeflicient, T, is defined as:
50chm R1S5 ohm
il M
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Source 6" 500 ohm
P From this we can get the source re-
flection coefficient and load reflection
L = Il coefficient:
. L . . Zload-Z0 Zload-50
4. This is a simplified diagram under a low-frequency condition. L= H
Zload+Z0 Zload+50
Zsource @ vioy #ir29ahin viky = Zs-20 = =050 =
—N’\;\—.—'\’\N—I—?—@ Transmission line S Zs+2Z0 50450
50 chm R150hm
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When Z,,4 # 50 Q, the I'} will not be
P ‘ zero, which means there’s a signal being
= = . e reflected. The reflected signal will prop-
¥ LI
=0 z 7L agate along the reverse z-axis to reach

5. Here’s the system model with lossless transmission line.

source terminator Zg.
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6. This process is used to capture load wave-
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7. Calculated waveform data is compared
against actual data measured by an oscillo-

scope.

I'gis equal to 0, meaning no reflection occurs when the sig-
nal reaches source terminator Zg.

Based on this, we can consider this system as one reflection
case. Only load-mismatched impedance can cause reflection.
The reflected signal will propagate to source Zg. No second
reflection occurs because the value of Zg is 50 Q. The voltage
at any point along the transmission line can be considered the
sum of the incident waveform and the reflection waveform.

V(Z,t) = Vinc (t- Z/V} + Vet (t + Z/V)

where V. represents the incident waveform or forward-
traveling waveform; V  crepresents the reflection waveform or
backward-traveling waveform; v represents the propagation
velocity; and z represents the distance along cable.

At point B:

Ve =V(0,t) = Vinc (t) + Veer (t)

At point A:

(Z0+R2+R3)*R1+(R2+R3)*2Z0 Zsource
_\. * + *__ Zsource
Va = Vine (t) Zload*(R2+R3) Veer (1) Zsource+R1
At point C:
R3 R3
Ve = Vine (1) ——— + Vo5 (1)*
= Vine ) o iz * Vet (0 o s

We can determine the V, . (t) and V_.(t) based on the pre-
vious equations. The load waveform V(L,t) is the composite

of the delayed propagation V. (t) waveform and the advanc-

mc
ing propagation V ¢ (t) waveform. The delayed or advancing
phase value is calculated by L/v, or measured, before the cal-

culation of load waveform. So, at the load:
V(L,t) = Vinc (t = L/V) + Vier (t + L/V)

Figure 6 provides an example of how we process and calcu-
late waveforms based on the above principles and equations.
After capturing waveform data on any two points, we calcu-
late the actual incident waveform and reflection waveform.
Finally, we obtain the actual load waveform based on the load
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DC amplitude accuracy: InstaView vs. DMM

equation above and present it to the user
on the instrument’s display.

How Does It Work?

To determine the effectiveness of this
approach, we conducted a series of tests
using the setup shown in Figure 7 to
compare calculated waveform data with
actual data measured by an oscilloscope.
The demo board we used supports many
different types of loads (matching, non-
matching). The PC pulls acquired data
from the oscilloscope and calculates
data from the AFG. It then compares the
data to determine error. For dc or low ac

| nstaView Measured (Vdc) s DIVIM Measured (Vdc)

8. This chart shows dc amplitude accuracy when measured by a DMM (50-Q terminator + frequency, we replaced the oscilloscope

90-cm BNC RG-58 cable) compared to InstaView. with a digital multimeter (DMM) for bet-
ter measurement accuracy.

In Figures 8 and 9, the X-axis repre-

AC amplitude accuracy: InstaView vs. DMM sents the setting in Vdc and Vpp. The or-

ange curves are voltages measured by an

H AFG and the gray curves are the voltages
9 measured by a digital multimeter. As you
can see, there’s overall extremely close

7 alignment at these low frequencies.
5 — In Figures 10-13, the orange curves
represent voltages measured by In-
3 staView and the blue curves are the volt-
g e ages measured by an oscilloscope. Figure
- 10 provides an analysis of flatness error
el e e e S e L e with analog bandwidth. Figure 11 shows
S overall tight alignment when theres a
e |nstaView Measured (Vpp) === DMM Measured (Vpp) 50-Q) match condition. More indicative

are Figures 12 and 13, which provide
9. Here, 1-kHz ac amplitude accuracy, measured by a DMM (50-Q terminator + 90-cm BNC a waveform comparison under 1-MQ
RG-58 cable), is compared to InstaView. mismatch and complex mismatch condi-
tions, respectively. While some variances
occur, they are slight and unlikely to re-

Bandwidth flatness: sinewave sult in significant measurement errors.

1.2

1 .'W‘*.Wﬁm Applications
g8 A single cable approach such as that
gi described here offers a quick and conve-
0.2 nient way to determine whether actual
0 reference waveforms are what’s needed,
,\9@ Q,QQQ Q@Q @QQ @QQ @QQ Q‘Qb Q{xqs\ S C‘é\ Q,*é\ GQ/\ {Jé\ c‘g’\ leq;\ %xg’\ and whether the load impedance or input
AT WP (9:;9 ,\f?g qj?() %4_—9 b‘<§3 (;_0‘5 (0'0 ,\<_§5 %_0 Q{o“ impedance of the DUT matches and to
what degree. In addition to saving time
== nstaView Scope in test setup, InstaView can also serve as

a good diagnostic tool for researchers or
10. This comparison indicates the degree of flatness error within analog bandwidth betweena designers in the lab.
scope measurement and InstaView. For example, if there are questions
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50 Q match

5 MHz square waveform 55 MHz square waveform
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11. As expected, there was strong alignment between InstaView and scope measurements for

square waveforms under a 50-Q match condition.

1 MQ mismatch

5 MHz square waveform 55 MHz square waveform
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12. Here, InstaView has largely compensated for a 1-MQ mismatch condition.

Complex mismatch

5 MHz square waveform 55 MHz square waveform
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13. InstaView is able to adjust waveforms to match the desired output even under complex

mismatch condition (combination of R, L, and C).

about the input reference waveforms or the input impedance
of the DUT, all it takes is a simple button push to see the result
on the display. This function also can serve as a good demon-
stration in educational settings, providing students with visual
feedback on how waveforms react under matching and mis-
matching conditions.

Haiping Iv is a senior hardware engineer at Tektronix re-
sponsible for basic oscilloscope and arbitrary function generator
designs. He graduated from Northwestern Polytechnical Univer-
sity in 2003 and holds one patent.
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