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I. TIME DOMAIN
INTRODUCTION
Topics in This Section

• Theory of Simple TOR
• Reflections from Simple

Networks
• Effects of Finite Risetime
• TOR Using Inverse Fourier

Transform

2532

2533

D
Sampling

Scope

.JZ""-.. ---71-
z..

z.

In the early 1960's, the technique of
time domain reflectometry was intro­
duced. This technique involved the
generation of a voltage st~p in time
that was propagated down a transmis­
sion line: a reflection from an im­
pedance was detected on an oscillo­
scope and, by measuring the ratio of
the input voltage to the reflected
voltage, the impedance of simple dis­
continuities could be calculated.

2

Step Source

TIME DOMAIN
REFLECTOMETER

Feed-Through Sampler Load
14 d----.I
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IDEAL DISPLAY

I~

Operator determined the distance to a
discontinuity or the distance between
two discontinuities by measuring them
as a function of time and by knowing
the velocity of propagation along
the transmission line.
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~I

REFLECTIONS FROM
RESISTIVE ZL

t = 2d
v

v = Velocity of
Propagation

This slide illustrates typical
responses for terminating impedances
of twice or one-half the characteris­
tic impedance of a transmission line.

1. Z, = 2Z,
e = V3

2. Z, = v. Z,

e = - Yo

,....__....1E, = V3 EA.

~
IE, = -V3 E...:.
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Ej.

REFLECTIONS FROM
SERIES INDUCTOR

l> R - Z,
(=R+Z,

11 L
T=R+Z,

~..~
- R<Z,

(1 + () E

Adding reactive elements to simple
resistive terminations results in
more complex displays. For example,
if the terminating load is an induc­
tor and a resistor, the wave form
shows an initial spike due to the
high frequency reactance of the in­
ductor with an exponential falloff
to a final value determined by the
resistor.

3
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Similarly, the response to a
terminating impedance that has a
shunt capacitance is illustrated.

REFLECTIONS FROM
SHUNT CAPACITOR

6. R - Z
E =--'

R + Z.

T~~C
Z. + R~R

V
...---...,.-'R > Z.

___E"'_./ -E~ _(1_+_E)E"':'
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Moving from the ideal response to
practical applications, we can ex­
amine the effect of a finite rise
time on a small inductor that is in
series with the load. This equation
determines the reflection co­
efficient. Small Series Inductor

12 - Z. + jwL - Z. _ jwL
- Z. + jwL + Z. - 2Z. + jwL

EFFECT OF FINITE
RISETIME (INDUCTOR)

~jD pa(lC Ic.ALM.oviNG f~,v! I O~

if jwL~ 2Z.

A FUA C /.::>11/ or: c.u
~~ E,_ 0

12- ---\- 2Z. - E,

E ..... L . E,= 2z:;- JW ,
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By measuring both the rise time of
the pulse in volts per second and the
response to the load, we can calcu­
late the series inductance value.

CONSIDERING SINUSOIDAL
COMPONENT OF

DISPLAYED WAVEFORM

\f b NTI IN'II'o.jl:c....r ,..
E... = Ee""', ~ = jwEe""' = jwE,:.

_ ~dE.., . 6. dE",
E, - 2Z. dt' Define m = Cit

~

I 2Z JI f __~A e,m..k;;C'-'/m +

oN poo... c..
'LWE:LL

2540

4

www.HPARCHIVE.com



2541

LIMITATIONS OF
TRADITIONAL TOR

1. Rise Time

2. Sampling Scope Sync. Jitter

3. Poor Signal-to-Noise Ratio

4. Large Ei May Damage Active
Devices

5. Needs DC Path

TOR USING INVERSE FOURIER TRANSFORM

While the traditional TDR was useful
as a qualitative tool, the limita­
tions listed on the slide affected
its accuracy and utility.

In the early 1970's, it was shown
that the Fourier Transform of the
network reflection coefficient as a
function of frequency is the reflec­
tion coefficient as a function of
time; i.e., the distance along a
transmission line.

2542

1 - Freq.
(Measured)

S" (w) = ~ Iz.. = Z.

b, (w) = S" (w) a, (w)

a, (wI = '" Sinewave

2 - Time
(Calculated)

S" (t) = T·' S" (w)

b, (t) = T' S" (w) • a, (w)

b, (t) = S" (t~. a, (t)

convolved/

a, (t) =...n... Impulse or
= .r Step (TOR)

A high performance vector network
analyzer combined with fast computa­
tion power has created unique mea­
surement capabilities in the 8510.

2543

8510 TIME DOMAIN
CAPABILITIES

1. Frequency Data from 45 MHz to
26.5 GHz

2. Choice of Number of Points
from 51 to 401

3. Conversion Speed from 100 to
600 msec \

4. Choice of Time Stimulus
(ImpUlse or Step)

5. Gating to Remove Unwanted
Time Responses r Q Do~ #

6. Improved Signal-to-Noise Ratio
7. Does Not Require DC Path

5

Using error corrected data measured
in the frequency domain, the response
of a networ 0 step and impulse time
stimuli can be calculated and dis­
played as a function of time.

This gives traditional Time Domain
Reflectometry capability in reflec­
tion and transmission and adds
measurement potential in frequency
band limited networks.

By locating network elements in time
and removing their effects from mea­
sured data, the 8510 makes more pre­
cise frequency domain measurements
possible.
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II. BASIC TIME DOMAIN
Topics in This Section

• Low Pass & Band Pass Modes

• Step & Impulse Stimulus

• Windowing

• Theoretical Time Domain
Examples

2544

LOW \:'hS,' MODIi:

I-\~UNC C

Measured DataCalculated Data

DEFINE LOW PASS MODE

The low pass mode simulates a
traditional TDR. The frequencies
must be harmonically related, and a
value for the DC term must be esti­
mated. The data at DC is extrapo­
lated from the data of the first few
harmonics. Since there is a DC term,
step excitation is valid in the low
pass mode.

-DC

2545

The band pass mode simulates a
narrow-band TDR. This mode is very
good for fault location and transmis­
sion measurements. Also, it is the
only mode that can be used over an
arbitrary set of start and stop
frequencies. Since the band pass
mode does not include a DC value,
only the impulse excitation is used.

bf\NC> P11 S Mo DE :

~ANC I,IM' eO D~ A

- NO DC

DEFINE BAND PASS MODE

2546
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DEFINE STEP & IMPULSE
STIMULUS

STEPS IMPULSEJL

Low pass mode can support both step
and impulse excitation. The band
pass mode only supports impulse ex­
citation. Both these stimuli are
mathematically applied to the device
under test.

2547

1. Must Be Used for
Traditional TOR

2. Only Used in Low
Pass

3. Identifies Pos. &
Neg. Impedance
Easily

1. Good for Trans.
& Fault Loc.

2. Used in Low
Pass & Band
Pass

3. Difficult to
Determine Type
of Impedance

DEFINE WINDOW
Used to Modify (Filter) Frequency
Domain Data Which Reduces Ring­
ing & Overshoot in the Time Domain

With no
ringing
domain.
impulse
1/Fmax.

window, there is excessive
on the impulse in the time

Note that the width of the
at the zero crossings is

DEFINE WINDOW CONT.
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1 - Freq. Domain
Low Pass
(No Window)

1 - Free Domain
Low Pass
(Windowed)

fm••

2 - Time Domain
Low Pass
(No Window)

2 - Time Domain
Low Pass
(Windowed)

OWl OOIAJ:

~{'.U PT" STOf IN 1=(2.e OAm

~ l~OS IN 6''''6 I N TIMe

The window is applied to roll off the
response at the frequency domain data
discontinuities. The Kaiser Bessel
Window is used in the 8510A. This
high frequency attenuation reduces
the ringing in the time domain but
causes the impulse's width to in­
crease. In the low pass mode, the
window is centered at zero frequency
and rolls off at plus and minus Fmax.

2549

Kaiser-Bessel Window

High Freq. Attenuated

Ringing Reduced

Pulse Wider

7
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DEFINE WINDOW CONT.

In the band pass mode, the window is
centered between the start and stop
frequencies. This windows both sides
of the data and also reduces the ef­
fective bandwidth. This bandwidth
reduction increases the impulse
width.

1 - Freq. Domain
Band Pass
(Windowed)

Window Both
Sides of Data

2 - Time Domain
Band Pass
(WIndowed)

Windowed
Data

Pulse Wider Than in Low Pass
Due to Less BW in Freq. Domain
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- m •

hp

MAR ER 2 1
5.\) ps

~

~
,

\

1\

\. -v

511 Re
REF 'l.~ u ... , tc
f, 250.1il mUl'l,t .. 1
v 807 59 U

WINDOW EXAMPLE (LOW PASS STEP)
MEASURING A SHORT CIRCUIT

The next three slides show the step
response of a short circuit with dif­
ferent windows applied to the
frequency domain data. With the
minimum (no) window applied, we
achieve the fastest rise time but
with the most ringing.

CENTER
SPAN

0.000 os.
0.250 f1S Minimum

2551

The normal window greatly reduces the
ringing but with a resultant slower
rise time.

WINDOW EXAMPLE (LOW PASS STEP)
MEASURING A SHORT CIRCUIT

www.HPARCHIVE.com
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Normal
O,000 ... IE

0.250 ns
CENTER
c..iI"'AN

511 Re
REF 1il.0 UnIt_
& 250.0 mU,."t./
'I 1''1')2 86 U- m •

hp

MAR~ER 2 1
"l5.0 ps

I

1 ;-
\

\

'"
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WINDOW EXAMPLE ( LOW PASS STEP)
MEASURING A SHORT CIRCUIT

The maximum window completely elimi­
nates the ringing but at further de­
gredation of the rise time.

511 R.
REF 0.0 UnIts

.s. 250.0 mUnit./
V 757 7 rnU-

P

MA~ ER 2 1
1.0 ps

1

h:--
I- "" I""

~
•

CENTER
SPAN

0.000 n.
0.250 na Maximum

2553

This table illustrates the tradeoff
between rise time (or pulse width)
and the side lobe level.

51,0

(£0

ScGc. -

The rise time and impulse width
apply only for the 18 GHz case and
must be scaled for other frequency
spans.

IL.t-tJSn AIE: nz.
W l 'frt WIN Dow vs.
V ~ PULSE W\c rn ~V'

O{·~~ ,'))~
,.~~J ~l. -\,,~

~-Y

WINDOW SPECIFICATIONS
(45 MHz - 18 GHz)

-
Rise Time Pulse Width Side LolJe Level10%-90% 50%

Low Pass
Min. 25 ps - -21 dB

Step Norm. 55 ps - -61 dB
Max. 81 DS - >-90 dB

Low Pass
Min. - 33 DS~ -13 dB

Impulse Norm. - 54 DS -44 dB
Max. - 77 ps >-90 dB

Band Pass Min. - 66 ps -13 dB
Impulse Norm. - 108 ps -44 dB

Lin. Mag. Max. - 154 ps >-90 dB

~ 1-l'S~
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A THEORETICAL EXAMPLE CIRCUIT

To illustrate the concepts discussed
thus far, the following theoretical
example is extremely helpful. We
will examine the time domain response
to different excitation and windows.

- 1Q 25ph--..
5,,_ TL

50Q
.1 nsee

1.5 em

TL
50Q

.4 nsee
6 em

L. .01
;;;; pf TL

50Q
.4 nsec
6 em

50Q

2555
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The frequency domain response is dif­
ficult to interpret. The various
discontinuities are not easily
identified.

THEORETICAL EXAMPLE FREQUENCY DOMAIN

511 • .vi'll L03 MAQ
SCAL.E/OIVI 10. "db
REF VAl..UE, 00. db

r- ,
(\ r 1r0 I\r \ f \(

\1 v I v v
STAFlT0000. IN-l'l STt:P 18.I1145t1OH'I

2556

Using the low pass time domain mode
with impulse excitation, the location
of the circuit elements are easily
determined. The response of the
capacitor, resistor, and inductor are
distinctive. The resistor is a sin­
gle impulse. If it had been a shunt
resistor, the impluse would go down.
The capacitor first goes down as the
impulse reaches its location then
goes up. The series inductor's
response first goes up and then down.

/MPflt,.;
THEORETICAL EXAMPLE (LOW PASS S'fEP)

S11,A/"l1 LIN JoolAO

~~~~Z;:.::elD':l."

j \ \ /
\ j

ST,o.AT••••. ""w ........'"
STOP 1 ••11.11 .

liS •••e ...

2557

Using step exicitation, we display
the traditional TDR res onse. The
series resistor causes the response
to rise and stay at the new level.
The capacitor causes a negative
response and the inductor a positive
response.

THEORETICAL EXAMPLE (LOW PASS STEP)

511,A/R1 LIN MAO
SCAL.E/OIIII 0. e1ll511lC!l
REF VAL-LEIlIl".

/1\
If \/

10

START01l101l1.",•• o
00.o",

STc:P 1.00000 .... 0
15.0000.,11\

2558
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THEORETICAL EXAMPLE (LOW PASSSTEP)
Frequency Max. Reduced to 12 GHz

S11' ..../Rl LIN MAO
SC....LE/OIV' ". 00!5011l
REF VALUE' 1Il0.

/ ~
If" '\V

.J

If we decrease the fre uenc
GHz to 12 GHz, the rise time in-
~reases. Note that the height of the
resistor's response does not change
but that the responses of the capaci­
tor and inductor are a function of
the frequency span.

2559

ST....RT0000. In •• "

00. em
STOP 1.00000 .... "·

15.0000c",

THEORETICAL EXAMPLE (LOW PASS STEP)
Window Changed from Normal to Minimum

S11'A/Rl LIN MAO ENTER
SCALE/DIY, 0.00500 PLOT.
REF VALt..E.00.

1\ 1\ 11\
''\ Y v v

As we chan e the window, the ripple
level increases. Also notice that
the height of the reactive elements
increases.

START0000. "'•• c
00.<,,"

STOP 1.00000......
IS.0000"",

2560

Note: Height of Reactive Elements Change

THEORETICAL EXAMPLE (BAND PASS IMPULSE)

511' ..../1'11 LIN MAO
SCALE/OIV' 0.00500
REF VALLE,00.

11\ /1\
/ 1\ / \ / \

1/ \ II

In the band pass mode using the
linear magnitUde display format and
impulse excitation, the location of
the discontinuities is clear. The
width of the impulses has reased
because of the lower bandwidth, and
the responses to the ca acitive and
inductive reactances have the same
sign.-

2561

sTART0000 ...... c
00. em

SToP 1.00000"•• "
15.0000.....

Linear Mag.

11
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The 10 format is useful to display
greater isolation between the circuit
element responses. THEORETICAL EXAMPLE (BAND PASS IMPULSE)

S11,A/Rl LCD MAO
SCALE/OIV. 1lll,Ii!ldb
REF VALLE.-5e.0Ii!ldb

/ '\ I \ I \
\

I 1\ I
111\ J ""rJ'

v
START0000. Ill•• C

00.0'"
STOP 1.00000n ..

15.0000 ...

Log. Mag.

2562

III. ADVANCED TIME DOMAIN
Topics in This Section

• Discrete Data Operations

• Chirp-Z Transform

• Gating

• Theoretical Gating Examples

A. The next few slides will discuss
the Discrete Fourier Transform. The
frequency to time domain transform of
continuous data is well understood.

2563

FOURIER TRANSFORM WITH DISCRETE DATA

2564

+\ d,(t)

_-7J..-- 1
F F
.\ ~I).d'{~

(C) ..~"'-

1 1
- 2F 2F

Frequency Time

~ (0) A Tooo

To 00I',Ill
, (b)

..·lllllllllIUIIIIII···
-F-

c. When we mUltiply the sampling
function with our continuous frequen­
cy domain data, the resultant time
domain response may have alliasing.
This error is caused by the overlap­
ping time domain responses.

/"(

CLost~~Q OATA ==::;;. Gvt£f\lFf. RRN.~~
12

B. However, the network analyzer
gathers the data at discrete frequen­
cies. This causes the data to be
replicated ,in the time domain. This
limits the range of the time domain
to 1/F where F is the frequency ste
size.

www.HPARCHIVE.com



FOURIER TRANSFORM WITH DISCRETE DATA

,

Frequency Time

1 1
- 2F; 2F;

,'W."\X(ll

1 l'
-2F 2F

D. The network analyzer also has
limited frequency range so the data
is truncated at some maximum frequen­
cy. This causes the replicating im­
pulse to have a SIN(X)/X response.

E. This truncation function adds
ringing to the time domain data. The
ringing is exagerated in this
illustration.

~Y~A
~.., ~,h_.-e;>~_""'",

FOURIER TRANSFORM WITH DISCRETE DATA

2565

Frequency Time

F. Since a computer can only operate
on discrete data, the time domain
function must also be sampled. This
requires the data in the frequency
domain to be repetitive.

i ld'(ll m Id,(ll

-,-----I---+--.. -,J-~
1 1 -r-

-T T

G. The final result of the Fourier
Transform with discrete data can now
be illustrated.

2566

•

INVERSE FOURIER TRANSFORM
USING THE CHIRP-Z TRANSFORM

• Faster Than the Discrete
Fourier Transform

• Arbitrary Start & Stop
Frequencies

• Arbitrary Start & Stop Times
• Arbitrary Number of Points in

the Frequency Domain
• Arbitrary Number of Points in

the Time Domain

2567

There are various techniques used to
compute the inverse Fourier Trans­
form. The most straightforward meth­
od is using the Fourier Series. The
fast Fourier Transform has also been
used. The Fourier Series method is
very flexible and can achieve all the
design goals except speed. The fast
Fourier Series does not allow some of
the flexibility desired. The Chirp-Z
Transform is an algorithm that has
the flexibility of the Fourier Series
at about one half the speed of the
fast Fourier techniques.

13

www.HPARCHIVE.com



The gating function is very useful
for removing unwanted time domain
responses. As long as the time do­
main responses are spaced far enough
apart, the resultant frequency domain
characteristics after gating can be
very meaningful.

DEFINE GATING

• The Gating Function Can Be Used
to Selectively Remove Reflection
or Transmission Responses in
Time. In Converting Back to the
Frequency Domain, the Effects
of the Gated-Out Responses are
Removed.

• The Location of the Gate in Time
Can Be Controlled by Setting
the Center Position and Time
Span or the Start & Stop Posi­
tion of the Gate.

• Gate Shape Controls the
Flatness, Rolloff Rate & Side
Lobe Level of the Gate.

2568

Side
Lobe
Level

GATE SHAPE

I
I
1
I
I
1
I
I
I I I
IT IT I
I "I 31

.....~--- T, ---""~~I
I

Gate StopGate Start

Passband
Ripple - - - - - - - - - - -

A gate is nothing but a filter in the
time domain. The filters pass band
can be selected by the start and stop
gate controls. The filter has a pass
band ripple, a cutoff rate, and side
lobe level just like its duals in the
frequency domain. The unwanted time
domain responses will be reduced by
this filter but not totally removed.
Even the most simple impulse response
is not localized in time, but is
spread out and has side lobe ripples
that may not be easily removed by
filtering.

IF 1~ ~'l'F ~ PM f2.~ ~

2569

AVAILABLE GATES

Sll 1°9 MAG
REF -6.034 dB

10.0 dB/

\

•

Minimum0.000 ... '"
5.000 1'111

CENTER
sPAN

The following four slides show the
filter shape of the available gates
in the 8510A Network Analyzer. The
minimum gate shape has the highest
passband ripple and side lobe level
but has the fastest cutoff rate for
separating closely spaced time domain
responses. This fast cutoff rate
does not come without problems. The
data in the frequency domain will
have some ripple at the frequency
band edges when the gating function
is turned on.

2570

14
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•

t

AVAILABLE GATES

$11 log MAO
AEF -6.034 dB

10.0 dB/

This is the normal gate shape. It is
a good compromise for most applica­
tions. It has relatively low side
lobes and passband ripple combined
with fairly fast cutoff rate. ,All
the gates are synthesized by convolv­
ing a ime omain rectangle function,
whose span is determined by the gate
controls, with an impulse response
windowed Witn a Kaiser-Bessel
function.

CENTER
SPAN

0.000 "II'
5.000 n. Normal
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AVAILABLE GATES

511 log MAO
REF -6.0 dB

10.0 dBI

If the time domain responses are sep­
arated by 10 to 15 em, this is a good
filter that reduces gating errors in
the frequency domain.

p

r ~

I \

~,

.~
•A 'i IA•

1~ ~ IV IMAi
III ,,1

CENTER
SPAN

0.000 ,.,.
5.000 fl. Wide

2572

AVAILABLE GATES

For responses separated by 20 to 30
em, this is an excellent filter with
virtually no passband ripple and ex­
tremely low side lobes. The cutoff
rate is not fast, but the errors in
the frequency domain are limited to
just the frequencies close to the
band edges.

511 log MAO
REF -6.0304 dB
Z 10.0 dSI
V 90 312 dB-

p

} fZ
I \

/ 1\
f \

.
;~Ii\~~u ~, \I~~

t

CENTER
SPAN

0.000 ""_
5.000 ". Maximum

2573
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This table summarizes the available
gate shapes for the 8510A Network
Analyzer. If the gate span is chosen
less than the minimum T1, the actual
width of the gate will not decrease,
and there will not be a flat passband
region. This table applies only for
the 18 GHz case and must be scaled
for other frequency spans.

GATE SHAPES
(45 MHz to 18 GHz Case)

Gate Shape Passband Ripple Side Lobe Level T
2

, T
3

& Min. T
1
f

(Peak to Peak)

Maximum .01 dB BOdB 620 psec

Wide .02 dB 52dB 220 psec

Normal .04 dB 45 dB 90 psec

Minimum AdB 24 dB 33psec

2574

Side
Lobe
Level

GATE SHAPE

I
I
I
1
I
I
J
1 I
I I I
IT IT II 21 31

...---- T, ----••1
I

Gate StopGate Start

Passband
Ripple - - - - - - - - - - -

CONCeP

The start and stop gate markers are
located at the -6 dB points of the
time domain filter.

2569

We will use the same example circuit
to illustrate the effects of gating.

A THEORETICAL EXAMPLE CIRCUIT FOR GATING

~,

1

2575
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THEORETICAL EXAMPLE AND GATING

2576

f-f-

Time Domain

1Q hrlH-++-H--+---+-H

l--.L....... • 1-_ L-L_

Time Gated (1Q)

Again we see the low pass mode step
response. If we center the gate
around the series resistor we remove
the responses of the capacitor and
inductor. It is important that the
gate be centered on the response we
wish to keep, or additional errors
can result.

After gating, the frequency domain
characteristic of the one ohm resis­
tor is a flat response 40 dB down.

THEORETICAL EXAMPLE AND GATING

f--f-- -j-1-+--t-----r-I-t---I

THEORETICAL EXAMPLE AND GATING

2577

2578

f-+--- ----.!.--,r,-FI-,r-\-.1'1/\--\:1"--\111/'--1
M~tfl'li-J1F-I-V1le __IV-+-'-\'HH--I
l...J-1JLL..II...L-'".-L. L"':' _ '--L...

Frequency Domain

Time Gated (.01 pf)

t-+-+--t-+-+-+-+-\--t­
i-
1.

Freq. Gated (1 Q)

Time Gated (20 ph)

When we gate around the capacitor
and inductor, notice that the base
line is restored and the shift caused
by the one 0 m resistor is removed.
The result is that the res onses in
the ate are are shifted to the
reference line which becomes the new
impedance standard. The requency

omaln results for the inductor and
capacitor are very similar since the
reactances are nearly the same size.
The phase is -90 deg for the capaci­
tor and +90 deg for the inductor.

17

www.HPARCHIVE.com



1-+--+-1-+--+-H-+-1H - 90·
r--r- - - - -r-r--

THEORETICAL EXAMPLE AND GATING

Freq. Gated (20 ph)

'--....-: - - _. - - -'-
-

'--~

Freq. Gated (.01 pf)

+90· i-++--''-++-1H-+-1--l
r-

When we gate around the capacitor
and inductor, notice that the base
line is restored and the shift caused
by the one ohm resistor is removed.
The result is that the responses in
the gate area are shifted to the
reference line which becomes the new
impedance standard. The frequency
domain results for the inductor and
capacitor are very similar since the
reactances are nearly the same size.
The phase is -90 deg for the capaci­
tor and +90 deg for the inductor.

NoT(2: q g - 9DO

2579

This section contai~s a series of
examples to further illustrate the
capabilities of time domain, and to
help cement the concepts discussed in
the earlier sections.

IV. APPLICATION EXAMPLES
Topics in This Section

• SOQ to 2SQ Airline Transitions
• SOQ Airline with Various Terminations
• Slotted Line Capacitive Probe
• 8S14A Test Set
• 7 mm to 3.5 mm Adapter
• Fault Location
• Antenna Example
• Potential Problems

2580

The first example is a 25 ohm air­
line, 7.5 cm long. There are two
transitions, one from 50 to 25 ohms
and then a second transition back to
50 ohms.

25Q AIRLINE + FIXED LOAD
LOW PASS MODE

~
~1__50_Q 2_5_Q__.......__50_Q_~

__~_----llf---~
L-.....- .5 nsee ----.J
r- - 7.5 em ~

2581
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25Q AIRLINE + FIXED LOAD
LOW PASS MODE

511 09 ""ACi
~F 0.0 dB

10.0 dB/

'p I 1 r i

I

I

I !
I

I

/\ .'" Ii rL,' ,A/hI' h
\1 1\1 :, \1 i;

. i i i 'j j

II II I I I

I I
. -

The frequency domain shows a beat
pattern caused by the mismatches at
the two transitions. The nulls occur
at frequencies where the effects of
the transitions cancel. These
frequencies are not equally spaced
because of the fringing capacitance
at the step discontinuities.

2582

25Q AIRLINE + FIXED LOAD
LOW PASS MODE

NA

In the low pass mode with step ex­
citation, the step drops down to the
25 ohm level but does not return back
to the 50 ohm level at the second
step. This effect is called masking.
Part of the energy is reflected from
the first step and never reaches the
second step. It is important to
remember that prior reflections can
change the level and shape of the
step that is presented to the follow­
ing circuit elements. If the earlier
reflections are of low enough level,
the masking is usually insignificant.

Time Domain, Step
-0.100 "II;

1.000 "II;

511 R.
~EF 10.0 ....un. til;

100.0....u."ts/

::'~ART

SToP

I'P I I I I
I I I i I

I I I

i
1

\ I I
i

i I
\

\
! I

I I I I
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25Q AIRLINE + FIXED LOAD
LOW PASS MODE

511 Re
REF -325.1 rnUn t.o 5.0....un t",/

1" -333.59 mU.

MAR!~ER 2-1
~--Ol.::.c85:...:,.J'-'p:.:s,---__ _

Expanding the step response in the 25
ohm section shows a slope upward due
to the series loss of the airline.
The ripple is caused by the window
function not completely removing the
ringing in this expanded view.

-1----

----+----_~_.._J_ - - -
~6 ~~--

----- LD

START
STo:>'

-0.100 ...
1.000 n. High Resolution Step

2584
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With impulse excitation the response
first goes down and then at the
second step responds upward. The
height of the impulses is the same as
the step sizes of the previous slide.

25Q AIRLINE + FIXED LOAD
LOW PASS MODE

511 Re
REF0.0U",ts

100.0..,Un'tc/

'p

(\,

\
'\

1\
\
\ I
v

START -0.100 nO:

SToP 1.000 ,",0: Time Domain, Impulse

2585

Band pass mode with impulse excita­
tion and the log format allows us to
have a high dynamic range view of the
25 ohm airline. A gate is centered
around the first step and the second
transition is filtered or gated out.

GATING THE 25Q AIRLINE

511 1°9 MAG
REF 0.0 dB

10.0 dB/

'p

/ \ \ 7
I \ I \

IA "\
."" b~1\1 m "

\.,

:~AVJ' ~V~I Ii TfTI \1 1M
~ ~ III 1 I i

T

START
STOP

-0.500 no;
1.000 no: Time Domain

2586

The gated frequency domain charac­
teristic has no beat pattern, just
the flat response of a single 50 to
25 ohm transition.

GATING THE 25Q AIRLINE

511 log MAO
REF 0.0 dB

10.0 dB/

p

.1/\ f\ r r f /~ h h h
\1 \/ \

. i i
I
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GATING THE 25Q AIRLINE .AND ISOLATION PROBLEMS
FREQ. DOMAIN

SI1 l0ll MAG
REF -9.5 -19

0.5 dEl:,

~~:T 1:: ::~::::::~: Changing Span

Looking in detail at the frequen~y

domain shows band edge errors caused
by the gating function. This distor­
tion is caused by the side lobe level
of the second transition that re-
mained in e gate area centered
around t e first step. Note that if
the ga e span is reduced, less of
this side lobe level remains and the
distortion is reduced. In sUrrlnlary,
this error is due to imperfect isola­
tion between responses in the time
domain caused by the side lobe
energy.

2588

This example is a 50 ohm airline.ter­
minated by an imperfect 50 ohm load.
We are using the low pass mode with
ste exci It is easy to iden-
tify the transition from the test
port to the 50 ohm section. The up­
ward slope in the airline section is
due to series resistance primarily
caused by the skin loss. The transi­
tion to the load and response of the
load element is clearly separated.

i i
50Q Load

511 1011 MAG
REF 0.0 dB

f::, 10.0 d9/
1 -40.777 dB

50Q Airline

AIRLINE + FIXED LOAD

i i
Test Port

511 Fl.
REF 0.0 Unit.

r(} 2.0 mUnlhl,,67'-1., •. 018 mU.

MARKER 1
2.005 nss

START -11I.500 rI. START 0.045000000 13H:r
SToP 2.500 n. STl:P 18.045000000 GH:r

2589

GATING AN AIRLINE + SHORT (GATE CENTERED ON SHORT)
Test Port 50Q Airline Short

j Iii
522 1011 MAG
REF 1ll.1!I dB

10 0 dSI

p r

f\

ffffi~
~

~,.1'---

~~~ f1ffl -
f--

In this example the 50 ohm load is
replaced by a short. Viewing the
response with the log format in the
band pass mode shows the high dynamic
range possible. The side lobe pat­
tern is also clearly visible. The
side lobe level could be reduced by
using the maximum window. The
residual reflection at the transition
from the test port to the airline is
about 55 dB down.

START
ST<P

-0.100 not

2.500 ... Time Domain

2590
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Gating around the short removed the
effect of the transition to the air­
line. Again, it is important to cen­
ter the gate about the reflection of
the short.

GATING AN AIRLINE + SHORT (GATE CENTERED ON SHORT)

522 log MAG
REF 0.0 dB

10.0 dB/
j

p (

w~
III-

Wrm
.~ ~ffffi \fWt~ ~ 'J

III I
1II I

START
STOP

-0.100 nc
2.500 I'lc Gated Time Domain

2591

In the frequency domain, the gating
function removed the residual
frequency response ripple caused by
imperfections at the test port
connector.

GATING AN AIRLINE + SHORT (GATE CENTERED ON SHORT)

522 & M log MAG
REF 0.0 dB

0.1 dB/

. p

""-
'V-O
~

rttl-IJ

I~
~A

VV JiM~
I
~

~ ~
f--

-~
START 0.045000000 GHt
STOP 19.0.5000000 CiHz Normal & Gated

Freq. Domain

Next a 40 dB pad is inserted before
the airline and the short. The
reflection of the short is now 80 dB
down and clearly identifiable.

2592

PAD + AIRLINE + SHORT
Test Port 40 dB Pad 50Q Airline Short

i i; i I
511 1011 MAG
REF 0.0 dB

Q -8;~6:9G~~



Using the same airline we will now
measure the transmission coefficient.
Again we are using the ban bass mode
with the log dis la. The impulse
first arrives followed by a host of
multiple reflections caused by imper­
fect port matches of the non error
corrected network analyzer. The
frequency domain response has been
normalized t remove the transmission
~king error.

521 109 MAG
REI=" 0.0 dB

~ 8~0;:6 d~~-
p

A

II, ~ ~ ~) '1/

'i 1\ ~~ ~1

v I\!I i\AI 11'\ I' II II
.~ A UI i iflN IA.

ST. I -1.000 n~

Time DomainST 13.000 n.

EASUREMENTS & GATING MEASURING 30 em AIRLINE

2594

S21 MEASUREMENTS & GATING MEASURING 30 em AIRLINE
Gating easily removes the multiple
re-reflections.

521 109 MAG
REF 0.0 dB

10.0 dBI

hp

.

!

,

·11 l~ h
START
STOP

-1. 000 'u
13.000 n" Gated Time Domain

2595

S21 MEASUREMENTS & GATING MEASURING 30 em AIRLINE

521 &- M 1011 MAG
REF 0.0 dB

0.05 dBI

• p

"-
~ JJI I I

I TIV1 \iIJ& •IT

~~I

Removing the reflections in the time
domain filters the frequency domain
ripples. The ripples would have been
much smaller if complete error cor­
rection had been used. Then the
gating would clean up the last
residual errors and excellent charac­
terization of the airline skin loss
would result.

START ". ".45000000 GH:r
STOP 18.04.5000000 GH:r Freq. Domain

2596
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The next example uses a slotted line
with an adjustable probe.

SLOTTED LINE WrrH CAPACITIVE PROBE

CCI [I]
Test Port

Connector

SOQ Siabline SOQ Load

Connector

2597

GATING THE CAPACITIVE PROBE
"11 ~~

REF ~ ••, LI'" t,
"'.:\ mIll" t .. /

We are now using the
with step excitation. The two ran­
sitions ~nto and out of the slab line
section are small but still clearly
visible. The larger downward
response is caused by the capacitance
of the probe. Gating easily removes
the slab line launch problems. It is
important to notice that the time
domain res onse at the firs
marker is restored e reference
l~ne an the new reference impedance
~hat of the slab line.

r-----t-~ ----,
~ I

~. 0"~ "'"
SToP 1.20" ns. Time Domain

2598

In the frequency domain the filtered
response is excellent. The capaci­
tive response is clearly identified.
Note that the response is starting to
reduce at the high frequency end.
Actually the probe has a finite
length and is a low im edance section
of line and not a single point

-discontinuity.

GATING THE CAPACITIVE PROBE
511 log MAG
REF 0.0 dB

H'J.~ .;8/

~~··I.h
.L J -'

STA::;T ~."4S0\)('H~"C r>H7
STOP 18.l1!4500N'l0C1 OHz Freq. Domain

2599
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8514A TEST SET BLOCK DIAGRAM WITH 30 em
AIRLINE & SHORT ATTACHED

20 dB

In this example, a 30 cm airline ter­
minated with a short is connected to
Port 1 of the 8514A S-parameter Test
Set. The ~rror correction is turned
off and the bandpass mode is used.
The time dom~rn impulse travels
through the test set, leaves Port 1,
and is reflected back into the test
set from the short at the end of the
airline.

2600

TIME DOMAIN RESPONSE LOOKING INTO PORT·1
WITH NO CALIBRATION

The various errors of the test set
can be identified. Even the input
and output reflections and the four
attenuator cards of the step attenua­
tor are visible.

511 log MAG
REF 0.0 dB

Q .~07~5 d:~-,

f--- Short II End
of 30 em Airline

IrectIVI~Y MII~h Bias T Attenuator ~PI:"er
f Coupler- of ~ou~ler .II rlJl /I
. IV~J J I~. 11.1111 I'l II \ J\

o
o

START -6.000 fl*

SToP 9.000 'u

2601

TIME DOMAIN RESPONSE LOOKING INTO PORT-1
WITH CALIBRATION ON

511 l0ll I I
REF 0.0 dB

10.0 dBI
8510.

When error correction is turned on,
all the errors are removed except the
residual directivity and source
match. Notice that the residual di­
rectivity is over 60 dB down, and the
residual source match is almost 50 dB
down. The other fine-grain ripple is
caused by the normal window.

START -1.000 n.
SToP 14.000 n.

2602
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Time domain is helpful in measuring
adapters between different connector
types or impedances. All that is
needed is a good airline and load for
Port 2 of the adapter. Then a gate
can be centered around the adapter
and the effect of the load at the end
of the airline is removed. The
adapter is then terminated with an
effective load the quality of the
airline.

RESULTS USING 30 em AIRLINE CAL MEASURING
7 mm TO 3.5 mm ADAPTER

7 mm
Test 3.5 mm
Port Adapter 3.5 mm Airline 15 em Fixed Load

iii i i
522 R.
REF 0.0 Unit.

5.1ll ...u... i t./

,
I

GAT 5 AN :,--1,1 ,
,n"

1/1 l
,~ Ire -- \ I, '- \ I

----~
i
!

_-l
START
SToP

-0.100 ...

2.000 ". Time Domain

2603

The result in the frequency domain is
dramatic. A 10 to 20 dB improvement
of the reflection coefficient is
realized. This approach can also be
used to obtain the transmission coef­
ficient of the adapter.

RESULTS USING 30 em AIRLINE CAL MEASURING
7 mm to 3.5 mm ADAPTER

522 & M log MAG
REF 0.0 dB

10.0 clB/

p

(' JV \"'\ 7I\N

"r-c J'V', Vv\ iv'\ Y'V\r tv V,..- -
_____ v

. .JJ.. '\

""'"
V V

,
I--H
I

START
STOP 1:: ::~:::::::: Freq. Domain

2604

Fault location is a powerful applica­
tion of the bandpass mode. Let's
take a simple example of a coaxial
cable with two connectors on it and
two bends in it.

26

FAULT LOCATION MEASURING 141 CABLE
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FAULT LOCATION MEASURING ,141 CABLE (FREQ. DOMAIN)

511 log MAO
FEF -10.0 dB

10.0 dB/

H\f' III
1\(\ hl\ r? II VI\1 \1 11\1 V i

IVV IH V 'Ir.

Here is the composite frequency do­
main response of the input reflection
coefficient of the cable shown above.
Notice that it is impossible to tell
where the major reflections are
within the cable. What we are seeing
is all the reflections in the cable
added up together at each frequency
point to give us the composite
response.

START 0.500000000 Giz
STO:> 18.000000000 GHz

2662

Now look at the time domain response
to the reflection measurement. We
can see not only the two larger con­
nector responses but also the indi­
vidual responses due to the two bends
in the cable.

511 LI!'£.AA
REF -10.0 mU",ts

1. 5.0 <nUn I t./
V 1 1928 Um •

MAR ER 2
.0 $

r 301. Jf'l'M

II

\/\ ~.

. 'Y'\ n

FAULT LOCATION MEASURING 141 CABLE (TIME DOMAIN)

START -1.0 n.
STCP 4.0 n.

2663

FAULT LOCATION
MEASURING 6 METER CABLE

In this example, we take three BNC
cables connected with adapters and
terminated in a 50 ohm BNC load. In
order to increase the measurement
range (in distance), the stop
frequency is reduced to 1 GHz.

BNC
Load

APC-7 to
BNC Adapter

F Stop = 1 GHz

Max. Meas. Range ~ 60 Meters

2607
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First we see the frequency domain
response. FAULT LOCATION MEASURING 6 METER CABLE

511 log MAO
REF 0.0 dB

10.0 dB/

1\ 1\ {\, hA A 1\

·M11\1 \ 1\11.1 ~It I~I Vhi j pi pv 'I ill
I , I" 'I , I I

I

I

START ".045000000 GHr
STOP 1.000000000 GHz Freq. Domain

2608

2609

Time Domain
-10.000 .'OS

50.000 ,,,.
START
STOP

mU,

MAR ER 5 1
8.5 n

.04m

~ A I
r
II I

I 1\/~i~ -.rl~ ~

ilS.8j ..

511 LINEAR
REF 0.0 Unit.
f, 10.0mUn,t:r/
V 3S 097

FAULT LOCATION MEASURING 6 METER CABLE

FAULT LOCATION MEASURING
200 FT. CABLE (TIME DOMAIN)

'~-----J-+-'---+------I-\-----r---'-----'
,__--'--...L...J.--'------'----_---'--'---'---'-_

Device: 200 ft Coaxial Cable

---..,I.......L,..L,--~-2-0-0-ft-_--_........b...
,~ 1.5" Barrel

The responses shown here are from
both the 200-foot piece of cable and
the cable with the barrel attached.
The response with the barrel is off­
set in time from our original
response by approximately 200 ps and
its amplitude is smaller by approxi­
mately .0005 in reflection
coefficient.

As an example of fault location with
high resolution, we tested a 200-foot
piece of cable in the reflection mode
terminated by an open circuit. After
finding the open circuit response in
the time domain (200 feet away from
the test port), we attached a 1.5
inch barrel at a small incremental
distance from our original open cir­
cuit measurement. We also would sus­
pect that the response would be
slightly smaller due to the addition­
al loss caused by the extra length of
the barrel.

The time domain response clearly lo­
cates the adapters and terminating
load.

2665
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ANTENNA TESTING

In antenna testing, large sums of
money are expended to absorb unwanted
reflections both on outdoor ranges
and anechoic chambers. In this exam­
ple, the desired path is normally the
most direct one (the fastest time) .
But there is also ground clutter path
which arrives at the receiving anten­
na slightly later.

..............................................." ..
'.'.~ ~" ....

~ ~
~ ~
~ ~#', ..

", ..
"" .." ..

"" .." ..", ..
'." .." ..

''''''# ..
" .." ..
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ANTENNA TESTING FREQ. & TIME

521 log MAG
REF -30.0 dB

10.0 dB/

521 LII'EAR
REF e.0 Un, t_

5.0 ...u... t./

We can see both the frequency and
time domain responses of the antenna
pair. The first impulse is the di­
rect path; the second is due to the
ground path. This ground path causes
the frequency domain data to be very
rough.

START 9.00013013000 GHl' START -1.13 .
STeP 12.000000000 Gil' STCP 4.0 .

2667

ANTENNA TESTING GATED FREQ. DOMAIN

:521 • "" lOti ~
REF -31!l.1ll dB

18.0 dB/

'~ /'h h
\! V

/ V

~{
II

Now with the gate on, the new time
domain data is transformed back to
the frequency domain which now shows
just the frequency response of the
direct path. This gated data is com­
pared with the ungated data previous­
ly stored in memory. Note the inter­
ference in the memory trace caused by
the reflections from the second long­
er path. Gating has effectively
eliminated this interfering signal.

STAAT 8.0eellleeeee GHz
STOP 12.eeIll000011111 GHI

2668
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The last six slides discuss some of
the system limitations when using
directional coupler-based test sets
and non-synthesized sources. First
let us consider the effect of the
coupler roleoff below .5 GHz. In the
non-error-corrected case, the
response looks like a high-pass
filter.

This frequency domain response causes
the time domqin step to be differen­
tiated. Now when we error correct,
this problem is eliminated, but the
signal-to-noise ratio of the first
few harmonics is reduced. When
measuring small reflections, lower
signal-to-noise ratio causes the time
domain trace to bounce up and down.
Averaging reduces this problem, but
then we may lose the real-time ad­
justment capability.

PROBLEMS WITH LOW FREQUENCY RESPONSE
USING 8512 & 8~ \ "\

511 '''g MAG
REF 0.0 dB

10.0 dBI

i

/'
,

. 1
-~

--,

START 0.0450000"'0 GHz
SToP 18.045000000 GHz Freq. Domain of Short

PROBLEMS WITH LOW FREQUENCY RESPONSE
USING 8512 & 8513

511 R.
REF 0.0 Unit,

200.0 mUl'l,t,/

I

A --
'I 1 f-----

I~ I

I

2611

START -1.0 .
SToP 2.0 . Time Domain 01 Short

2612

Next we look at the deviation from
linear phase of a 30 em airline.
When the 8340A Synthesized Sweeper is
in ramp mode, this slide shows the
phase discontinuities at the frequen­
cies where the source changes bands.

30
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RAMP SWEEP PROBLEMS
MEASURING A SHORT ON 30 em AIRLINE

511 L.
REF -100.0 0

10.0 0/

,

V N' V

~

I

START 0.045000000 GHz
STOP 18.045000000 GHz Ramp Sweep

Freq. Domain
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2614

2615

RAMP SWEEP PROBLEMS
MEASURING A SHORT ON 30 em AIRLINE

Sl1 L
REF -100.0 •

10.0 -/

I

1

j
~~~T 1:: :::::::::~: Step Sweep

Frequency Domain

RAMP SWEEP PROBLEMS
MEASURING A SHORT ON 30 em AIRLINE

511 log ......G
REF 0.0 dB

10.0 dBI

...
r 1./ 1 I "" 1\

11\1 .Y "" ) , \
J IW ~ \

'WV I.tMi

~~~T -;:: :: Ramp Sweep Time Domain (Impulse)

RAMP SWEEP PROBLEMS
MEASURING A SHORT ON 30 em AIRLINE

511 1°8 MAG
REF 0.0 dB

10.0 dBI

When in synthesized step mode, the
phase discontinuities are removed.

The resultant time domain, when the
source is in ramp mode, has addition­
al side bands caused by the phase
discontinuities. This mayor may not
cause problems depending on the
application •

In step mode, the side bands are
gone, and we have regained our full
dynamic range.

fI
( ~ I

\
\

.{\ I
.kJ1 V fVV\rv IV' IV

VI IW

2616

START -1.0 n.
STOP 5.0 n. Step Sweep

Time Domain (Impulse)
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