FE W e L e A R e R A R T A T o o T T L A T T T T T T TR

e e e it e e o TP N —

UILU-ENG-86-2545

i Electromagnetic Communication Liboratory Report No, 86-4

TIME-DOMAIR REFLECTOMETRY USING SCATTERING

PARAMETEKS AND A DE-EMBEDDING APPLICATION

A. S. Ali and R. Mittra

Technical Report

May 1986

Supported by

[ O A |

Office of Naval Research
Contract No. N00014-85-K-0619

<
&

ilectromagnetic Communication Labtoratory
Department of Electrical & Computer Engineering
Engineering Experiment Station
University of Illinois at Urbana-Champaign
Urbana, Iilinols 61801

PR

'

A D )

4

i "Reproduction in whole or in part is permitted for anv purpose of the United
v, States Goverament,"

I




TABLE OF CONTENTS

CHAFPTER

1. INTRODUCTION

PAGE

1

3

1.1 Basic Timc-domain Reflectometry
1.2 Scattering Parameters

7

13 Signal Flow When Measuring S-parameters

13

17

2. SYSTEMATIC MEASUREMENT ERRORS
2.1 Directivity Error

17

22 Source Match Error

19

2.3 Load Match Error

19

2.4 lsolation Error

19

2.5 Tracking Error

.20

2.6 Error Correction and Calibration

20

20

2.6.1 Error Model and Analysis.
2.6.2 Error Calibration

21

3. S-PARAMETER TDR DEVELOPMENT

23

3.1 Time-domain Analysis

23

3.2 Frequency-domain Analysis

28

4.1 System Rise Time :

4. IMPLEMENTATION AND PERFOMANCE OF THE S-PARAMETER TDPR ....29

20

4.2 Frequency Range of Equipment

30

31

43 Processing Speed
4.4 S-paramcter TDR Performance

32

45 Advantages of the S-parameter TDK

37

5. THE DE-EMBEDDING PROBLEM AND SOLUTION

6. CONCLUSIONS AND FUTURE WORK

41

18

LIST OF REFERENCES

49

Acgesion For

DTIC TAB
Unaanounced
Justification

\
NTIS CRAAI N
»;
O

By __ ...
Distribution |

e s e e g

Availability Codes

. Avail aia for
Dist Special

i
S
Ty
.

W

wAr At WA
t'.t": k‘.'? i
8, 4y A &
(A AR
% _‘f"v"“‘
'-.«"k'\' g

2
7
N

P |



P P ]

CHAPTER |
INTRODUCTION

With the advent of high-speed circuits and greater demands for wider
bandwidths, devices and networks arc being built to operate at super-high
frequencies (tens of gigahertz). As frequencies get higher, perturbations
caused by small discontinuities become more significant. When designing
high-{requency devices, enginecrs routinely wish to examine their charac-
teristics and compensate for unwanted perturbations. This is do-ne most of ten
using time-domain reflectometry (TDR) techniques [1} In using a TDR tech-
nique, the refleclted sig'nal provides important information about the device
under test (DUT). It also contains information about any intervening connec-
tions octween the DUT and the measuring or test set. This “connector® infor-
mation is considered to be a distortion since the engineer wishes (o observe
the DUT alone, and not ithe DUT/connector composite. Many rescarchers have
investigated techniques which can be utilized in solving the probiem ol
removing this *connector® distortion. A briel discussion of some ol their

works is provided below.

Farber and Ho [2] developed a time-domain system 1o mceasure
frequency -domain driving points and transier impedances of DUTs. In their
work, they developed a time-to-irequency transf ormation (TF1') by using an
on-line computer and a sampling oscilloscope. They then applied a fast
Fourier transform (FFT) algorithm to process reflections from the DUT when
The excitation source was 4 hnown pulse. Their technique provided good accu-

racy up to one gigaherts, Aijthough they did not apply their THV specitically
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to the distortion removal problem, they demonstrated a viable approach to

time-domain simulations.

Later, Nicolson et al. [3] developed a similar measurement technique,
which they used to obtain {requency-domain data of networks by sampling
time-domain transient responses. Baner and Penficld [4] examined the de-
embedding problem and presented the well-kpowr formula for de-
embedding. In their study, they employed the classical z-parameters. Scatter-
ing or s-parameters were utilizest by Loeb and Ward [5] After extracting
time-domain data, they shifted the measurement plane to de-embed the

unwanted reflections.

This thesis examines the de-embedding problem irom a point of view
similar to that ¢f Loeb and Ward and proposes 2 modern technique which
directly utilizes s-parameters. The objective of acquiring measured data that
represent the DUT alone will be accomplished by first developing a TDR tech-
nique using scattering paramcters and then processing the inverted time-
domain data to remove the effects of any intervening connections between

the DUT and the measuring set.

To satisfy the above objective. the thesis follows the sequence of first
examining basic TDR systems and cstablishing what needs to be simulated.
Second, s-parameters and errors inherent in measuring them are reviewed.
Error analysis and error models arc then developed. With appropriate error
maodels, the actual TDR technique using s-parameters is developed and appli-
cation to the specific problem is prosented. Adyantages of this technique are

also discussed.
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1.1 Basic Time-domair Reflectometry

Time-Domain Reflectoniclry (TDR) is a mcasurement technique which is
widely used. Two of its primary uses include finding the distance toa discon-
tinuity along a transmission line and determining the impedance of a net-
work or DUT. The latter is feasible because the amplitude of the reflected sig-
nal corresponds directly to the impedance of the DUT.

A generalized reflectometer consists of a sweeping source, a signal
separation device, a detector, a DUT, some standard loads 10 use as references,
and usually a display device as shown in Figure 1. In network analysis, the
reflection coefficient of the DUT is of prime importance. In this case, the
source sends a signal at each frequency of interest and the ratio of the
reflected signai to the incident signal is mcasured. The incident signal is sam-
pled from the forward port of the signal separation device or directional

coupler, while the reflected signal is sampled from the reverse port of the

coupler.

If there were no requirement for spectrum analyiis and only network
analysis was required, then an ¢ven more basic time-domain reflectometer
could be used. In this case, it would consist of a high-frequency oscilloscope, a
high-frequency pulse generator, a reference transmission line, appropriate
standard terminations, and a DUT, as shown in Figure 2. Here the generator
sends a pulse towards the DUT and the scope measures and disptays the sum
of the incident and reflected signals. When the reference transmission line is
terminated with a true opea circuit, the reflection coefficient has unit magni-
tude and zero phase, The reflected and incident signals add constructively and

result in the waveform shown in Figure 3a). When it is terminatod with a
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true short, the reflection coeficient has unit magnitude and a 180 degree
phase. The incident and reflected signals add destructively and pro:iuce the
waveform of Figure Xb). For a truly matched termination, the reflection

coeflicient has zero magnitude and the waveform of Figure 3c) is generated.

The above waveforms cannot be realized in practice because of the lead
inductances and capacitances. These capacitive and inductive effects are indi-
cated in Figure 4. The higher the frequency, the more significant the fring-
ing cffects of the electric field of open terminations. Similar distortions occur
for the short and matched terminations. More importantly though, at these
higher frequencies, systematic measurement errors manifest themselves in a
more pronounced manner. These undesirable effects can be reduced
significantly by using scatiering parameters and appropriate error corroction
techniques. Using these techniques. s-parameters will be measured and used to
simulate the time-domain response of a DUT which is subjected to a pulse of
appropriate pulse width, ‘The strategy then is to begin by introducing s-

parameters and error correction.

1.2 Scattering Paramecters

Any itwo-port network, such as that shown in Figure §, can be character-
ized by a number of familiar parameters. It can, for example, be described by

its hybrid (h), impedance (2), or admittance (y) parameters as follows;

h-parameters

Vi =hyly + hyV,

I =hyl + h,:V,
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7 Figure 5. Generalized Two-port Network.

v y-paramclcz‘s

L=y:V, + ¥,V

L=yyV, + ¥V,

4

z-parameters

Vi=z,l + 200

Vi=zyl + 1,01

While these familiar parameters are adequate for characterizing the
two port at low {requencies, they are didcult to determine at high h'cq‘ucn-
cies. The dithiculty stems primarily {rom the requirement of realicing a true
open and short termination. For exampie, to determine hyy, the ratio ol V, 1o

I, is needed when V.=C. That is, port two must be terminated in a short cir-
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cuit. If h,, is desired, the ratio V,/ V, would be nceded when 1,=0, i.e., open

port one. Similarly, for y;,=5,/V, . port two must be short circuited.

Havino to open or short circuit the terminals of a two-port network in
order 10 determine its paramcters is not an acceptable condition. Not only
must the engineer be concerned with the difficulties encountered when trying
to realize a true open or short termination at high frequencies, but also with
the stability of the twc port itself. Active devices, such as transistors and
tunne! diodes, are often not short or open circuit stable; they may be driven
into oscillation. Additionally, these low frequency parameters do not pro-
vide the most convenient physical insight into the two-port characteristics.
These are some of the main reasons why s-parameters are used 1o characterize

networks at high frequencies.

Given the two port as shown in Figure 6, K. Kurokawa and others
dcfined the generalized scattering paramcters [6][7). These parameters

describe the interrelationships between the complex voltage waves given

below,

V412,
27,

_ Complex voltage wave incident on port 1

VzZ,

"ll

VZ,

v, + L.Z,

I R A r——
2VJZ,

- Complex voltage wave incident on port 2

vz,
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vz,

With these voitage waves, the two-port network can be characterized in

! by =

terms of s-parameters:

b; = 9,8, + 5158,

by = 55,8, + 553,

From ihe above characterizations, s-parameters can be determined and
interpreted as below @
b,

Sll S (ZL=L) - 3320)
al .-,ﬁ)

Input reflection coefficient with output port terminated in a matchecd load.

b,
S, = = {Z,=Z, and V,=0 — 3,=0)
a, 1 =0
] = Qutput reflection coefficient with input port terminated in a matched load.
] S, = 3 (Zl_:z" — a._,:O)
a| 23
= Forward transmission {insertion) gain withk output port terminated in a matched lcad.
b,
S = — (Z.=2Z, and V=0 — 2,=0)
ax fa =

= Reverse transmission coefiicient with input port terminated in a matched load.

With the s-paramcters determingd as above, a better insight is available
about the operation of the network from the following interpretations of the

incident and reflected waves,




‘a, r = Power incident on input of network.
o = Powey available from source of impedance Z,,
N laz ! = power incident on the output of the network.

= Power reflected from the load.

lbl ! = Power r=fiected from the input of the network.
= Power from a Z, scurce minus the power delivered to the input of the network.
|b3 i ! = Power reflected frora the output of the network.
. = Power incident on the load

= Power that would be delivered to a Z, load.
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Similarly, there is a better insight into the s-parameters:

P
'l"'?;i"'l
PN

NS
i
l.‘( 0

‘S : .. Power reflected from input of network
" Pcwer incident on the input of network 17aY

)
L

Power incident on the output of network

lS . Power delivered to a Z, lcad
{ *'} = Power available from a Z,y source

ls : _ Power reflected from cutput of network
Ty

1

H

Transducer power gain with a Z, icad and source.

}512 } ! = Reverse transducer power gain with a Z, lcad and source.

'3 Signal Flow When Measuring S-parameters

Figures 7 and 8 show the equipment lsyout used to measure s s
Coa

parameiers. Aty pical signal flow begins with the sweep oscitlator. It must %
have the appropriate RF plug-in to cover the frequency range of interesi. In Todda
this thesis, the range of interest was de to 18 GHz Al ter the signal leaves the G

ocillator, it splits into two when inside the test set (Figure 8). One signal is ﬁ
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sampled directly by the reference port of the harmonic converter and used as
a reference, The other is made incident on the DUT and will eventually be

sampled by the test port of the harmonic converter.

When the interest is in measuring the transmission coefhicient, S, port
two of the DUT is connected to the Transmission/Return port of the test set.
The controller (computer) then selects the transmission path via the coaxial
switch, and the signal is routed to the test port of the harmonic converter .
The reference and transmission signals are then down-converted by the har-
monic converter to a constani 20.278 MHz intermediate frequency (IF) signal.
Impressed on this IF signal are the relative phase ond magnitude of the
transmission signal comparad to the reference signal. A similar sequence
occurs when making reflection or S;; measurements. The reference and test
signals are routed as before. This time, the controller selects the reflection
path via the coaxial switch. The reflecied signal is then sent to the harmonic
cenverter which impresses on the IF signal the magnitude and phase informa-
tion. The information from the harmonic converter is then sent to the net-

work analyzer.

The network anuiyzer extracls the magnitude and phase information
[rom the IF signal and sends it tu the dispiay unit, This unit displays the
amplitude or phasc information as a function of frequency and outputs ana-
log voltages proportional to the magnitude and phase information, These ana-
log signals are converted to digital format by the A/DD converter that is

polled by the controller. Once the controller receives the magnitude and

phase information. processing begins. Specihe processing is addressed later.,




CHAPTER 2

SYSTEMATIC MEA<LREMENT ERRORS

In tracing the signal flow as outlined above, points at which systematic
measurement errors can potentially be interjected into the system can be
identified (8] One prime source of error is the directional coupler used in the
test setl. ldeally, this device absolutely sepsrates the forward signal from the
reverse signal. This never occurs in reality and directivity errors result.
Another source of error is the signal generator. When the generator fails to
maintain absolute constant power at the input of the DUT, or when its output
impedance is not perfectly matched to the transmission line, source match
errovs are produced. A third contributor is the impedaace mismatch between
the ot ut port of the DUT and the input port of the retwork anatyzer. These
mismatches result in load match errors. (ccasionally, there is cross coupling
betwceen refercnce and test signals in the test set. This contributes to isola-
tion errnrs. The final major systematic error is the tracking errer which
results from components such as cables and adapters, that have magnitude
and phase responses which vary as a function, of frequency. That is, their

rosponses are not flat across the frequency band of interest.

2.1  Directivity Error

Directivity is defined as the ratio of the power coupled into the coupled
arm when the coupler is in the forward direction and using a Z,, load te the
power available in the coupled arm when the coupler is in the reverse diree-

tton and using a Z, load. Figure 9 shows the schematic of a coupler. It also
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demonstrates how to compute directivity, given an input signal of 1 mW and
a detected signal of 0.99 mW when in the forward direction and a detected

signal of 0.00001 mW when in the reverse direction.

The primary contributor of imperfect directivity is the lcakage
between the forward and reverse signal paths. There are also significant con-

tributions from connector reflections and coupler load reflactions.

22 Source Match Error

The source is in a leveiling loop. It tries to maintain an absolute con-
stant power at the input of the DUT. This is very difficuit because there are
cable 2nd adapter mismatches and lasses outside the levelling loop. The effect
is that the reflection coefficient of the source as "seen” from the outside world
is not zero, i.e., I,=0. This means that the source cannot compensate quickly

enough, and sourcce match errors are produced.

2.3 Load Match Error

During transmission measurements, the signal may encounter many
discontinuities caused by impedance mismatches as it travels from the output
port of the DUT to the input port of the network analyzer. The vector sum of

all thesc error signals contributes to load match errors.

2.4 Isolation Error

Occasionally, there is lcakage between IF and RF signals in the receiver
scction of the network analyzer. Both lcakage and cross coupling, which

occur Setween reference and test signails to the harmonic conserter,

19




contribute to isolation error.

2.5 Tracking Error

Different test setups using different connectors, cables, adapters, etc
with different magnitudes and phase responses contribute to tracking error.

Tracking error depends primarily on the lengths of cables used.

2.6 Error Correction and Calibration

Now that the major sources of errors have been identified, an appropri-
ate error model is developed in order to calibrate the measurement system
and neutralize these errors. Since the prime interest is in developing a TDR
technique for a one-port device, the error analysis is restricted to a three-

term error model.

2.6.1  Error Model and Analysis

Figure 10 shows the three-term error model. Of primary interest is the
reflection coefficient S;; . Since the reflected signal R is invariably corrupted
by leakage through the directional coupler, the directivity error Eg is
modeied by a forward path from incident to reflected signal. For signals that
are reflected from the DUT and get rercflected {rom mismatches, the source
match error E, is modeled as a path frui: reCected to incident signal. Since
test signals travel different paths than reference signals, they are distorted
by intervening hardware which have variations in their magiitude and
phase flatness. These different paths contribute to tracking ervor E,, which is

modeled along the rellected signal path.
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Figure 10. Threc-term Error Model.

Figure 10 shows that there are only two independent paths, F,, and
Si;,Er, between the incident and reflected signals. There is also oniy one
closed loop. S, E,. By applying Mason's ruie [9}[10], the mecasured input

reflection coefhcient Sy, is

SH,EH

Si, =Ey +
1'E-.:Sn,

(2.6.1)

2.6.2  FError Calibration

Equation (2.6.1) nas four unknowns : E,.E,,E,. and S, Fhe § term
is a measured quantity. Using three standard terminations, i.e., terminations

which have knowp valuos of Si;,» the other three unknpowns, E..E, . and E_.
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can be determined. The three standards and their corresponding §,,, are (1)
Open termination, §;, = 1: (2) Short termination, S;;, = ~1 and (3) Matched
load, S;;, = 0 Taking thrce measurements of S, produces three ecquations in

the three uanknowns. These equations can then be solved to oblain the three

error terms. Equation (2.6.1) can be rewritten in terms of §;;_ as

_ Si,, — Eur
* Esf(sll- — Ey) + Ey4

Sy (2.6.2)

After determining the three error terms, Ey, E,, and E,, Eq. (2.6.2) can

be used tc process any measured §,,_of the DUT and obtain its actual &, .




CHAPTER 3
' S-PARAMETER TDR DEVELOIMENT

Equipped with some understanding of s-parameters and error modeling,

. a TDR using s-parameters is developed. To get some physical insight, a time-
domain analysis is first performed on the transmission line system shown in

Figure 11. It is then shown that this method supports the s-parameter solu-

. tion derived later.

3.1 Time-domain Analysis

To simulate the TDR, an expression must first be obtained for V (z,t) as
shown in Figure 11. This means that the Maxwell’s equations shown below

have to be solved for the transmission line.

a_v=--[_il_.
oz at
gl:—G\'-—-CQ.Y_
a at

The solutions for the voltage V, and current I, that satisfy Maxwell’s

equations can be writlen as positive and necgative traveling waves of the

form
V. {z) = AeTi% 4 Belkz (3.1.1)
Liw) = L (Ae7 — Bete) (3.1.2)

The boundary conditions tu be satished are
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A~-B

Vi0)=A+B=V,~Z, z (3.1.3)
VD) = Ae~it! 4 Beitl = 2,1, = zl.é.ue-i“ — Beik!) (3.1.9)
From Eq. (3.1.3)

A1+2/2)=~B(1-2,/2Z,)+V,

APz D Z7Z,+ 1)
A Z,-2, +V Z,

823z, *Vr gz

i
-
.
1]

A=BI,+TV, (3.1.5

where I',, T, and I'y were defined as

2. -1,

rl - zl. + zn

From Eq. (3.1.4)

Ae MM —Z,/Z) = -Rel] + Z,/Z)

B= e-mni ZU/Zi =V (2 ~2)
DR 10 70w B ¢ e
B =T, Ae™ 2 (3.1.6)

Substituting Eq. (3.1.6) into Eq. (3.1.5) results in
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A= Ar,rle-p.l + TV‘ - A(l — r,r[_c-jzkl) = “'s

-— n“
A= 1— T, e P (3.1.7)

I'LTV,e"p"'

= (3.18)

Recognizing that I,I, <1 and that "lf-l_a' = Y a® if a<1, A and B can be

written as .
A =TV, T ([T e-itans (31.9)
o=0
and
B = TV, e~ £ (T Joe- okl (3.1.10)

From Eq.(3.1.1)

V. (z) = Aemikz & Beik? = Aemik7 4 Al emihigikz

TV, J AT Iy e—itakt [eikz 4 [ eiki2i=2))

=0

YV iz}

T Z(r\rl)n\'! [e—}k(:nnz) + rle—jk(.!nlﬂl—z) ] (31.11)

n=

Substitating k = w/v yiclds

o . - 1(: 2 33 - l‘.’:. +21—)
Vi =TI revie T e

o

] (3.1.12)

The strategy now is to recognize Eq, (3.1.12) as the Fourier transform of
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V(0 shifted in the first term by ,}(znx +2) and shifted and scaled in the

second term by _:.(an + 21 - ) and [ respectively, i.e.,

Vi) =T f;‘_. (r,r AV, - L2nl42) + rlv,n-%(m+ 21-20) (3.1.13)
Expanding V (zt)
Vizo= TVe-2) + I‘ﬁ',(t-—%&l — 2] (n=0)
+ TI',I‘JVJt—%(Zl + 2+ er‘(z—_“...m —-2))] (n=1)
+ nr,rlm-,(:-%m +o) + I'L\"(t-—-}(ﬂ _——) (n=2)

TR v Lont + 2 4 rve-leasa-] a2

a=]

Choosing the observation position at 2=0, the above expansion reduces to

V.00 = T{V (1) + I'L\"(t—%_l_)] (n=0)
+ TF,I‘JV,(:—»%}.) + rlv,u—%_‘.)] (a=1)
+ nr,rkr’{v,u—':__‘) + T,V t-—%)] (n=2)
+T }'f,slr,n )ﬂ{v,(z-z_:‘l) + rlvs(:-i’““v_+”)] (n23)
-

To simulate the TDR, the above expression needs to be considered iar the

n=0 case only. This leads to

vot =TV (01 + ] (3.1.14)
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32 Frequency-domain Analysis

An expression of the same form as Eq. {3.1.11) can be obtained for V (t)

by using s-pavameter analysis. This analysis begins by first recalling that

S = -:—:-
Vi

‘1 = —_—
Vz,

b-‘ = vrl
vz,

The observed voltage V, as shown in Figure 11 is given by
Vi) = VZ 13, + by

=z, [a; + a;5;(w)]
= \/i;al (l + SlI(W)]

VZ Vi 1+ S“(u)]
vz,

V. (w)

Viw) {1 + S,,(u)l

This implies that

V6w
vV it) = F! _.?;_. ll + s,,(u)ll (32.1)

where F7'oand Viw) denote the inverse Fourier transform operator and the

Fouricer transform of the excitation source, respectively.
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CHAPTER 4

IMPLEMENTATION AND PERFORMANCE OF THE S-PARAMETER TDR

Equation (3.2.1) shows that in order to recover the observed voltage
V,(t), both the Fourier transform V,(w) of the excitation source V,(1) and the
measured values of S,,(w) of the DUT are needed. This makes it possible to
observe the response of the DUT to any desired excitation source - as long as
the source's Fourier transform can be derived. This allows the response of
the DUT to be observed as the rise time of the excitation source is varied. It
becomes possible then to observe how the DUT degrades as the system rise
time is decreased. This is a significant advantage over conventional TOR
technigues. Another advantage is the manner in which the measured values
of §,,(w) are used. These measurements could have been taken by another net-
work analyzer or retrieved from other data bases. The response of the
represented DUT could then be predicted as a function of the excitation

source, without having to make additional mcasurements.

Before implementing the above solution (Eg. (3.2.1)), the effects of sys-

lem rise time, the frequency range of equipment, and the controller’s process-

ing speed must all be taken into account.

4.1 System Rise Time

The system rise time t, plays a major role in determining the resolution
ol physical discontlinuitics and also sets the frequency limits at which the

system can make measurements, For example, if the distance {rom the source

to the discontinuity is d,, the clapsed time between generated and reflected




e Il €

ey

pulses is ¢, and the propagation velocity is v, then

v
L

Likewise, the distance d, between two discontinuities is given by
v
dz = —2—'(t| - tz)

Since it is impassible to distinguish between pulses when t, —t,<t, the

minimum distinguishable distance, d, between two pulses is

For example, a system with a 21-nanosecond rise time wiil make 2.57
meter resolutions. Discontinuities smaller than 2.57 meters will not be seen.
For a 10-picosecond rise time, resolutions down to 3 millimeters can be made.

The 3-dB frequency f, that can be measured by the system is determined by

o= ——
T
For the system with t,= 21 nanoseconds, the 3-dB frequency is only 16.6 MHz,

while that with a 40-picosccond rise time is 855 GHz,

4.2 Frequency Range of Equipment

Most network analyzers available for microwave applications have a
frequency range of 0.5 to 18 GHz, which means that, in gencral, s-parameters
cannot be measured below 0.5 GHz. Since Eq. (3.2.1) uses measured values of
Sy, at all frequencies, it will debinitely aflfect how the TDR is implemented,
Occasionally the test set can be forced to make measurements below 300 VMHz
without the network analyzer and the harmonic converter lasing phase lock.

This can successfully be accomplished with {requencies as low as 50 MHz
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For frequencies below 50 MHz (dc to 50 MHz), measured values for §,; must be
extrapolated. In this thesis, values for S;; below 50 MHz were approximated

by ihe measured value at 50 MHz, i.e,,

S lw) = §,,(2af) for 0<w<2wf; =350MHz

Another pertinent consideration is the interrelation between frequency
range, pulse width, number of samples needed, and the iength of transmission
line that will be used when making measurements. In order 1o measure the
DUT with a transmission line that is twice as long, the pulse width must be
doubled. This will allow enough time for the reflected pulse to be intercepted
before the second pulse is launched. To retain the same degree of *distingui-
shability,” the number of samples must be doubled by halving the frequency
steps at which samples will be taken. If the sampling distance was decreased,
then the maximum sampling frequency must increase. Not taking enocugh
samples means not acquiring cnough data tc effectively recover the true
response of the DUT and could manifest itself by responses which appear to
decrcase in level. Some rise-time degradation may also show up. Hence, cau-

tion must be exercised when interpreting the vV (t) values from Eq. (3.2.1).

43 Processing Speed

As discussed above, changing the line length or trying to increase the
resolution will affect the number of samples required. As the number of sam-
ples increases, more memory and more time arc needed for processing the
information. The speed of the FFT routine becomes very important when a

large number of samples are used. This implementation utilized a radix-2 FFT

algorithm that required 2° number of samples, n=2,3.,10{11]. If only 300 samn-




ples were roquired for a particular resolution, then 512 measurements had to

be made in order to satisfy the FFT routine.

44 S-parameter TDR Performance

When making measurements, a regular trapezoid was used to model the

excitation source V,(tl Pertinent quantities were defined as shown in Figure

12. In this way, the rise time, t, and the pulse duration, Pw, could be changed

ol
L.

as desired. The analytic expression for the Fourier transformed source V,(w)
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Figure 12, Input Excitation Pulse Used in the S-parameter TDR Simulation.
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was then derived in terms of t,, t,, and Pw as required in Eq. (3.2.1).

In the results shown later (Figures 13 through 15), typically there
appears first a time delay t,, which was artificialiy introduced so that the
response would not appear flush against the left edge of the plots. This does
not affect the true response of the DUT. After the time delay t,, the rising
edge of the pulse is seen, followed by a2 matched 50-chm line or connector
used as a 50-ohm reference. The 50~ohm reference corresponds to a level of
0.500 V, since the default amplitude of the excitation source was 1.000 V.
Levels of the response appearing above this reference indicate that the input
impedance of the DUT is greater than 50 ohms, while fevels below indicate an
input impedance between 0 and 50 hms. The maximum ranges of the
response correspond to open and short terminations, with the response dou-

bling to 1.0 V and dropping to 0.000 V, respectively.

Figure 13 shows the time-domain response when the reference 50-ohm
line was terminated in an open circuit. Note the delay t, (0.3 ns) followed by
the 50-ohm reference line at 0.500 V and then the doubling to 1.000 V due to
the open termination. The level changed again at 3.5 ns when the falling cdge
of the excitation pulse occurred. In Figure 14, the response simulated that of a
matched load terminating the 50-ohm refercnce line, After the time delay t,,
the level remained at 0.500 V' for the entire pulse duration, then dropped
when the falling edge of the pulse occurred. Figure 13 shows the response
when the 50-ohm refercnce line was terminated in a short. Again, the time
delay ty is followed by the 30-ohm reference line. At the end of the lne, the
level dropped back to (L000 V' and then changed again when the pulse ended at

35 ns.
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The above three responses very accurately simulate those of conven-

tional TDRs for open, matched, and short terminations. They are exactly

what is expected from conventional TDRs. As a further demonstration of this

accuracy, Figures 16 and 17 show the responses of two different DUTs as

measured by the s-parameter TDR and by a conventionali TDDR which used a

pulse generatling scope. The response of the conventional TDR is displayed as

an inset superposed on that of the s-parameter TDR simulation. Figure 16 is

the response of a microstrip ling, while Figure 17 is that of an AMP connec-

tor. The general shape of the responses shows excellent agreement and the s-

parameter simulation provided better resolution than the conventional TDR.

This advantage is discussed further in the next section.

4.5 Advantages of the S-parameter TDR

As mentioned earlier, the TDR utilizing s-paramcters has some

significant advantages over conventionai TDRs. The most salient is the versa-

tility it allows in selecting a sourre. Conventional TDRs offer a single sourc:.

with a fixed rise time. With the s-parameter implementation, any source can

be used to check the response of the DUT. Often, it is of primary interest to

determine the point at which significant degradation in rise time occurs. To

determine this point, the rise-time variable t; in the measurement program

can be varied while observing the response, V,, of the DUT. It is also very

simple to access the measurement program written for this implementation

and change the pulse width, Pw, as desired.

Another advantage is the increased resolution this implementation pro-

vides as seen in Figure 16, which shows the response of a microstrip line. The
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loss due to the microstrip line is noticecable when viewed on the s-parameter
TDR. This informatioun is lost on the conventional TDR (inset). The increased
resoiution of the s-parameter TDR it se=n again in Figure 17, which shows the
response of an AMP connector. The conventional TDR used a scope with a
rise time of about 40 picoseconds {inset). Forty picosecond rise-time scopes are
among the fastest presently available and provide a 3-dB frequency of about
9 GHz. With a 3-dB frequency of only 9 GHz, the conventional TDR loses
much high frequency information about small discontinuities. The response
of the same connector using the s-parameter technique is shown in the back-
ground of the same figure. Note that the connector is much more visible now.
The s-parameter TDR was able to retain much of the information at high fre-
quencies because a shorter rise-time pulse was used. In the s-parameter TDR,
it is clearly seen where the connector begins. Not so for the inset. The s-
parameter TDR simulation was not constrained by the 3-dB frequency

f, = 0.35/t,, since the rise time t, could be made as small as desired.

Perhaps the most significant advantage of this technique, however, is

the ease with which the data can be processed. The information obtained

OIS

; . . . . ‘ . A

from a conventional TDR is not readily accessible [or processing. The s- SRR
RN

parameter techriguc has no such constraint. As a matter of fact, it was this ::-.":\"_w.:\
=t w

o A
l"
P,

articular feature that was utilized in solving the "de-embedding® problem.
P g g1
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CHAPTER S
LN THE DE-EMBEDDING PROBLEM AND SOLUTION

Time-domain reflectometry has many applications, Oliver [1] utilized it
for locating discontinuities in transmission lines. Luce et al. [12] were able to
determine lcss and dispersion in microstrip lines and coaxial cables. Nichol-

son et al. [3] described how it may be used 10 determine s-parameters, consti-

tutive parameters of microwave materials, driving-point impedances and
transfer functions of microwave antennas, and frequency-domain scattering
parameters of conducting surfaces in free space. In this thesis, the TDR appli-
cation was restricted to removing unwanted distortion which resulted from

connectors during the measurement process.

As mentioned in the introduction, the TDR technique was developed to

':
.
1] ‘l
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*
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solve the de-embedding problem. The objective was to remove the effects of

* r vy &
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any intervening connections between the measuring set and the DUT (Figure

18). This was motivated by a desire to "see” the DUT alone and not the

|

DUT/connector composite. As evidenced by Figure 19 (p, 44), which is the
time-domain response of the DUT, (C10OP), the TIDR technique indicated
where the conncclor began. It was not so easy to determine where it ended
and where the DUT actually started.

Before the effects of the connector can be gated out, its boundaries must
be determincd. Marking the beginning of the connector was a relatively easy
task as explained below. To mark where it ended, the connector was ter-

minated with a matched 50-chm load. Theoretically, this should show up as a

e A A A

sharp transition back to the 50-ohm reference, thus precisely determining
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where the connector ended and where the DUT began.

While the above theory sounded reasonable, it was difbcult to imple-
ment. The difhculty stemmed from the response’s slow deviation from the
50-ohm reference. If the response showed sharp deviations from the 50-ohm
reference, it would be simple to mark where the connector began and ended
and quite easy to gate it cut. Since this was not the case, a scheme was
developed to mark the terminals of the connector. in this scheme, levels of
the response were compared to those of the S0-ohm refercnce (0.500 V). A
tolerance & was chosen, and data points were evaluated to determine which
ones fell within the range 0.500V x 3. When three successive points fell
within the tolerance range, the first one was used as a marker. To mark the
beginning of the connector, the first set of three data points falling within
the tolerance range was used; the second set was used 1o mark the end of the
connector. Three successive data points were selected as the criteria by rea-
soning that power spikes and surges will most likely perturb at most two
data points. It was also desirable to avoid false markings in case the connector

itself had a response with multiple 30-chm crossings.

The above scheme was utilized in extracting the effects of the connector
as demonstrated in Figures 19 through 21. Figure 19 shows the unprocessed
time-domain response of a DUT (C10OP) terminated in an open circuit. Preced-
ing the DUT was a connector which clearly showed up as the first significant
deviation from the 30-chm reference. Figure 20 shows the response when the
DUT was replaced by a matched St-ohm load. Note here that the response did
transition back to the 50-ohm reference tine, but did so very slowly. This
gradual transition meant that a judgement had to be made as to where the

connector actually ended. The tolerance testing criterion was applied and
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eventually the most probable end point was marked. Equipped with both the
teginning and end terminals of the connector, it was gated out. The resulting

time-domain waveform then represented the response of the DUT alone as

. %
shown in Figure 21.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This study utilized measured values of the s-paramcter S, to develop a
time-domain reflectometer. The s-parameter TDR performed better than con-
venti:nal scope type TDRs because the rise time of its excitation source can
be made arbitrarily small. This feature also permitted examination of the
response of a DUT as a function of rise time. It can potentially be used to

determine the point at which significant rise-time degradation occurs.

The s-parameter TDR was applicd successfully to the de-embedding
problem. The effects of the intervening connecctor between the measuring set
and a one port DUT were effectively remroved. The scheme by which the de-
embedding was accomplished was not an optimum one since it did not pre-
cisely mark the exact terminals of the connector. Some work is needed to
determine more accurately where the connector begins and enas so that gat-
ing it out can produce a response thai is as “connecior iree” as possible. Work
is also needed to determine the effects of truncation when using the FFT rou-
tine. This '~as not investigated. Finally, work is nceded to transfcrm the

“connector-free® time-domain response to the [requency-domain, enabling

design engineers to further analyze their DUTs.
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