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Low-impedance time-domain reflectometry for measuring the impedance
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An experimental examination of a X0 and a 2() time-domain reflectometdif DR) technique for
measuring low-impedance transmission line characteristics is presented. TDR measurements using
these systems are compared to those using &)50DR system. The results show that the
uncertainties in the characteristic impedancg, of a low-Z¢ transmission line are a significant
fraction of Z. for 50 Q) TDR measurements, whereas the fractional uncertainties are much less when
using a low-impedance TDR. The fractiondt uncertainties for the 50) TDR increase aZ¢
decreases. [DOI: 10.1063/1.1622981

I. INTRODUCTION The difficulty in developing a low-impedance TDR sys-
tem is in efficiently launching the pulse onto the transmission

Time-domain reflectometerd@DR9) are often used for . : . o : :
determining the electrical properties of electronic and eIeclme without degrading pulse propertigimarily bandwidth

trical circuits, such as the location of opens and shorts iﬁ”md amplitudgand in sampling that pulse without degrading
' : . .Bulse properties, lowering measurement system bandwidth,

o : . . or introducing spurious components into the TDR waveform.
characteristic impedance, propagation functiofitransmis- . ; :
( P propag o Section Il provides a brief background on TDR measure-

sion lines, the magnitude and location of perturbations inments Section Ill contains a description of a low-impedance
transmission linegreflection and transmission coefficients, TDR i.ncludin its sianal launch anlzi robin substrrijctures
impedance changgshe lumped circuit element parameters In Sécs v angd Y mgasurement resulrt)s areg resented '
(resistance, capacitance, inductance, impulse respotinge ' P ’
impedance profiles of populated and unpopulated circuits,
etc. The application considered here is the determination cﬁ
the characteristic impedanc&, of low-Zo (<30Q)) '
transmission lines. A TDR system is similar to a sampling oscilloscope ex-
Electrical conductors and interconnects in a circuit becept that the TDR head contains both a sampling defifee
have as transmission lines when the electrical length of theampley and a pulse generator. The generated or incident
conductor is approximately equal to or greater than thepulse is typically a rectangular pulse with a fast transition
wavelengths of the highest propagating frequencies of theetween its low-voltage state or base limminally 0 V)
conducted signal. This situation is usually encountered imand its high-voltage stat@ominally 0.20—0.25 Y. The tran-
high-speed/high-frequency circuits. For this work, high-sition duration(rise time of the pulses used in typical TDRs
speed/high-frequency will refer to signals that have transitions usually less than 30 ps. The pulse duration, on the other
durations less than 350 ps or, equivalently, 3 dB attenuatiofand, is very long, typically much longer than the epoch over
bandwidths greater than 1 GHz. which the TDR waveform is observed. Because the pulse
A recent analysishas shown that errors and measure-duration is much longer than the waveform epoch, the TDR
ment uncertainties may be significant when trying to deterpulse effectively appears to be a step-like pullsigh state
mine theZ¢ of low-Z¢ transmission lines or the magnitude continues forever Reflections are caused as the propagating
of impedance discontinuities in lo& transmission lines pulse encounters impedance discontinuities along the trans-
with a 50Q) TDR. These problems are even greater WAgn  mission line(TL), as is shown in the example of Fig. 1. In
is less than or equal to 1Q. Low-Z transmission lines are Fig. 1, the TDR waveform corresponds to a continuous uni-
now being used in certain high-speed memory bus&s ( form lossless transmission lirfef length £ and characteris-
~28()) and in bus bars4-<28()) used for high-power tic impedanceZ.) that is connected to the TDR head at one
switching circuits, which may contain noise in the tens ofend and unterminatetbpen circuij at the other end. This
megahertz rande” that can radiate from impedance discon- TDR waveform is the result of the reflections occurring at
tinuities. the TDR/TL interface and at the TL/open-circuit interface;
the reflected pulses add to the incident pulse. In Fig. 1, the
9author to whom correspondence should be addressed: electronic mail€Vels labeled., andL, are of the low and high states of the
nicholas.paulter@nist.gov incident pulse. The amplitude of the pulse that is reflected
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FIG. 1. An ideal TDR waveform for a uniform continuous transmission line (RTL), and a means of sampling the pulse as it propagates
of length £ with an open CI.I'CUIt termlngtlon and with pro_pagatlon ve]ocny along the RTL(see Fig. 3. The transmission line sample is

v. Vg andV; are the base line and top line values of the incident pylse, . . .
the reflection coefficient from the transmission line, gnd is the open connected to_ the RTL as shown in F|g_- 3. For the experi-
circuit reflection coefficient. ments described later, two reference lines were used, one

having a characteristic impedance of @0and the other of

from the impedance discontinuity is dependent on the imped2(2.
ances on either side of the discontinuity. A good way of
envisioning how and which pulses will add to create theA. Transmission line
TDR waveform is through the reflection-transmissi@rT) The RTL used in the test system described herein is a
diagram shown in Fig. 2. The leve}, in Fig. 1 is the result  hapq)e| plate structure consisting of one ground line and one
of the addition of the incident pulse and the first reflectedsigng) line. These lines are of equal width and are located on
pulse as indicated in Fig. 1 and diagrammatically by the tog,pnsite sides of an insulator. The parallel plate transmission
two leftward directed arrows in the RT diagraffig. 2. The  jine (PPTL) was chosen because both ground and signal lines
level L is the result of the addition of the incident pulse, the 5o directly accessible, therefore, no vias or holes are re-
first reflected pul.se, and thg second reflected pulse. The i’b‘uired to connect to the ground and signal conductors as
stants the reflections occur in the TDR waveform are depenyq|d be the case for a stripline or coaxial structure. Further-
dent on the pulse propagation velocity in the transmissiony,ore  the models used to describe the electrical behavior of
line and the separation between impedance discontinuities sne ppTL are simple compared to those of other planar struc-
tures (microstrip, coplanar strips, or coplanar waveguide
I1. LOW-IMPEDANCE TDR DESIGN and, for an idea{uniform, losslessline, have a closed form

The low-impedance TDR consists of the low character-Solution forZc.

istic impedance transmission li@hich will be the refer-
ence impedangea means of launching a signdhe pulse
from a 50 Q) source onto the reference transmission line  The launch has two electrical functions. One function is
to provide efficient transmission of the incident pulse from
the source to the reference transmission line. The launch
must maintain the integrity of the propagating signal, that is,
the amplitude and temporal characteristics of the signal
should be minimally affected. For the purpose of this discus-
sion, signal propagation from the source to the RTL is the
forward direction and propagation from the RTL to the
source is the backward direction. The other function of the
launch is to minimize reflections from the RTL/source inter-
face; these are reflections that will couple back into the TDR
waveform. If we look at Fig. 2, these reflections are shown
diagrammatically as those from the leftmost vertical line that
travel to the right. These two requirements for the launch,
preserving signal integrity and reducing RTL/source reflec-
o o _ tions, have opposing design requirements. Two different cir-
FIG. 2. The transmlsswn/reflecnqn dlagram for a three-impedance sy_sterrbuit designs were testggee Fig. 4 for use as the launch.

Zger Zca, and Zc,, connected in series. The reflected and transmitted . . .

pulses associated with a given incident pulse at each interface are shown The forwa_rd'matChEd des@fﬁ) .'S the least flexible and
with similar line styles. The solid triangular arrow indicates the pulse hastrying to obtain a close matctwithin =2 ()) to the 50Q
passed through the last interface and no longer adds information to thgource is very difficult. The resistance value Rf should
r_eﬂection(T!DR) wa_veform. The hoIIov_v tr_iangle arrows indipate the reflec- ideally be 40Q for a Zo=10Q. Furthermore, the fd only
tions associated with the last transmission may still contribute to the TD . L .

waveform. The curly arrows at the left indicate the contributions to the TDR&/IOWS e'ther_ maximization of the transmission _thrOUgh the
waveform. source/RTL junction into the RTL or minimization of the

B. Launch design
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reflections from the RTL/source interface back into the RTL. 0.0 40x107  80x107°  1.2x107  16x107  2.0x10
The forward/backward-matched desi¢ffbd), on the other Time (s)
h?-nd’ allows for optlmlzat!on of bo_th the forward transmis- FIG. 5. TDR-measured reflection waveforms from launch end of transmis-
sion and backward reflection functions. sion line. The experimental arrangement is shown diagrammatically in the

In this section, four different ways of characterizing lower right.
launch performance are measured and analyzed. These four
ways are: the TDR and RTL are 5d) and 10(), respectively, the
resistance value of the launch as seen by the TDR can be

(1) Reflection coefficient of the launch for the forward di-
calculated from

rection, Sec. llIB 1. This shows how well the launch is
matched to the 50) source. 1+p
(2) Multiple reflections within the RTL, without the probe in Zfde:EZSFC 2
contact, Sec. Il B 2. This shows how well matched the
RTL (which for this study is 1d)) is to the launch. and
(3) Multiple reflections within the RTL, with the probe in Zyc=Ri+Zc, 3)

contact, Sec. 1l B 3. This shows how the probe adds ad- . .
ditional reflections and how well those reflections areWhererd’C 's the electrical load attached to the TDR source.

terminated by the launch. R; can be determined .using Eq$2) and (3) with. p
(4) TDR of the launch from the RTL perspective, Sec.. PfdS>L- The value oR, is calculated to be 45.8, V\.’h'Ch
IllB4. This shows the same information as item 3 but'® chse to tf:lelyaltsﬁ ef):jp?rcr':ed fo'r tthe two ?Qgre&siﬁrs f
. used in parallel in the fd. The resistance values are those o
from the perspective of the RTL. available off-the-shelf chip resistors. This valueRyfis that
measured at dc and also specified by the manufacturer. In an
attempt to geR; closer to 4QX), other combinations of com-
1. Reflection coefficient of launch, forward direction mercially available resistance values were tested. However,
use of more than two parallel resistors increased the magni-
tude of the oscillations seen at the RTL/source interface,
probably due to increased capacitance, and are not consid-
ered here. SelectinB; with a resistance value closer to the
ideal value will reduceyy s~ (see Sec. Il B2 For the f/bd
curve shown in Fig. 5Vypqre=0.0016 V, which gives
n Piibd,s>L=0.006. For the f_/bd case, the electrical load at-
tached to the sampler is given by

This section describes signals that propagate up to th
launch from the TDR, are reflected from the TDR/launch
interface(TDR is acting as the sourgeand that are subse-
guently measured by the conventional 80’'DR. These sig-
nals provide information on the launch efficiency. Ideally, the
launch should appear as a 80oad to the sourcéwhich, in
this case, is the 500 TDR). Figure 5 shows the reflectio
waveform for both the fd and the f/bd. The experimental
arrangement is shown diagrammatically in the lower right of
Fig. 5. In Fig. 5, the large oscillations between about  Ztbdc=Ri™ Z. 'R,
3.5x10 °s and 6x10 %s correspond to reflections from . ,
the TDR/RTL interface. The forward-going reflection coeffi- 1n€ same value &, that was used in the fd is also used

cient, ps-_ , is given by the amplitude of the reflected signal !N the f/bd. UsingR, =45.3Q), Z4=500), andZ¢=104,
divided by the amplitude of the incident signal and using Eq(4) in Eq. (2), an estimate foR, can be ob-
tained; R,=11.3(Q). This value ofR, is the same as the

Vet manufacturer specified and dc measured values ofL1E3,
Ps=L=y @ was an off-the-shelf resistor and selectiRg and R, with
resistance values closer to the ideal values will reduce the
where V¢ is the reflected voltage and;, is the incident magnitude ofpgg s~ (see Sec. llIB 2 However, it is im-
voltage. For all the data given hereWi,=0.25V. For the fd  portant to note, that even with off-the-shelf resistors, the f/bd
curve shown in Fig. 5V e4=0.012V (0.015V-0.003V), yields a much smaller launch reflection coefficient than does
which givespys- =0.05. Assuming that the impedance of the fd.

-1

4
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FIG. 6. TDR-measured reflection waveforms of the pulse reflected withing, 7 TpR-measured reflection waveforms of the pulse reflected within
the transmission line. the transmission line using off-the-shelf low bandwidtiow BW) and cus-
tom high bandwidth(High BW) resistors.

2. Multiple reflections within the RTL, without probe

in contact with the RTL ) o o
The forward-going transmission coefficient for the f/bd,

This section provides information on the magnitude OfT" (g 5= » is @ little more complicated to compute since some

the backward-going signals that are reflected from thef the signal is shunted to ground iy TheT jpgs-1 can
launch/TDR interface and that are subsequently measured e calculated using circuit analysis and is

the conventional 5Q) TDR. Multiple reflections may be
observed in the TDR waveforifnefer to Fig. 2. Ideally, the
signals incident on the launch/TDR from the launch side r —(1- ) Ro ®)
should not reflect back into the launch. Figure 6 shows the ~ 4S=t Pibds>L) R 37

multiple reflections that occur within the RTL. The experi-
mental arrangement is the same as that shown diagrammaE
cally in the lower right of Fig. 5. The series of levels shown
in Fig. 6 can be described by the following equation:

or the value oR, andZ used herel'y,q s~ =0.527. The
values of the backward-going reflection and transmission co-
efficients can be computed using the same methodology as
done for the fd. Doing this give®ypg ~s=0.005 and
I'tpgL>s=0.105. Therefore, the expected TDR state levels
+Tg pPogliogt. ). (5)  after being offsetby subtraction of 0.252 Vare: 0 V, 0.014
V, and 0.014 V. Although these values do not match identi-
In Eq. (5) and all subsequent analysis, it will be assumed thatally with those shown in Fig. 6, they do show close agree-
the reflection coefficient for the open end of the transmissioiment. Moreover, it can be seen in Fig. 6 that voltage levels

Vieiobs= Vin(1+ pss + lso I st Tsoprssli=s

line is 1. caused by multiple reflections have been effectively removed
The forward-going transmission coefficient for the fd, in the f/bd. More careful selection of the resistors reduces the
I'tg,s=L, is given by magnitude of the reflection further, see Fig. 7. Figure 7
shows two traces of the backward-going pulse for the f/bd,

TigsoL=1—pras=L - (6)  one using off-the-shelf low bandwidth resistai@round 2

_ _ GHz) and the other using custom high bandwidth resistors
For the case given her€y .| =0.95. The backward-going (about 20 GHz This figure shows several effects for the

reflection coefficientpsy ~s, is given by fb/d: (1) quicker settling of the TDR waveform after the
major transition with the high bandwidth resist(2) flatter
Ryt 2y Zc base line prior to the transition for the high bandwidth resis-
PRL>STR ¥ Zget Z @ tor, and(3) no observable level shift after the transient for
the high bandwidth resistor.
For the RTLs used hergy¢ ~.s=0.81 and using this value It can be seen from the previous discussion that the

in Eq. (6) givesI'yy ~s=0.19. The curves shown in Fig. 6 launch of the f/bd produces significantly smaller reflections
have been offsetby subtracting 0.263 V, which is the value than the fd. Smaller reflections will produce smaller errors
corresponding tdv/;,[ 1+ ps~. ]) so that the first state level and uncertainties in the calculation of the impedance charac-
(leftmost level in Fig. 6 equals 0 V. Consequently, we cal- teristics of the transmission line. For the @transmission
culate the state levels in the TDR waveform to be approxidine and 50() source impedance used in the discussion thus
mately: O V(corresponding to the reflection from the TDR/ far, the values ofR; and R, that will causepgpgs-, and
RTL interface, 0.045 V, 0.082 V, and 0.112 V. These values pyq ~s to equal zero, the ideal situation, aRg=44.72()

are what is approximately shown in Fig. 6 for the fd. andR,=11.180).
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FIG. 8. TDR-measured reflection waveforms of the pulse reflected withinFIG. 9. The 100 TDR of launch. The experimental arrangement is shown
the transmission line with the probe in place. The experimental arrangemeniiagrammatically in the lower right.
is shown diagrammatically in the lower right.

sitions is probably affected by bandwidth of the probe con-
3. Multiple reflections within the RTL, with probe in tact resistors, as was the case for the launch resigtees
contact with the RTL Sec. 1B 2.

This section deals with signal perturbation caused by the  Similarly, the effect of the probe on the f/bd is assessed.
probe. Ideally, the probe should not affect the propagatind’he expected state levels for the TDR waveform are: 0.005,
signal. The data are shown for signals acquired with a cond, 0.012, and 0.010 Vsee Fig. 8, dotted lineAlthough the
ventional TDR. As was done in Sec. lll B 2, an analysis will expected values for the TDR waveform levels are not the
be performed in this section to describe the state levels isame as the waveform values, the agreement is close.
TDR waveforms shown in Fig. 8. The experimental arrange-
ment is shown diagrammatically in the lower right of Fig. 8. 4. 10 Q TDR of launch end of test structure
In addition to the reflections considered in Sec. IlIB2, there  Thjs section provides information on the magnitude of
will be other reflections from the location where the probeihe packward-going signals that are reflected from the
contacts the transmission line. The levels in the reflectionaynch/TDR interface and that are subsequently measured by
waveform when the probe is in place are given by the 10Q) TDR. These are signals that have passed through

Viipurefions Vil 1+ psot + s ppl L= s the interface and are reflecting between the open and TDR
ends of the RTL. Ideally, these reflected signals should be
+(Peoiprosppliost Tsa Tol29) eliminated to reduce errors in the computatiorZef. Figure
LT 2T ot ] ) 9 shows the 1@) TDR of the launch for both the fd and f/bd.
S>LPprt pri L>sT oo ly The experimental arrangement is shown diagrammatically in
where the lower right of Fig. 9. The state levels in these waveforms
1 1)1 are described by
Z_pr * Z_C) ~Zc Viefl obs™ VinFS>LFpr> p[1+ (PprpL>S+ 1—‘pr>L)
P ! 10 +(I'2 - [l +T
Z_+Z_> +Z¢ pr>LPL>ST PprPL>s! pr>L pr>LPpr
- e +pppt=s) -], (12
For the fd, the expected values for the first three levels are:
T =(1=po) Zor (11) 0V, 0.043V, and 0.079 V. For the f/bd, the expected values
pr>L Per ZytZc' for the first three levels are: 0, 0.024, and 0.044 V. These

/values are consistent, although not identical, with the first

where I is the propagation coefficient at the probe 2
preL propag P Jhree waveform levels shown in Fig. 9.

transmission line interface for the pulse continuing along th
transmission line. Equatiorill), for Z,=50Q and Zc¢
=101, givesp,=—0.091 and’,.. = 0.909. The state lev-
els for the first few reflections, where the first negative re-  In this section, the design of the probe that will be used
flection has been arbitrarily selected to have a value of 0 fo extract the signals from the RTL is examined. The probe is
are: 0.004, 0, 0.0373, and 0.030 V. The agreement betweeame of the essential parts of this low-impedance TDR system.
these values and those of the waveform are obscured by tHehe design of the transmission line probe has several impor-
roll-off characteristics of the transitions in the TDR wave- tant considerations. The first consideration is that the probe
form. However, these values are still in close agreement witlhas to have high enough bandwidth to support measurements
those observed in Fig. &olid line). The roll off in the tran-  of high-speed signals. To this end, we use the probe previ-

C. Probe design
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ously developed for high-bandwidth measurements on 104 y

printed wiring boards. The latest design of this probe has a 8 Impedance ratio, Z/Z,, /

3 dB attenuation bandwidth of approximately 30 GHz. An- _ 1 ——0.0001 /!

other probe consideration is that it should have a sufficiently® ¢ ----0.001 /

low enough impedance to allow a high measurement signaIU{N 44 o 8'(1”

to-noise ratio. Although the noise and the signal on the trans-é 5] ' . |
mission line will be equally attenuated by the probe, the'y ] PR e
noise introduced into the waveform by the instrument is in- é YT 5 s —
dependent of probe impedance. Consequently, the prob"§ 24/ g

should not attenuate the signal below the noise level intro-£ 4_‘;’ /."

duced by the instrument. Another consideration is that the I 7

probe impedance be high enough so that it does not alter th 69 /!

propagating signal. These last two requirements are conflict 8 /'

ing. However, since the input signal can typically be in- 1: !

creased, the dominant consideration for the probe impedanc '10_1.0 s oo os 10

will be to minimize signal perturbations. Equatiofi®) and

(11) describe how the probe will affect signal propagation.

Ideally, the reflection coefficient of the probe should be zeroFIG. 10. Probe induced errors in the calculation of the characteristic imped-

but this requires that the impedance of the probe be infinite2"ce of a sample transmission line.

which means for a passive probe that no signal is delivered o ) ]

to the instrument. The errors introduced by the probe com&/hich are shown in Fig. 11. The amplitude difference be-

from the coupling of the propagating signal to the probe adWeen the curves labeled “no probe” and “probet75 ohm

the signal passes the probe and from reflections from thEesistor” is due to scaling; the values used m_the latter curve

probe. The coupling of the signal to the probe can and shoul$/€re scaled based on the dc measured resistance values of

be calibrated. The probe reflection is caused by the lowel€ Probe contact resistor.

impedance at the probe contact/RTL interface. Because 0{/ TDR MEASUREMENTS OF IMPEDANCE

the probe, not gll of the signal incident at the probe pontact ISCONTINUITY IN 10 © TEST STRUCTURE

RTL interface will pass by the probe and become incident on

the reference/sample interface. The error in the calculated In this section, the measurement of the impedance dis-

impedance caused by ignoring the probe can be described Igpntinuity going from a 10 transmission line to a 9)
transmission ling10-9 () transition is described and ana-

Transmission Line Reflection Coefficient, Po

E _ (Zc idear Zc actual lyzed. It is assumed in this analysis that the @0line is
z Z¢ ideal accurately known and the Q line acts as the “unknown.”
_ The designs of both lines were based on simulations using a
1
_[1tpPo_ 1t Tpeipo 1+p°) , (13  finite element field solver. Figure 12 shows the TDR
1-po 1-Tpe=rpo/\1=po waveform using a conventional 50 TDR system. The

characteristic impedance of the unknown line is calculated to
be 8.85(); this is an error of about1.6% relative to the )
line.

The same impedance discontinuity was measured using
the low-impedance TDR system, as described in Fig. 3. This
rparticular TDR used a 1@ transmission line as the test

wherepg is the reflection coefficient at the interface between
the sample and the RTL. The results of E§3), given as a
percentage of -, and as a function gf,, are shown in Fig.
10. The different curves in Fig. 10 correspond to different
ratios of probe impedancé&,, to Z¢ .

An estimate for the largest acceptable amplitude pertu

bation,V;,,, in the TDR can also be determined. Using this _
Probe Coupling

estimated value foW};,, and the signal amplitud¥;,, the 0.05
lowest acceptable probe impedance can be determined. Thi ____;ergeggﬂce R
limit can be computed by solving for Eq10) where p,, 0044 ... probe + 475 ohm resistor e
=Viim/Vin _ 1 p;" L
2 0.03 o= =
1— Viim § \,"
Vin 3 002
Zpr,lim: V.. Zy. (14 g
lim =
2 v g o001
n 7] ]
For example, foV;,=0.25V, Z,=10(), and if the lowest 0.00 = e —J
acceptable perturbation in signal amplitude is 0.0028.% . D il S '
of amplitude, thenZ,, ;,=495Q. For a 10} line, the im- -0.01 - » " " .
pedance ratio is in close agreement to the curve labelec 00 20c07  40x107  6.0x10T  BOXI0T 1.0x10
“0.01” in Fig. 10. To achieve a high impedance probe, a Time (=)
resistor can be added in series to the probe, the results of FIG. 11. TDR of probe with and without series resistor.
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2 S 0.0008
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o
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0.0 8.0x10™"° 1.6x107° 2.4x10” 3.2x107 40x10° 0.0002
Time (s) T T T T T T
0.0 10x10°  2.0x10°  3.0x10°  4.0x10°  50x10° 6.0x10°

FIG. 12. TDR of 10Q) to 9 Q) impedance discontinuity using conventional

Time (s)
50 () TDR system.

FIG. 14. TDR of 2Q) to 2.2() impedance discontinuity using conventional

. . 50 ) TDR system.
vehicle. The results of measurements using theQ1UDR

are shown in Fig. 13. The trace labeled “Reference open” the hiah and | tat f the inout st dthe |

was used to determine the location of the impedance discorft € the Nnigh and fow states of the input step and the low or
tinuity. The characteristic impedance of the unknown line is.hlgh state of th? reflected step. The resistance values required
calculated to be 8.98); this is an error of about-0.22% ' the conv_ent|onal TDR are that &, and R,, and are
relative to the X line. This error is about seven times less either supplled_ by a manufacturer or measured. The value of
than the error computed using the 80TDR. The difference Zcr €an be either measured or simulated, as was the case
in relative error between the 10 and 80TDRs may be due here. The values of the state levels are obtained from TDR
to the magnitude of the reflected sigitabout 5.4 mV for the measurements and are taken from regions of the TDR wave-
10 O TDR system and about 0.9 mV for the 50 TDR form that display nominally static levels. These regions may

system and/or the different settling of the TDR waveforms. contain oscillations or have a nonzero s_Iope. The values of
state levelsR;, R,, andZ¢ g, may be biased or have an

A. Measurement uncertainties and biases offset error. This offset or bias will affect the value of the
Measurement uncertainties and biases will arise fronfharacteristic impedance of the unknown lide,,. The un-

several sources for the conventional TDR system. In converfertainties in these values will contribute to uncertainties in

tional TDR, the calculation of the characteristic impedanceZCv?'

of the unknown transmission line requires four state levels,

two resistance values, and the characteristic impedance §f TDR MEASUREMENTS OF IMPEDANCE

the reference lineZc r. In the low-impedance TDR de- DISCONTINUITY IN 2 Q TEST STRUCTURE

scribed here, the calculation requires the values of three state . ) ) ) )

levels and ofZ¢ . The state levels for the conventional Similar to what was done in Sec. IV, in this section

TDR are the low and high states of the input and reflected® measurement of the impedance discontinuity going from

steps. In the low-impedance TDR, the required state level@ 2 ¢ transmission line to a 2.2 transmission line is de-
scribed and analyzed. It is assumed that th@ Bne is ac-

0.20 -
l SN 0.035 | | I
4 4
- — — Reference open ——20hmTDR | K /
10 ohm TDR 0.030 | A2 __M\)
0.15 ;
3 ) <
o , > 0.025
] B <
2 10 {\ P et I —— 3
[=9 3
= =
g = 0.020
= £
& <
< 0.05 T 0.015
2
7
0.010
0.00 T T T T T 1 \\)
0.0 8.0x10™ 1.6x10° 24x10° 3.2x10° 4.0x10” 0.005 i 'wr\,\uhﬂ[
ime ) 0.00  250x10° 5.00x10° 7.50x10° 1.00x10® 125x10° 1.50x10*
FIG. 13. TDR of 10Q to 9 Q) impedance discontinuity using 1@ TDR Time (s)
system. The trace labeled as Reference open was used to determine location
of impedance discontinuity. FIG. 15. TDR of 2Q) to 2.2 Q) impedance discontinuity using @ TDR

system.
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0.005 I I though it may be possible to estimate the characteristic im-
0.004 - | ———20hm TDJ pedance of the line attached to the(Rreference line, it
0.003 ] would be a very rough estimataround 2.04)). Figure 15 is
. [\ M a TDR waveform of the discontinuity using the(2 TDR.
S 0002 J ..M(/ L WP SR B However, it is difficult to ascertain any levels for certain
g oo o Bldan el it because of the oscillations at the state levels. These oscilla-
= 0.000 4 I tions are an artifact of the “flat” pulse generator used. On the
E 0,001 ‘ other hand, if the pulse from the 5@ TDR is used as the
E: e ‘ pulse, the waveform shown in Fig. 16 results. The input
2 -0.002 J pulse starts around 1.8 ns, the reflection from the 2 to(R.2
0.003 discontinuity occurs around 4.2 ns, and another reflection
0,004 3 w_,u.n"j occurs around 6.6 ns. The nominally flat regions between
R these instants are used to compute the state levels, from
-0.005 T T T T T T

which the reflection coefficient and thél , are calculated.
For this dataZc -, is estimated to be around 2.24 which is
an error of about 1.8% relative to the 2Rline.

0.00 1.50x10°  3.00x10°  4.50x10° 6.00x10° 7.50x10°
Time (s)

FIG. 16. TDR of 20 to 2.2 () impedance discontinuity using @ TDR
system. The pulse source was provided by the€)50DR system.
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