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(57) ABSTRACT 

A system for characterizing a device under test includes an 
input Subsystem configured to inject a signal into the device 
under test and to measure the response of the device under 
test. The system also includes a routine for automatically 
determining the frequency domain impedance of the device 
under test by constructing an S-parameter matrix and calcu 
lating the real and imaginary portions of the impedance 
based on the S-parameter matrix, and a routine for convert 
ing the frequency domain impedance to a time domain 
impedance by performing an inverse Fourier transform on 
the complex impedance. 
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METHOD AND SYSTEM OF CHARACTERIZING A 
DEVICE UNDER TEST 

RELATED APPLICATIONS 

0001) This application is a continuation application of 
prior U.S. patent application Ser. No. 10/791,347, filed Mar. 
2, 2004 which is incorporated herein by reference. 

FIELD OF THE INVENTION 

0002) This invention relates to a method and system of 
characterizing a device under test to determine the Voltage 
noise of a device and to otherwise evaluate the power 
delivery network and signal return planes of electronic 
systems. 

BACKGROUND OF THE INVENTION 

0003) The power delivery systems (e.g., the network and 
signal return planes) of printed circuit boards, integrated 
circuit packages, and other systems, devices, and compo 
nents, (e.g., interconnect components such as wire bonds 
and vias), are routinely tested for voltage noise. The power 
delivery network of a printed circuit board, for example, 
consists of Vcc (supply voltage) pads and ground pads and 
the power plane and ground plane, and/or conductive traces 
in or on the printed circuit board which lead to other pads or 
to a connector or the like. In general, power delivery 
networks transfer electrical power from a power supply to an 
electronic circuit. Generally speaking, for a given supply 
voltage, the more current the electronic circuit draws, the 
lower the impedance of the power delivery system must be 
over a specified frequency bandwidth to maintain a given 
amount of transient voltage switching noise. Furthermore, 
the more quickly the electronic circuit draws current through 
the power delivery system, the wider the frequency band 
width must be in order to maintain a given amount of 
transient voltage switching noise. The same is true of return 
planes for signal paths, especially when the return current 
splits so that it is carried by more than one plane, or when 
the current in the return path changes layers from one plane 
to another. Typically the planes for the signal return path are 
the same as those used for power delivery. Therefore, the 
same considerations apply regarding the design and charac 
terization of planes whether they are used as part of a power 
delivery network, a signal return path, or both. 
0004 As electronic circuits operate at faster speeds, and 
as printed circuit boards and integrated circuits become 
more complex, they require larger amounts of current. 
Furthermore, as supply voltages are decreased to reduce 
overall system power consumption, the maximum allowable 
impedance of the power delivery system is reduced and the 
bandwidth is increased. Therefore, the electrical perfor 
mance of power delivery systems is becoming more critical 
to overall electronic system performance, and power deliv 
ery systems are simultaneously becoming increasingly chal 
lenging to design, measure, and characterize. 
0005) A typical approach to determining the electrical 
impedance requirement of a power delivery network is to 
divide the maximum allowable variation in the Voltage at a 
terminal by the maximum change in the amount of current 
that is drawn from the power delivery network. The band 
width over which this impedance must be maintained is 
typically determined by dividing a constant number by the 
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amount of time allowed for the current to switch from its 
minimum value to its maximum value. The constant number 
is typically chosen to be approximately 0.35, but in practice 
can range from 0.2 to 1.0. 
0006) Although this technique is one commonly applied 
methodology to determine the electrical performance 
requirements of a power delivery network, it can be shown 
that this technique will always over-constrain the design of 
the power delivery network. The result is a device that is 
more expensive to design, a design which takes longer to 
complete, and a product which takes longer to bring to 
market than if the prior proper criteria were used. The 
increased costs are due to the increased amount of engineer 
ing design and measurement time, the increased bill-of 
materials costs resulting from components which are not 
required, and the opportunity costs resulting from delays to 
the introduction of a new product to the market. 
0007. The principle problem with the currently used 
technique is that is mixes time domain and frequency 
domain performance requirements. The Voltage noise tran 
sient is, by definition, defined in the time domain, as is the 
change in current supplied to a device. However, the power 
delivery system impedance is defined over a bandwidth and 
is therefore defined in the frequency domain. If does not 
follow then, in general, that dividing two terms that are 
functions of time (voltage and current) will result in a term 
that is a function of frequency, namely impedance. 
0008. In the prior art, one test port of a network analyzer 
could be used to inject a voltage signal into the power 
delivery system of a device under test (printed circuit board, 
integrated circuit package, or the like). Another test port of 
the network analyzer is used to measure the response of the 
device under test to determine the self-impedance of the 
power delivery system. An S-parameter matrix, known to 
those skilled in the art, is constructed based on the response 
of the power delivery system. The measured s-parameters 
allow the impedance of the power delivery system to be 
calculated as a function of frequency. Then, however, the 
calculated impedance as a function of frequency is improp 
erly used to determine the transient noise. Since the specified 
current is in the time domain and the measured impedance 
is in the frequency domain, multiplying these two terms 
together is the equivalent of mismatching units (e.g., miles 
per hour added to pounds). 
0009. The result is that a device under test which does in 
fact meet a specified maximum voltage noise requirement is 
tested and incorrectly determined to exceed the specified 
maximum voltage noise. A redesign effort then must be 
conducted to lower the maximum voltage noise resulting in 
more expensive designs, designs which take longer to com 
plete, and product which take longer to bring to market. 
0010) There is in fact the mathematical relationship 
between the time domain and the frequency domain repre 
sentations of a parameter. The concept of a time domain 
representation of impedance, however, is not generally rec 
ognized and the application of such a concept is not 
described in the literature. 

SUMMARY OF THE INVENTION 

0011. It is therefore an object of this invention to more 
correctly determine the voltage noise of a device under test. 
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0012. It is a further object of this invention to provide a 
system and method which reduces the costs associated with 
designing printed circuit board, integrated circuit packages, 
and other electronic devices and systems. 
0013. It is a further object of this invention to provide 
Such a system and method which reduces the design time 
associated with printed circuit boards, integrated circuit 
packages, and other electronic devices and systems. 
0014. It is a further object of this invention to provide 
Such a system and method which can be used to measure 
self-impedance, transfer impedance, simultaneous Switching 
noise, and even the worst case scenario for total Voltage 
O1SC. 

0015. It is a further object of this invention to provide 
Such a system and method which can be used to measure the 
Voltage noise of a physical device Such as a printed circuit 
board and also a digital representation of a device during 
simulation on a computer. 
0016. The subject invention results from the realization 
that the designs of printed circuit boards, integrated circuit 
packages, and other electronic devices and systems have 
been over-constrained because present test methods and 
systems improperly mix time domain and frequency domain 
performance requirements and that the Voltage noise of Such 
devices and systems can be more accurately determined by 
calculating the impedance of the power delivery network or 
a pair of planes as a function of time and then convolving the 
calculated impedance with a specified current waveform to 
reduce the cost and time associated with designing and 
manufacturing printed circuit boards, integrated circuit 
packages, and other electronic devices and systems. 
0017. This invention features a method of characterizing 
a device under test. The method comprising injecting a 
signal into the device under test, measuring the response to 
the injected signal to determine the impedance of the device 
under test in the frequency domain, converting the imped 
ance of the device under test to the time domain, and 
calculating the Voltage noise of the device under test based 
on the impedance of the device under test in the time 
domain. 

0018. In the preferred embodiment, the step of measuring 
the response includes constructing an S-parameter matrix 
and calculating the real and imaginary portions of the 
impedance of the device under test as a function of fre 
quency based on the S-parameter matrix. In one example, the 
step of constructing the S-parameter matrix includes estab 
lishing calibration data, generating an uncorrected S-param 
eter matrix based on the measured impedance of the device 
under test, and applying the calibration data to the uncor 
rected S-parameter matrix to produce a corrected S-param 
eter matrix. Converting typically includes performing an 
inverse Fourier transform on the impedance in the frequency 
domain and calculating the Voltage noise of the device under 
test includes convolving the impedance in the time domain 
with a predetermined current in the time domain. 
0.019 Determining the self-impedance of the device 
under test includes measuring, at a terminal pair of the 
device under test using one test port of an analyzer, the 
response to a signal input to the terminal pair from a 
different test port of the analyzer. Determining the transfer 
impedance of the device under test includes measuring, at 
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one terminal pair of the device under test using one test port 
of an analyzer, the response to a signal input to a different 
terminal pair of the device under test from a different test 
port of the analyzer. The simultaneous Switching noise may 
also be determined by measuring the response of a plurality 
of terminal pairs of the device under test. The voltage noise 
of each terminal pair of the device under test is calculated 
and the simultaneous Switching noise is the Sum of the 
voltage noise of each terminal of the device under test. 
0020. In another example, the device under test has 
multiple terminal pairs, a signal is input to each terminal pair 
simultaneously, and the calculated Voltage noise of each 
terminal pair is adjusted until a maximum total Voltage noise 
is achieved to determine a worst case scenario concerning 
timing of the signal input to each terminal pair and the 
resulting total Voltage noise. The spectral response of the 
device under test can be determined by performing a Fourier 
transform on the calculated Voltage noise of the device under 
test. The device under test may be a printed circuit board, an 
integrated circuit package, an interconnect component, or 
even a digital representation of a physical device wherein 
the injected signal and measured response are simulated. 
0021 One method of characterizing a device under test in 
accordance with this invention features determining the 
impedance of the device under test in the frequency domain 
by constructing an S-parameter matrix and calculating the 
real and imaginary portions of the impedance based on the 
s-parameter matrix, converting the frequency domain 
impedance to the time domain by performing an inverse 
Fourier transform on the complex frequency domain imped 
ance, and calculating the Voltage noise of the device under 
test by convolving the time domain impedance of the device 
under test with a predetermined current in the time domain. 
0022 Determining the impedance may include injecting 
a signal into the device from one or more test ports of an 
analyzer and measuring the response of the device. Typi 
cally, the predetermined current is a current specified for the 
device under test. The step of constructing the S-parameter 
matrix typically includes establishing calibration data, gen 
erating an uncorrected S-parameter matrix based on the 
measured impedance of the device under test, and applying 
the calibration data to the uncorrected S-parameter matrix to 
calculate a corrected S-parameter matrix. 
0023. A system for characterizing a device under test in 
accordance with this invention includes an input Subsystem 
configured to inject a signal into the device under test and to 
measure the response of the device under test, a routine 
responsive to the input Subsystem for characterizing the 
frequency domain impedance of the device under test, a 
routine configured to convert the frequency domain imped 
ance to a time domain impedance, and a routine configured 
to calculate the voltage noise of the device under test based 
on the time domain impedance. 
0024. In one example, the input subsystem includes a 
network analyzer with a plurality of test ports connectable to 
the device under test for injecting a signal into the device 
under test and receiving a response from the device under 
test. An output device is for outputting the calculated Voltage 
noise of the device and a user interface is for inputting a 
current specified for the device under test. 
0025. In the preferred embodiment, the routine for char 
acterizing the frequency domain impedance is configured to 
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construct an S-parameter matrix and to calculate the real and 
imaginary portions of the impedance based on the S-param 
eter matrix. A calibration routine establishes calibration data, 
an uncorrected S-parameter matrix is based on the measured 
impedances of the device under test, and the calibration data 
is applied to the uncorrected S-parameter matrix to produce 
a corrected S-parameter matrix. 
0026. The routine configured to convert the frequency 
domain impedance to a time domain impedance typically 
performs an inverse Fourier transform on the frequency 
domain impedance. The routine for calculating the Voltage 
noise of the device under test typically convolves the time 
domain impedance with a predetermined current. 
0027. For a self-impedance measurement, the input sub 
system is configured to measure, at a terminal pair of the 
device under test using one test port of the input Subsystem, 
the response to a signal input to the terminal pair from a 
different test port of the input subsystem. 
0028. For a transfer impedance determination, the input 
Subsystem is configured to measure, at one terminal pair of 
the device under test using one test port of the input 
Subsystem, the response to a signal input to a different 
terminal pair of the device under test from a different test 
port of the input Subsystem. Also, the input Subsystem may 
be configured to input a signal to a plurality of terminal pairs 
of the device under test, the Voltage noise at a particular 
terminal pair of interest on the device under test is calcu 
lated, and the simultaneous switching noise is calculated as 
the Sum of all Voltage noise signals. 
0029. If the device under test has multiple terminal pairs, 
a signal can be input to each terminal pair by the input 
Subsystem, the Voltage noise at a particular terminal pair of 
interest can be calculated, and the timing of the input signals 
can then be adjusted until a maximum total Voltage noise is 
achieved to determine a worst case scenario concerning 
timing of the signals input to each terminal pair and a 
resulting total Voltage noise. 
0030 The spectral response of the device under test can 
be determined by a routine which performs a Fourier trans 
form on the calculated voltage noise of the device under test. 
0031 One preferred system for characterizing a device 
under test in accordance with this invention includes a 
routine for determining the frequency domain impedance of 
the device under test by constructing an S-parameter matrix 
and calculating the real and imaginary portions of the 
impedance based on the S-parameter matrix. The system 
preferably also includes a routine for converting the fre 
quency domain impedance to a time domain impedance by 
performing an inverse Fourier transform on the complex 
frequency domain impedance and a routine for calculating 
the voltage noise of the device under test by convolving the 
time domain impedance with a predetermined current. 
0032 Typically an analyzer is configured to inject a 
signal into the device from one or more test ports and to 
measure the response of the device. The predetermined 
current may be a current specified for the device under test. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0033. Other objects, features and advantages will occur 
to those skilled in the art from the following description of 
a preferred embodiment and the accompanying drawings, in 
which: 
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0034 FIG. 1 is a conceptual block diagram of one 
embodiment of a system for characterizing a device under 
test in accordance with the subject invention in the self 
impedance mode; 
0035 FIG. 2 is a flow chart showing the primary func 
tions carried out by the Software operating on the computer 
portion of the system shown in FIG. 1; 
0036 FIG. 3 is another conceptual block diagram show 
ing how a network analyzer in accordance with the Subject 
invention is connected to the pads of a printed circuit board 
in order to measure the transfer impedance of the power 
delivery network of the printed circuit board; and 
0037 FIGS. 4A and 4B are conceptual block diagram 
showing two ways the network analyzer portion of the 
Subject invention is connected to the pads of a printed circuit 
board in order to measure the simultaneous Switching noise 
of the power delivery network of the board in accordance 
with the method of the subject invention; and 
0038 FIGS. 5A-5C are electrical schematic diagrams of 
a power delivery network including a power Supply, power 
planes, and transient Switching load Such as a logic gate or 
I/O driver. 

DISCLOSURE OF THE PREFERRED 
EMBODIMENT 

0039 Aside from the preferred embodiment or embodi 
ments disclosed below, this invention is capable of other 
embodiments and of being practiced or being carried out in 
various ways. Thus, it is to be understood that the invention 
is not limited in its application to the details of construction 
and the arrangements of components set forth in the follow 
ing description or illustrated in the drawings. 

0040 FIG. 1 shows a device under test 10 in the form of 
a printed circuit board. Other possible devices include 
integrated circuit packages and other electronic systems, 
devices, and components (e.g., interconnect components 
such as wire bonds and vias). Also, the “device under test 
may be a digital representation of a physical device repre 
sented on a computer as is the case in the early design stages 
of a device when, for example, computer aided design 
Software is used to design and model a new printed circuit 
board. 

0041 Pads 12 are where an electronic chip or package 
might be mounted to printed circuit board 10 or where a 
signal return path transitions from one plane to another 
through a via hole, and the goal of the Subject invention is 
to measure the Voltage noise (actual or simulated) of the 
power delivery network of printed circuit board 10. In this 
example, pad 12a is a Vcc input pad and pad 12b is a ground 
pad. 

0042. For a self-impedance determination, test ports 14a 
and 14b of a suitable input subsystem such as network 
analyzer 16 are connected to pads 12a and 12b using test 
cables and probes known to those skilled in the art. Mea 
Suring low impedances requires great care to eliminate the 
Voltage drop that occurs at the measurement port caused by 
current flowing in ground loops. There are a number of 
approaches to reducing this source of error. These include 
the use of isolation transformers, the use of ferrite beads on 
the test cables, the use of high quality test cables with low 
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loss shields, and the use of triaxial test cables to shunt stray 
ground currents, the use of isolation amplifiers, and/or the 
use of differential measurement techniques rather than 
single-ended. 

0.043 Test port 14a of analyzer 16 is used to inject a 
signal to printed circuit board 10 via pads 12a and 12b. Test 
port 14b of analyzer 10 is used to measure the response. 
Computer 18 is connected to network analyzer 16 and 
includes input devices such as keyboard 20 and/or mouse 22 
and output devices such as display 24 and/or printer 26. The 
output of the program(s) operating on computer 18 is 
typically the voltage noise of printed circuit board 10. These 
programs operating on computer 18 initially function to 
determine the impedance of the power delivery system of 
device under test 10 as a function of frequency. In the actual 
implementation of the invention, computer 18 may be a 
stand-alone external computer, or it may be a CPU integral 
to the network analyzer. Typically, an S-parameter matrix is 
constructed based on calibration data established before 
analyzer 16 is used to measure the device under test. Based 
on the S-parameter matrix, the real and imaginary portions of 
the impedance of the device under test as a function of 
frequency is calculated. Next, an inverse Fourier transform 
is performed on the impedance as a function of frequency to 
convert the frequency into the time domain. In the final step, 
the impedance in the time domain is convolved with a 
predetermined current waveform (input by the user of com 
puter 18, for example) to determine the voltage noise. Each 
step in this process is explained in more detail below. 

0044 S-parameters provide an ideal starting point for the 
characterization of power delivery systems of high-speed 
printed circuit boards and IC packages because of the 
technical advantages of frequency domain simulation and 
measurement over comparable time domain techniques. 
Computer-based circuit design tools (EDA software) that 
use circuit simulation or electromagnetic simulation tech 
niques need to be able to accurately consider the properties 
of the materials and components used to construct the 
device. These properties are naturally described in the 
frequency domain and can not be described accurately in the 
time domain. 

0045 Measurement instruments that operate in the fre 
quency domain are likewise better Suited to testing power 
delivery networks than time domain instruments. Compared 
to time domain measurements, frequency domain measure 
ments offer increased accuracy due to better error correction 
techniques, and higher dynamic range and measurement 
bandwidth due to their use of narrow-band tuned receiver 
technology. The accuracy and bandwidth considerations are 
both key elements for characterizing the power delivery 
networks of a high-speed device. 

0046 Frequency domain measurements typically involve 
determining the S-parameters of the device since direct 
measurement of State variables such as impedance or admit 
tance is not possible at higher frequencies. Because there is 
an established relationship between the s-parameters and the 
impedance, measuring S-parameters allows the impedance in 
the frequency domain to be determined. A common tech 
nique for determining this impedance is to use a one-port 
(reflection only) s-parameter measurement (S11) and trans 
form it to impedance (Z) according to: 
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(1 + S11) (1) 
= Z.O. (1 - S11) 

where Z0 is the reference impedance for which the s-pa 
rameters are defined. 

0047 The drawback to this approach is that the further Z 
is from Z0, the more error is introduced in the measurement. 
Since power delivery network impedances are typically less 
than /1000 of Z0, reflection measurements are generally 
inadequate for measuring these types of devices under test. 
Although for higher impedance devices, this approach may 
be adequate. 
0048. The impedance can also be measured by using 
transmission techniques rather than reflection. This offers an 
immediate advantage since a network analyzer has twice the 
dynamic range in transmission as it does in reflection when 
each are expressed in decibels. The self-impedance of a 
device can be determined by using a technique similar to a 
four-point impedance measurement performed with an ohm 
meter at dc. It involves making a calibrated two-port S-pa 
rameter measurement using a network analyzer, where both 
test ports are co-located at the point of interest as shown in 
FIG. 1. The real and imaginary portions of the impedance is 
determined from the S-parameters according to: 

ZO Re(S21). [1 - Re(S21) - Im(S21) (2) 
Re(Z) = - - - , and 2 (1 - Re(S21))? - Im(S21)? 

ZO Im(S21). 1 - Re(S21) + Re(S21). Im(S21) (3) 
Im(Z) = 2 2 2 (1 - Re(S21))' + Im(S21)* 

where Z0 is the reference impedance for which the s-pa 
rameters are defined. 

0049) 
where Z0 is the reference impedance for which the s-pa 
rameters are defined. 

0050 

IfZ<<Z0/2, these equations reduce to 

IfZ<<Z0/2, these equations reduce to 

ZO (4) 
& - . S21 

2 

0051. Using modern network analyzers, this technique 
allows impedances of less than 1 mS2 to be accurately 
measured to frequencies of greater than 20 GHz. 
0052 Measuring the s-parameters over frequency thus 
allows the impedance of the power delivery network or pair 
of planes to be determined as a function of frequency. As 
delineated above, even though it is recognized that fre 
quency domain techniques provide a more accurate charac 
terization of a device under test, the general lack of under 
standing of the concept of a time domain representation of 
impedance has led to the improper use of this information in 
the design and characterization of power delivery systems. 
0053 To illustrate these concepts, assume that the portion 
of the printed circuit board of interest can be electrically 
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modeled such that a voltage source 100, FIG. 5A represents 
the power supply that provides current to the power delivery 
network at a constant Voltage. An impedance element 102 
models the electrical characteristics of the power delivery 
network. Current source 104 represents the circuitry that 
draws current from the power supply. The current through 
current Source 104, Ig, varies with time. In steady state, the 
Voltage at the current source, Vg, is equal to the Supply 
Voltage less any IR drop due to ohmic losses in the power 
delivery network. In practice Vg can vary considerably from 
its nominal value when Ig changes due to transients caused 
by reactive components of the impedance of the power 
delivery network interacting with the changing current of the 
current Source, Ig. 
0054 For example, as shown in FIG. 5B, the current 
Source steps by 1 A in a time of 35 ps, and the source Voltage 
must not change by more than 35 mV according to a 
predetermined specification for the circuit board, then 
according to the conventional technique, the magnitude of 
the impedance of the PDS must be less than 35 m2 over a 
bandwidth of 

0.35 0.35 (5) 
W = - = = 10GHz. Trise 35 pS 

0.055 Now consider an equivalent circuit model, FIG. 
5C, that describes the electrical behavior of the power 
delivery system where resistor 106 represents the impedance 
of the power supply, inductance 108 represents the current 
path on the plane, and capacitor 110 represents the capaci 
tance between the power plane and the ground plane of the 
power delivery network. The impedance of this circuit as 
seen from the terminal where the current source is connected 
has been simulated to show that the maximum impedance is 
seen to be 106 m2 at a frequency of 500 MHz. 
0056. According to conventional techniques, the perfor 
mance of this power delivery network would be deemed 
inadequate since the 106 m2 impedance of the power 
delivery system is larger than the 35 m2 target specified 
impedance. 

0057 This can be verified by using a circuit simulator to 
determine the transient response of the Voltage, Vg, resulting 
from a step in the current, Ig, or for this simple example, by 
calculating the noise across the inductor according to V=L 

The transient noise is 33.5 mV, considerably less than 106 
mV, and within the performance requirements. Therefore, 
the conventional technique clearly yields incorrect results, 
even for simple circuits, because, as stated above, param 
eters in the frequency domain are incorrectly calculated with 
parameters in the time domain. 
0.058 A more rigorous mathematical treatment of the 
circuit in accordance with the subject invention provides the 
correct answer. The Voltage Vg can be expressed as: 

Vg=VS-Vpds (6) 
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0059. The voltage drop across the power delivery system, 
Vpds, can be determined from the impedance of the power 
delivery system and the current through it according to: 

0060. The impedance of the power delivery system, 
Zpds, from equations (2)-(4), can be considered a transfer 
function that relates the current through a device to the 
Voltage across it. Equivalently, the Voltage across the power 
delivery system can be described in the time domain accord 
ing to: 

where the * operator is the convolusion of the two terms. 
0061 Time domain is the form of interest for this appli 
cation since Vpds must be expressed in the time domain to 
determine the Voltage noise and Ig, the specified current is 
naturally defined as a function of time. The remaining term, 
Zpds, was normally expressed as a function of frequency. 
Since the impedance can be considered a transfer function, 
the frequency domain description (equations (2)-(4)) can be 
equivalently described in the time domain by performing an 
inverse Fourier transform of the frequency domain expres 
Sion. There are many techniques for performing the inverse 
Fourier transform, including numerical techniques such as 
the Inverse Fast Fourier Transform for discrete data. The 
mathematical operator between the current and the imped 
ance of equation (8) is a convolusion integral. In this 
example, a step response has been calculated, so Ig(t) is a 
step function. 
0062 Calculating the transient voltage, Vpds(t), (equa 
tion (8)) can be accomplished by determining the time 
domain step response of the impedance, Zpds, and multi 
plying by the magnitude of the current step. 
0063 Returning to the above example, using the method 
of this invention, the maximum noise transient noise is 
determined to be 33.7 mV, which agrees very well with the 
results of the circuit simulation described earlier. The result 
is that a printed circuit board thought to be too noisy when 
analyzed by conventional techniques is in fact within speci 
fied tolerances when characterized by the subject invention 
where the impedance in the frequency domain is converted 
to the time domain before the noise determination is made. 

0064 One difference between this approach and the 
conventional approach is that the conventional approach 
does not take into consideration that the current waveform 
has a characteristic spectral response, and that each fre 
quency component of the signal is presented with a unique 
impedance by the power delivery network. If the peak in the 
impedance of the power delivery network happens to occur 
at a frequency where the signal has no energy, the transient 
voltage will not be degraded. Conversely, if all of the energy 
is concentrated at the frequency of the impedance peak, the 
transient voltage will be the worst case value that the 
conventional technique estimates. More generally it can be 
stated that the suitability of a particular power delivery 
network impedance profile depends on the characteristics of 
the current waveform, including the signal rise time, the 
magnitude of the current step, and data pattern. 
0065 Typically, the routines operating on computer 18, 
FIG. 1 function to run a set up routine where, for example, 
the user can enter a specified current waveform (I(g)(t) from 
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equation (8)), step 40, FIG. 2, and to calibrate the system 
after set-up, step 42 as disclosed below. Analyzer 16, FIG. 
1 injects a signal into the device from one or more test ports 
14a and/or 14b and measures the response of the device. The 
impedance of the device under test as a function of fre 
quency is then determined by constructing an S-parameter 
matrix, step 44, FIG. 2, constructing a corrected S-parameter 
matrix, step 46, and calculating the real and imaginary 
portions of the impedance based on the corrected S-param 
eter matrix, step 48, using equations (2)-(4). The impedance 
of the device under test in the time domain is then calculated 
by performing an inverse Fourier transform on the complex 
impedance in the frequency domain, step 50. The Voltage 
noise of the device under test is then calculated, step 52, by 
convolving the impedance of the device under test in the 
time domain with a predetermined current signal as a 
function of time using equation (8). The output on display 24 
and/or printer 26, FIG. 1, is typically the voltage noise 
which is compared to a maximum allowable Voltage noise 
for the device under test. 

0.066 Preferably, the calibration data of step 42, FIG. 2 
is applied to the uncorrected S-parameter matrix generated 
by the raw output of analyzer 16, FIG. 1 to calculate a 
corrected s-parameter matrix, step 46, FIG. 2. 
0067 Thus far, the impedance determined is self-imped 
ance and FIG. 1 shows a configuration where, at terminal 
pair 12a and 12b using one test port of analyzer 16, the 
response is measured to a signal input to the terminal pair 
12a and 12b from a different test port 14b of analyzer 16. 
0068 A similar approach can be used to calculate the 
voltage transient at one terminal, 60a, FIG. 3 that results 
from current switching at a different terminal 60b. This is 
calculated by using a transfer-impedance rather than the 
self-impedance described above. There may be more than 
the two test terminals shown in FIG. 3. The transfer 
impedance is calculated from the S-parameters in the same 
manner as the self-impedance. The difference is that the 
s-parameter that is used in the transfer-impedance calcula 
tion is measured with the two test ports 70a and 70b of 
network analyzer 16 connected to two different locations 
60a and 60b of device under test 10 instead of being 
connected to the same location as they are for the self 
impedance. The transient Voltage that is determined in this 
scenario is commonly referred to as a Switching noise. As 
with the self-impedance, the magnitude of the Voltage tran 
sient noise depends on the characteristics of the current 
Switching waveform. 
0069. Thus, the step of or routines for determining the 
transfer impedance of the device under test includes mea 
Suring, at terminal pair 60a using test port 70a of analyzer 
16, the response to a signal input to a different terminal pair 
60b from a different test port 70b of analyzer 16. 
0070. Often it is necessary to determine the noise at a 
particular location that results from Switching the current at 
several other locations simultaneously rather than only 
Switching the current at a single other location. This type of 
test is commonly called simultaneous Switching noise (SSN) 
or simultaneous Switching output noise (SSO). Determining 
SSN follows the same procedure as determining switching 
noise, but involves the additional steps of using Superposi 
tion to combine the results of the each individual switching 
O1SC. 
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0071. Thus, step of or routine for determining the imped 
ance of the device under test includes measuring the 
response of a plurality of terminal pairs 80a, 80b, 80c. . . 
80m, FIG. 4 using different test ports 90a, 90b, 90c . . .90m 
of analyzer 16. In one example, current is injected at 
terminal 80a and the noise is calculated at terminal 80a, 
current is injected at terminal 80b and the noise is calculated 
at terminal 80a, current is injected at terminal 80c and the 
noise is calculated at terminal 80a, and so on until current is 
injected at terminal 80m and the noise is calculated at 
terminal 80a. Thus, the voltage noise of each terminal pair 
of the device under test is calculated and the simultaneous 
Switching noise is then the Sum of the Voltage noise of each 
terminal of the device under test. This sum is then compared 
to a specified maximum simultaneous Switching noise. In 
addition, if device under test has multiple terminal pairs, a 
worst case scenario concerning timing of the signal inputs to 
each terminal pair and a resulting total Voltage noise can be 
calculated. Although this example described how to perform 
SSN characterization using a 2-port network analyzer and 
making multiple measurements, it is also possible to use the 
same technique using a multi-port network analyzer and 
making fewer measurements. For example, an N-port net 
work analyzer can measure the effect of simultaneously 
Switching N ports on device under test with a single mea 
Surement. 

0072 Finally, a great deal of insight into the device under 
test can often be gained by viewing the spectral response of 
a particular digital waveform on a device. By comparing the 
spectral response of a signal waveform to the frequency 
characteristics of the device under test, it immediately 
becomes apparent, for example, whether a spike in the 
impedance of a power delivery network is likely to have a 
deleterious effect on the performance of the system. This 
feature is implemented by performing a Fourier transform 
on the signal waveform representing the calculated Voltage 
noise of the device under test. 

0073. The method and apparatus of the subject invention 
is thus able to measure the electrical characteristics of the 
device under test which, in one example, is the power 
delivery network of a printed circuit board or an integrated 
circuit package. The method and apparatus involves deter 
mining the elements of a scalar orthogonal matrix corre 
sponding to terminals of the device under test. The Scalar 
orthogonal matrix comprises a row of elements representing 
a single-ended terminal of the device under test. The S-pa 
rameters of the device under test are then transformed into 
impedances between the terminals. The preferred method of 
and apparatus for characterizing a device involves calibrat 
ing a test set, coupling the device to the test set, and 
measuring S-parameters of the device. The S-parameters are 
converted to a self-impedance or a transfer-impedance. The 
impedance is further converted to a time domain represen 
tation, and the time domain representation of the impedance 
is convolved with a simulated input current waveform to 
generate an output voltage transient response. This general 
method will determine Voltage transient noise by using a 
self-impedance, Switching noise by using a transfer imped 
ance, and simultaneous Switching noise by using a plurality 
of transfer impedances. The output response is then dis 
played on display 24, FIG. 1. 
0074 Proper characterization of a device involves deter 
mining the amount of noise on the Voltage Supplied to the 
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electronic circuit due to an electronic circuit drawing current 
from the device. Complete characterization of a device 
involves determining the Voltage noise at one terminal when 
current is drawn from the same terminal (the self term), 
and determining the Voltage noise at one terminal when 
current is drawn from a different terminal (the transfer 
term). This is repeated for every combination of terminals. 
0075. The transfer terms can also be used in combina 
tions using mathematical Superposition to determine the 
transient Voltage noise at one terminal due to the simulta 
neous Switching of the current at several other terminals. 
This type of test is known as simultaneous Switching noise 
(SSN) as discussed above. 
0.076 The time domain representation of the voltage is 
typically calculated by convolving the time domain repre 
sentation of the current with the time domain representation 
of the impedance. The time domain representation of the 
impedance is typically determined by performing an inverse 
Fourier transform on the frequency domain representation of 
the impedance. The frequency domain representation of the 
impedance is determined from the S-parameters of the 
device. 

0077. In the situation where the device under test is 
digitally represented, the injected signal and the measured 
response are simulated using the routines operating on 
computer 18, FIG.1. Moreover, even where device 10, FIG. 
1 is a physical device, the routines operating on computer 18 
as described above need not be separate routines. Thus, 
“routine', as used herein not only means subroutines but 
also code sections or lines of code which may indeed 
perform multiple functions. 
0078 Thus, although specific features of the invention 
are shown in Some drawings and not in others, this is for 
convenience only as each feature may be combined with any 
or all of the other features in accordance with the invention. 
Moreover, the words “including”, “comprising”, “having, 
and “with as used herein are to be interpreted broadly and 
comprehensively and are not limited to any physical inter 
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connection. Also, any embodiments disclosed in the Subject 
application are not to be taken as the only possible embodi 
ments. Other embodiments will occur to those skilled in the 
art and are within the following claims: 

1. A system for characterizing a device under test, the 
system comprising: 

an input Subsystem configured to inject a signal into the 
device under test and to measure the response of the 
device under test; 

a routine for automatically determining the frequency 
domain impedance of the device under test by con 
structing an S-parameter matrix and calculating the real 
and imaginary portions of the impedance based on the 
s-parameter matrix: 

a routine for converting the frequency domain impedance 
to a time domain impedance by performing an inverse 
Fourier transform on the complex impedance; and 

a routine for calculating the Voltage noise of the device 
under test by convolving the time domain impedance 
with a predetermined current. 

2. A system for characterizing a device under test, the 
system comprising: 

an input Subsystem configured to inject a signal into the 
device under test and to measure the response of the 
device under test; 

a routine for automatically determining the frequency 
domain impedance of the device under test by con 
structing an S-parameter matrix and calculating the real 
and imaginary portions of the impedance based on the 
s-parameter matrix; and 

a routine for converting the frequency domain impedance 
to a time domain impedance by performing an inverse 
Fourier transform on the complex impedance. 


