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Bandwidth of a test channel is determined from a single port 
Time Domain Reflectometer (TDR) measurement with the 
channel terminated in a short oran open circuit. Bandwidth is 
estimated by: (1) making a TDR measurement of a channel 
terminated in a short or open circuit; (2) determining a maxi 
mum slope of the reflection from the TDR measurement; (2) 
calculating an interpolated rise or fall time, for example by 
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METHOD OF ESTMLATING CHANNEL 
BANDWDTH FROMATIME DOMAIN 

REFLECTOMETER (TDR) MEASUREMENT 

BACKGROUND 

0001 1. Technical Field 
0002 The present invention relates in general to a method 
of measuring the bandwidth of a signal channel that carries an 
electrical signal. More particularly, the present invention 
relates to a single port measurement method to determine the 
bandwidth of a test signal channel of a wafer test system, the 
channel being provided through a probe card, where the probe 
card is used to test integrated circuits (ICs) on a wafer. 
0003 2. Related Art 
0004. A wafer test system includes a number of test chan 
nels for carrying test signals to and from ICs on a wafer. 
Bandwidth testing of the probe card or test interface is per 
formed to assure the integrity and frequency response of the 
test interface. Many test systems employ Time Domain 
Reflectometry (TDR) to measure and calibrate the path delay 
of the interface to the Device Under Test (DUT) when the 
interface is open circuit or otherwise not in contact with the 
DUT. As presently deployed however, the TDR measurement 
does not directly give an indication of the channel Bandwidth. 
Direct use of the reflected signal rise time is not practical 
because impedance mismatches and discontinuities in the 
interface create reflections and amplitude variations that 
adversely affect the true bandwidth measurement. 
0005 FIG. 1 shows a block diagram of a test system using 
a probe card for testing ICs on a semiconductor wafer. The 
test system includes a test controller 4 connected by a com 
munication cable 6 to a test head 8. The test system further 
includes a prober 10 made up of a stage 12 for mounting a 
wafer 14 being tested, the stage 12 being movable to contact 
the wafer 14 with probes 16 on a probe card 18. The prober 10 
includes the probe card 18 supporting probes 16 which con 
tact ICs formed on the wafer 14. 
0006. In the test system, test data is generated by the test 
controller 4 and transmitted on individual test channels 
through the communication cable 6, test head 8, connectors 
24, probe card 18, probes 16 and ultimately to ICs on the 
wafer 14. The probe card 18 serves to link each channel to a 
separate one of the probes 16. Test results are then provided 
from ICs on the wafer back through the probe card 18 to the 
test head 8 for transmission back to the test controller 4. Once 
testing is complete, the wafer is diced up to separate the ICs. 
0007 FIG. 2 is a cross sectional view showing details of 
typical components of the probe card 18. The probe card 18 is 
configured to provide both electrical pathways and mechani 
cal Support for test channels connecting through probes 16 to 
contact ICs on a wafer. The probe card electrical pathways are 
provided through a printed circuit board (PCB) 30, an inter 
poser 32, and a space transformer 34. Channels from the test 
head 8 are directed to individual pins of multi-pin connectors 
24 typically connected around the periphery of the PCB 30. 
Traces 40 then continue the channels paths from connectors 
24 through the PCB 30 to contact pads on the opposing side of 
the PCB 30 spaced to match the routing pitch of pads on the 
space transformer 34. The interposer 32 includes a substrate 
42 with spring probe electrical contacts 44 disposed on both 
sides. The interposer 32 continues to provide the channel 
paths from the pads on the PCB 30 to contact pads on a space 
transformer 34. Traces 46 in the space transformer 34 distrib 
ute or “space transform the channel lines from the interposer 
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to spring probes 16 configured in an array. The space trans 
former 34 with embedded traces and connected probes is 
referred to as a probe head. 
0008 Mechanical support for the electrical components is 
provided by a backplate 50, bracket 52, frame 54, leaf springs 
56, and leveling pins 62. The back plate 50 is connected by 
screws 59 to the bracket 52 and PCB 30. The leaf springs 56 
are attached by screws 58 to the bracket 52. The leaf springs 
56 extend to movably hold the frame 54 within the interior 
walls of the bracket 52. The frame 54 then supports the space 
transformer 34. Leveling pins 62 complete the mechanical 
Support, and are adjusted so that brass spheres 66 provide a 
point contact with the space transformer 34. Leveling pins 62 
are adjustable to level the space transformer 34 and assure all 
the probes 16 will make contact with a wafer. 
0009. Although FIG. 1 provides an exemplary wafer test 
system configuration, it is contemplated that other test sys 
tems may be served by the present invention. For instance, the 
probe interface might be replaced with one or more sockets 
for testing of packaged or bare devices. Such test board sys 
tems for testing singulated devices are often referred to as 
“load boards'. Similarly, although FIG. 2 illustrates one con 
figuration for connecting test channels of a wafer test system 
to contacts that can connect to ICs on a wafer, other configu 
rations for channels can be provided. For example, although 
probes 16 are shown as wire type spring probes, other elec 
trical contacts such as pogo pins, cobra probes, lithographi 
cally formed spring probes, or conductive bumps might be 
used. Similarly, the interposer 32 can be replaced with wire 
bonds or a removable connector. For convenience, compo 
nents of the overall test system of FIG. 1 and probe card of 
FIG. 2 will be referenced subsequently. 
0010. After manufacture of a probe card, testing is per 
formed to determine the electrical and mechanical properties 
of the probe card. Signal integrity testing provides a determi 
nation of operation bandwidth specifications of the probe 
card channels, as well as the detection of both hard (manu 
facturing) and Soft (design) errors in the test interface. 
0011 FIG. 3 illustrates a typical test configuration of test 
system components to determine the bandwidth of individual 
channels. As shown, the test components include a test system 
analyzer 70, which may be the tester system 4 of FIG. 1 itself, 
or a separate testing device Such as a vector network analyzer 
(VNA) used to determine the Sparameters of a system. A first 
port 72 of the test system analyzer 70 is connected to at least 
one test channel in the cable 6 that is provided through test 
head 8 (as illustrated by line 73). The test channel then pro 
ceeds through probe card 18 and one of its probes 16 to one of 
a number of pads 74 on a PCB 76. The PCB 76 is specifically 
created for calibration of the probe card 18 and includes pads 
74 for connection of channels back through the test system 
analyzer through a cable 77. The cable 77 is connected back 
to a second port 78 of the test system analyzer 70. The through 
path between the first and second ports 72 and 78 of the test 
system analyzer enable a signal to be transmitted to determine 
parameters of the test system. 
0012 Measurement of a test signal using the test setup of 
FIG. 3 enables a simple determination of bandwidth. Band 
width is specified as the frequency at which a sinusoidal input 
signal Voltage is attenuated to 70.7% of its original amplitude, 
also known as the -3 dB or half power point. FIG. 4 shows a 
measured response for a 100 MHz test channel line. 
0013 Another way to indirectly measure bandwidth of a 
channel is to measure the rise time of a signal through the 
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channel and correlate the rise time to bandwidth. One mea 
Sure of the rise time of an input signal is the time for a signal 
to transition from 10% to 90% of the maximum signal ampli 
tude. With the 10% to 90% rise time, bandwidth can be 
calculated using the formula: bandwidth:Xrise time–0.35. 
Thus the bandwidth measured is defined as: bandwidth=0.357 
(Tr10-90), where the measured rise time from 10% to 90% is 
labeled (Tr10-90). Determination of bandwidth using a 10% 
to 90% rise time measurement is illustrated in FIG. 5. 
0014 Bandwidth can be determined from a rise time over 
a smaller portion of a signal transition, such as a 20% to 80% 
range. For a 20% to 80% rise time, bandwidth is typically 
calculated using the formula: bandwidth:Xrise time=0.22. 
Thus, for measurements based on a 20% to 80% rise time, the 
bandwidth is defined as: bandwidth=0.22/(Tr20-80), where 
the measured rise time is labeled (Tr20-80). 
0.015. It is also well known that the overall rise time of a 
system labeled (Toa) is the square root of the sum of the 
squares of the individual component rise times (T.T. . . . ) 
represented as follows: 

To isolate the bandwidth measurement of the probe card 
alone, test measurements can be made to determine the rise 
time through components without the probe card 18 between 
the test ports of the calibration device 70. The equation for 
Toa shown above can then be used to separate out the rise time 
measurement of the probe card from the overall rise time Toa. 
0016. Due to changes in the channel bandwidth after mul 

tiple contacts of the test probes to ICs on wafers, it may be 
desirable to verify that the bandwidth of each channel is 
meeting specification before the probe card is used to test 
DUT specifications. With the probe card installed in a test 
system for testing ICs on wafers, it is typically inconvenient 
to reconfigure the test system to provide a two port measure 
ment setup as shown in FIG. 3 to enable bandwidth verifica 
tion for all channels of the probe card or DUT interface. It 
would be desirable to provide a more convenient method for 
determining the bandwidth of the individual channels of the 
test system. 

SUMMARY 

0017. In accordance with the present invention, a method 
is provided to derive bandwidth directly from a single port 
Time Domain Reflectometry (TDR) measurement. 
0018. Unlike a through port measurement system requir 
ing two ports to determine bandwidth, as illustrated by the 
calibration setup of FIG.3, using the method according to the 
present invention channel bandwidth can be estimated based 
on a single port measurement with a channel terminated in a 
short or an open circuit. A short circuit can be created by 
contacting the probe of a channel to a metal ground plane. An 
open circuit can be created by simply not contacting the 
spring probes. 
0019. Because a TDR measurement is distorted by mul 

tiple reflections caused by channel discontinuities and imped 
ance variations, conventional methods to determine band 
width based on a 10% to 90% rise time measurement, or a 
20% to 80% rise time measurement do not yield accurate or 
repeatable results. In accordance with the present invention, 
however, bandwidth can be estimated using a single port 
measurement with the following steps: 

0020) 1. Take a TDR measurement of a channel termi 
nated in a short circuit or open circuit. 
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0021 2. Determine the maximum slope of the reflection 
of the TDR measurement. 

0022. 3. Interpolate the 1 order overall rise or fall time 
(Toa) based on the maximum slope. For example divide 
80% of the applied voltage of the TDR measurement 
when using Tr10-90 by the maximum slope determined 
in step 2. 

0023 4. Repeat steps 1 through 3 above without the 
probe card channel to interpolate the 1 order rise or fall 
time of the measuring equipment (Ttest). 

0024 5. Remove the rise time contribution of the mea 
Suring equipment using the equation indicating that the 
overall rise time of a system (Toa) is the square root of 
the sum of the squares of the individual rise times includ 
ing Ttest and the measure round trip rise time of the 
channel (Tround): 
Toa=ITtest+Tround? 

(0.025 6. Divide Tround by the square root of two to 
reveal a single pass channel rise time. This is done since 
the TDR reflection passes through the channel twice, 
once in the forward direction providing a rise time Tfor 
ward and another in the reverse direction providing a rise 
time Treverse revealing total round trip rise time Tround 
as follows: 

Tround=|Tforward’--Treverse 

By setting Tforward-Treverse-Tchannel and solving for 
Tchannel: 

Tchannel=Tround? 2 
This yields the approximate rise time through the channel 
once in either the forward direction or once in the reverse 
direction. The interpolation based on the maximum slope 
removes the deleterious affects on the rise or fall time caused 
by impedance discontinuities or transmission line mis 
matches and results in an 1 order rise time number that is 
applicable to the bandwidth equation in the next section. 

0026 7. Calculate the channel bandwidth using a for 
mula to relate bandwidth to rise time, such as: band 
width=0.35/(Tr10-90), or bandwidth=0.22/(Tr20-80) 

BRIEF DESCRIPTION OF THE DRAWINGS 

0027. Further details of the present invention are 
explained with the help of the attached drawings in which: 
0028 FIG. 1 shows a simplified block diagram of a con 
ventional test system for testing ICs on a semiconductor 
wafer; 
0029 FIG. 2 is a cross sectional view showing details of 
typical components of the probe card of the test system of 
FIG. 1: 
0030 FIG.3 illustrates atypical test setup to determine the 
bandwidth of a channel of a test system; 
0031 FIG. 4 shows a plot of gain vs. frequency illustrating 
bandwidth definition as the 3 dB roll off point; 
0032 FIG. 5 illustrates determination of bandwidth using 
a 10% to 90% rise time measurement; and 
0033 FIG. 6 illustrates a test setup to used determine the 
bandwidth of a channel of a test system according to the 
present invention. 

DETAILED DESCRIPTION 

0034 FIG. 6 illustrates test configurations to enable deter 
mination of bandwidth of a channel of a test system according 
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to the present invention. Similar to FIG. 3, the test compo 
nents include a test system analyzer 70, which may be the 
tester system 4 of FIG. 1 itself, or a separate calibration device 
such as a vector network analyzer (VNA) used to determine 
the Sparameters. 
0035. With only a one-port measurement needed for the 
TDR measurement, a single test port 72 from the analyzer 70 
is shown. The single port 72 of the test system analyzer 70 is 
connected to a test channel 73 in the cable 6 which is provided 
through test head 8, probe card 18 and one of its probes 16. 
Unlike the configuration of FIG.3, however, a PCB providing 
a connection from the probes 16 to a second test port is not 
required. Instead a reflection back to the first port 72 through 
the probes 16 is created by connecting a short or open circuit. 
0036) A short circuit in one embodiment is created by 
connecting the probes 16 to a metal substrate as illustrated by 
substrate 80. To provide a short circuit with minimal phase 
shift or loss, the metal substrate 80 can be plated with a highly 
conductive material Such as gold. Alternatively, the short 
circuit can be created by connecting the probes 16 to pads 87 
on a substrate 85. The pads 87 are then internally linked by 
vias to a conductive ground layer 89. Alternatively, a substrate 
90 can be used with pads 92 for connecting probes 16 through 
traces to discrete elements 94, or connectors for connecting to 
Such elements. To minimize phase shift and loss, it is desir 
able to place the ground plane as close to the probes 16 as 
possible. Any phase shift, or loss created by the ground plane 
can, however, be calibrated out of the TDR measurement as 
described to follow. 
0037. An open circuit can be created by leaving the probes 
16 unconnected, removing the need for a test fixture to deter 
mine bandwidth. With no test fixture required and the test 
controller 4 functioning as the test system analyzer 70, band 
width of a channel can be re-determined during wafer testing 
to assure wear of the probes or other factors do not change the 
bandwidth. Should changes occur during testing, a rise time 
measurement can be determined to factor out measurement 
errors. In an alternative open circuit test configuration, a 
fixture such as substrate 85 or substrate 90 can be used with 
pads to connect the probes 16 to eitheran internal or external 
element to create a 90 degree phase shift with minimal loss 
similar to an open circuit. 
0038. With a channel terminated in a short or open circuit 
as described above, bandwidth can be estimated using the 
following procedure according to the present invention. First, 
a TDR measurement is made of a channel terminated in a 
short circuit or open circuit. Next the maximum slope of the 
reflection from the TDR measurement is determined, the 
slope being a ratio of the change in applied Voltage to change 
in time. 

0039 Next a calculation of interpolated overall 1 order 
rise or fall time is made. In one embodiment, the calculation 
is made by measuring the maximum slope of the reflected 
Voltage, the results having units of Volts/time. Knowing the 
amplitude of the applied Voltage, one can calculate the inter 
polated rise or fall time from 0% to 100% for the overall 
system (Toad)-100) by dividing the applied voltage by the 
measured maximum slope. Multiplying Toad)-100 by 80% 
yields the interpolated overall 10% to 90% rise time (Toa10 
90) since 80% of the time period is included from the 10% 
voltage point time to the 90% voltage point time. Alterna 
tively, ifa 20% to 80% rise time calculation is desired, 60% of 
the Toad)-100 period would be used since 60% of the time 
period occurs between the 20% voltage point and the 80% 
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voltage point. It is further understood that rise or fall time can 
likewise be measured between other percentage points if 
desired. 

0040. Inafurther step, the TDR measurement and 1' order 
rise time interpolation are repeated without the channel con 
nected. This reveals the rise time of the test equipment, Ttest, 
alone. The rise time contribution of measuring equipment 
components (Ttest) including the cable 6, test head 8, or other 
connectors used to determine rise time are then removed 
using the equation indicating that the overall rise time of a 
system (Toa) is the square root of the Sum of the squares of the 
individual rise times, including the system rise time Ttest and 
the round trip rise time of the channel (Tround): 

Toa=Ttest --Tround 

Note that if the test system analyzer 70, cable 6 and test head 
8 are the components used during later wafer IC testing, their 
rise time contributions will typically be included to determine 
channel bandwidth. However, if separate components are 
used for bandwidth determination that are not later included 
in the channel during wafer IC testing, the contribution of the 
separate components will preferably be removed using the 
equation for Toa. 
0041 Since the reflection passes through the channel 
twice, Tround is expressed in light of the Tforward and Tre 
verse rise times through the channel as follows: 

Tround=JTforward2+Treverse? 

To determine the channel rise time Tchannel, Tround is, thus, 
next divided by the square root of two to determine the chan 
nel rise time Tchannel as follows: 

Tchannel=Tforward=Treverse=Tround 2 

This yields the approximate rise time through the channel 
OCC. 

0042. The TDR measurement provides one example of a 
measurement technique used with the present invention. As 
another example measurements can be taken using a Time 
Domain Transmission (TDT) measurement. With a TDT 
measurement, rise time is determined from a measurement at 
the end of the channel 16 from a signal that passes through the 
channel only once, rather than twice as with TDR. Thus, using 
a TDT measurement, Tchannel=Tforward without requiring 
Tround to be divided by the square root of two, since the 
channel TDT measurement is one way, and the round trip 
Tround measurement is not made with the Treflection com 
ponent as in the TDR method. 
0043 Channel bandwidth is next calculated using an 
appropriate equation based on the channel rise time measure 
ment, Tchannel. For example with a 10% to 90% approximate 
rise time measurement, the formula: bandwidth=0.35/rise 
time will be used. Similarly for a 20% to 80% approximate 
rise time measurement, the formula: bandwidth=0.22/rise 
time will be used. It is noted that the 10% to 90% rise time 
formula: bandwidth=0.35/rise time is determined based on 
the 1 order operations done to the rise time. The accuracy of 
the Bandwidth result will vary depending on the amount of 
2" and higher order components of the TDR measurement 
that is eliminated from the procedure. 
0044. Once bandwidth information is obtained for one or 
more channels of a test system as described above, it can be 
stored in local memory located on a component of the test 
system, such as on the probe card or load board. The band 
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width information can be associated with other information, 
Such as date and method of test, and stored in the local 
memory for later retrieval. 
0045 Although the present invention has been described 
above with particularity, this was merely to teach one of 
ordinary skill in the art how to make and use the invention. 
Many additional modifications will fall within the scope of 
the invention, as that scope is defined by the following claims. 
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1: A method to determine bandwidth of a test system chan 
nel containing a spring probe, the method comprising making 
a single port Time Domain Reflectometer (TDR) measure 
ment of rise time of the channel and using the rise time to 
determine the bandwidth. 

2-35. (canceled) 


