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VARIABLE-LOOP-PATH RING OSCILLATOR 
TEST CIRCUIT AND SYSTEMS AND 
METHODS UTILIZING SAME 

FIELD OF THE INVENTION 

The present invention generally relates to the ?eld of inte 
grated circuit device characteriZation. In particular, the 
present invention is directed to a variable-loop-path ring 
oscillator test circuit and systems and methods utilizing same. 

BACKGROUND 

The design of integrated circuits usually requires the assis 
tance of computer aided design tools. The automated devel 
opment of complex integrated circuits, such as application 
speci?c integrated circuits (ASICs), is referred to as elec 
tronic design automation (EDA). EDA tools are usually soft 
Ware programs that provide instructions to a computer for 
processing information associated With a circuit design. Usu 
ally, input information for an EDA tool includes characteris 
tics and functional attributes of a circuit in varying levels of 
abstraction (e.g., from functional operation to physical struc 
ture). It is often convenient to group various components of 
complex circuits into a “block” or “cell” that performs a 
particular function or operation. The cells are combined With 
one another to obtain a desired integrated circuit design. 
These cells are often described and included in a cell library 
of an EDA tool. For example, a cell in the cell library can 
represent a sequential element (e.g., a ?ip-?op, a latch, etc.), 
a combinational logic element (e.g., an AND gate, OR gate, 
etc.), and any combination thereof. 

Cells that include sequential elements are usually assigned 
timing values that include, for example, delay, setup, and hold 
values. The actual delay, setup, and hold values for a particu 
lar cell are determined by the inherent characteristics of the 
elements included in that cell. The sequential cell delay, 
setup, and hold characteristics of a cell directly affect the 
proper functioning of a circuit containing one or more 
instances of that cell. During the circuit-design phase, the 
characteristics of each cell are encoded into a softWare model 
of the cell. These models are utiliZed in determining a variety 
of design constraints and making a number of design deci 
sions. Because delay, setup, and hold characteristics of the 
cells are often crucial to the proper functionality of a device, 
is very important to include the appropriate timing values in 
the softWare models. 

Timing values for the softWare models are typically 
acquired by simulating the cells using simulation softWare 
and then selecting conservative values to account for varia 
tions that naturally occur in the process of embodying a 
design into a physical circuit. HoWever, because timing mod 
els are built only on timing parameters that are based on 
simulations, these timing models do not account for such 
variation. This can be detrimental to the creation of the physi 
cal circuits not only in terms of yield, but also optimal design. 

SUMMARY OF THE DISCLOSURE 

In one implementation, the present disclosure is directed to 
a method of obtaining one or more timing characteristic data 
for an as-manufactured digital storage element having a ?rst 
input, a second input and an output. The method includes: 
varying a ?rst delay Within a ?rst ring-oscillator path among 
a plurality of delay values, the ?rst ring-o scillator path includ 
ing the ?rst input and the output of the as-manufactured 
digital storage element and having an oscillation state at each 
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2 
of the plurality of delay values; during the varying of the ?rst 
delay, applying a constant frequency signal of a particular 
value to the second input; collecting a ?rst data set containing 
data on the oscillation state of the ?rst ring-oscillator path for 
each of the plurality of delay values; and generating access 
time data for the as-manufactured digital storage element as a 
function of the data in the ?rst data set and the particular value 
of the constant frequency signal. 

In another implementation, the present disclosure is 
directed to a method of obtaining a timing characteristic 
design value for an as-manufactured digital storage element. 
The method includes: determining a set of access time values 
for the as-manufactured digital storage element based on 
corresponding respective ?rst test signals having timings dif 
fering from one another; determining a set of timing charac 
teristic values for the as-manufactured digital storage element 
based on corresponding respective second test signals having 
the timings of the ?rst test signals so that ones of the set of 
timing characteristic values correspond to respective ones of 
the set of access time values; and selecting one of the plurality 
of timing characteristic values to be the timing characteristic 
design value as a function of the set of access time values. 

In still another implementation, the present disclosure is 
directed to an integrated circuit. The integrated circuit 
includes: a timing characteristic test circuit that includes: a 
device under test that has a data input and a data output; a ?rst 
ring-oscillator path that includes each of the data input and the 
data output of the device under test, the ?rst ring-oscillator 
path con?gured so as to have a range user-selectable delays; 
a second ring-oscillator path that includes the data input and 
excludes the data output, the second ring-oscillator path con 
?gured so as to have the range of user-selectable delays con 
tained in the ?rst ring-oscillator path; and a third ring-oscil 
lator path that excludes the data input and the data output. 

In yet another implementation, the present disclosure is 
directed to a system for determining timing characteristic 
data for an as-manufactured device under test. The system 
includes: an as -manufactured integrated circuit that includes: 
a timing characteristic test circuit comprising: a device under 
test having a data input and a data output; a variable-loop-path 
ring oscillator having an oscillation frequency, the variable 
loop-path ring oscillator including: a clock signal generator; 
a ?rst loop path that includes the clock-signal generator and 
each of the data input and the data output of the device under 
test; a second loop path that includes the clock-signal genera 
tor and the data input, but excludes the data output; a third 
loop path that includes the clock signal generator and 
excludes each of the data input and the data output; multi 
delay circuitry for selectably changing the oscillation fre 
quency, the multi-delay circuitry providing a plurality of dif 
fering delays to each of the ?rst and second loop paths When 
that one of the ?rst and second loop paths is operating; and a 
selector for sWitching the variable-loop-path ring oscillator 
among the ?rst, second and third loop paths; and an electrical 
tap into the variable-loop-path ring oscillator located so as to 
be present in each of the ?rst, second and third loop paths; and 
a tester in operative communication With each of the selector 
and the electrical tap, the tester comprising: a controller for 
controlling operation of the timing characteristic test circuit, 
including controlling the selector so as to serially select 
among the ?rst, second and third loop paths; a data collector 
for collecting ?rst data relating to the oscillation frequency of 
the ?rst loop path, for collecting second data relating to the 
oscillation frequency of the second loop path and for collect 
ing third data relating to the oscillation frequency of the third 
loop path; and means for calculating timing characteristic 
values of the device under test as a function of the ?rst, second 
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and third data; wherein the controller is operatively con?g 
ured to, during collection of each of the ?rst and second data, 
sequencing the multi-delay circuitry through ones of the plu 
rality of differing delays. 

In still yet another implementation, the present disclosure 
is directed to a computer-readable medium containing com 
puter-executable instructions for performing a method of 
obtaining a timing characteristic design value from a test 
circuit. The computer-readable medium includes: a digital 
storage device under test (DUT) having a data input and a data 
output; a DUT ring oscillator loop path that includes the data 
input and the data output and has a ?rst oscillation frequency; 
a data ring oscillator loop path that includes the data input and 
excludes the data output and has a second oscillation fre 
quency; and a reference ring oscillator loop path that excludes 
the data input and the data output and has a third oscillation 
frequency; Wherein the computer-executable instructions 
comprise: a ?rst set of computer-executable instructions for 
selecting among the DUT, data and reference ring oscillator 
loop paths; a second set of computer-executable instructions 
for, While the DUT ring oscillator loop path is selected, vary 
ing the ?rst oscillation frequency among a plurality of fre 
quencies; a third set of computer-executable instructions for 
collecting ?rst time data from the DUT ring oscillator loop 
path corresponding to the plurality of frequencies; a fourth set 
of computer-executable instructions for, While the data ring 
oscillator loop path is selected, varying the second oscillation 
frequency among the plurality of frequencies; a ?fth set of 
computer-executable instructions for collecting second time 
data from the data ring oscillator loop path corresponding to 
the plurality of frequencies; a sixth set of computer-execut 
able instructions for collecting third time data from the ref 
erence ring oscillator loop path corresponding to the plurality 
of frequencies; an seventh set of computer-executable 
instructions for determining and storing a plurality of access 
time values from the ?rst and third time data; and a eighth set 
of computer-executable instructions for determining and stor 
ing a plurality of timing characteristic values from the second 
and third data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of illustrating the invention, the draWings 
shoW aspects of one or more embodiments of the invention. 
HoWever, it should be understood that the present invention is 
not limited to the precise arrangements and instrumentalities 
shoWn in the draWings, Wherein: 

FIG. 1 is a functional block diagram of a test setup of the 
present disclosure that includes a ring-oscillator test circuit 
for testing a device under test (DUT); 

FIG. 2 is a schematic diagram of a variable-loop-path ring 
oscillator test circuit suitable for use as the variable-loop-path 
ring oscillator test circuit of FIG. 1; 

FIG. 3 is a vieW of the diagram of FIG. 2 that highlights the 
reference loop path of the variable-loop-path ring oscillator 
test circuit; 

FIG. 4 is a vieW of the diagram of FIG. 2 that highlights the 
data loop path of the variable-loop-path ring oscillator test 
circuit; 

FIG. 5 is a vieW of the diagram of FIG. 2 that highlights the 
DUT loop path of the variable-loop-path ring oscillator test 
circuit; 

FIG. 6 is a How diagram of a method of using the variable 
loop-path ring oscillator test circuit of FIG. 2 for determining 
timing characteristic parameter values of an as-manufactured 
digital circuit element; 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
FIG. 7 is a graph of access time versus setup time for an 

example D-?ip-?op; and 
FIG. 8 is a high-level schematic diagram of a computer 

system that can be used to implement a testing method con 
taining steps in accordance With the present disclosure. 

DETAILED DESCRIPTION 

Referring noW to the draWings, FIG. 1 shoWs a test setup 
100 for testing an as-manufactured device under test (DUT) 
104 so as to determine one or more timing characteristics of 

the DUT, such as access time (also knoWn as propagation 
delay time and propagation gate delay time), setup time, hold 
time, recovery time, and removal time. As used herein and in 
the appended claims, the terms “access time,” “setup time,” 
“hold time,” and others have their commonly understood 
meanings in the digital circuit arts. For example: “access 
time” is the time betWeen a digital element receiving an 
event-gating signal (e.g., a data latch (clock) signal, a data 
select signal, etc.) and the time the data is available on an 
output of the element; “setup time” is the interval before the 
event-gating signal for Which the data must be held stable for 
the element to reliable capture the data; and “hold time” is the 
interval after the event-gating signal for Which the data must 
be held stable for the element to reliably capture the data. 
As those skilled in the art Will appreciate from reading this 

entire disclosure, DUT 104 Will typically be any one of vari 
ous types of sequential (or digital storage) elements, such as 
a ?ip-?op, latch, and memory structure (e.g., a static random 
access memory cell or other addressable structure), among 
others. For the sake of illustration, FIG. 1 shoWs DUT 104 as 
being a ?ip-?op. Flip-?ops are generally non-transparent 
(e.g., clocked or edge-triggered) devices. Types of ?ip-?ops 
include, but are not limited to, a D ?ip-?op (D:data input), a 
D ?ip-?op With a reset, a D ?ip-?op With a set, a D ?ip-?op 
With a reset and set, and a J K ?ip-?op. Latches are generally 
transparent storage elements. Types of latches include, but are 
not limited to, a D latch, a D latch With a reset, a D latch With 
a set, and a D latch With a reset and set. That said, for conve 
nience, FIG. 1 shoWs DUT 104 as being generaliZed to 
include a data (D) input, a clock (CLK) input, and a primary 
(Q) output. 
As described beloW in detail, test setup 100 can be used, for 

example, to validate published design library speci?cations 
and/or establish more precise timing characteristic parameter 
values that are based on actual as-manufactured performance 
of the particular storage element (DUT 104) at issue, rather 
than values that are based only on a softWare model of that 
element. To enable this functionality, test setup 100 includes 
a variable-loop-path ring oscillator test circuit 108 in opera 
tive relationship With DUT 104. As those skilled in the art Will 
appreciate, variable-loop-path ring oscillator circuit 108 and 
DUT may be integrated together into an integrated circuit 
112, Which in turn may be executed in a suitable structure, 
such as a Wafer or chip (not shoWn). As and example, such 
structure may be a prototype test chip for characterizing hard 
Ware cells of a certain design library. 

Variable-loop-path ring oscillator test circuit 108 includes 
three selectable loop paths for stimulating DUT 104 in par 
ticular manners and capturing data relating to the timing 
performance of the DUT that can then be used to calculate one 
or more timing characteristics of the DUT. As Will be dis 
cussed beloW in detail, an important feature of variable-loop 
path ring oscillator test circuit made in accordance With broad 
concepts of this disclosure, such as test circuit 108 of FIG. 1) 
is the ability of the circuitry to drive differing input lines of a 
DUT (in FIG. 1, the data (D) and clock (CLK) lines of DUT 
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104) in a manner that the relative timing of the corresponding 
signals can be varied in a controllable manner (in FIG. 1, by 
multi-delay circuitry 140). This ability alloWs the test circuit 
to be used to acquire various data that can then be used to 
calculate timing characteristic values and operation failures 
for the DUT at differing points of operation and failure. These 
values can then be used to not only obtain timing failure 
characteristics, but also suggested timing characteristic 
design values that provide a margin of safety. 

In the embodiment depicted in FIG. 1, the three selectable 
loop paths of variable-loop-path ring oscillator test circuit 
108 are referred to as a reference loop path 116, a data loop 
path 120 and a DUT loop path 124, each being selectable via 
a suitable selector, such as multiplexer (MUX) 128. In this 
example, each of reference, data and DUT loop paths 116, 
120, 124 includes elements common to all three loop paths, 
here, a clock generator 132, a clock divider 136 and multi 
delay circuitry 140. It is noted, hoWever, that in alternative 
embodiments of the three-loop example shoWn in FIG. 1 that 
any tWo or more of the reference, data and DUT loop paths 
116, 120, 124 can be implemented as individual loops sepa 
rate and distinct from one another. Such loops Would, of 
course, require multiple instantiations of the various compo 
nents of reference, data and DUT loop paths 116, 120, 124 
that are common to all three loop paths, such as clock gen 
erator 132, clock divider 136 and multi-delay circuitry 140. 
That said, as those skilled in the art Will readily appreciate, a 
challenge of such an alternative implementation may be the 
precise matching of the performance of the differing loops. 

Brie?y, reference loop path 116 excludes both the data 
input (here, the D input) and data output (here, the Q output) 
of DUT 104 and is used to obtain oscillation data of variable 
path ring oscillator test circuit 108 Without these components. 
Data loop path 120 contains the data input of DUT 104 but 
excludes its data output and is used to obtain oscillation data 
of variable path ring oscillator test circuit 108 With the data 
input but Without the data output. DUT loop path 124 contains 
both the data input and data output of DUT 104 and is used to 
obtain oscillation data of variable path ring oscillator test 
circuit 108 With these components. As those skilled in the art 
Will understand, each of reference, data and DUT loops paths 
116, 120, 124 contains an odd number of signal inversions so 
as to enable their oscillation. 
When DUT loop path 124 is selected, for the DUT loop 

path to oscillate as a ring oscillator, the data input (here, the D 
input) of DUT 104 must oscillate at a suitable frequency 
relative to the frequency of the DUT loop path. To condition 
the data input of DUT 104 so as to oscillate, variable-loop 
path ring oscillator test circuit 108 shoWn is augmented With 
feedback logic 144 that provides this oscillation. An example 
of feedback logic 144 is shoWn and described beloW in con 
nection With FIGS. 2 and 5. It is noted that feedback logic 144 
is not part of DUT loop path 124, nor reference loop path 116 
and data loop path 120. This Will be more clearly seen in 
FIGS. 3 and 4. 

Describing example test setup 100 of FIG. 1 in more detail, 
MUX 128 may be, for example, a conventional 4-to-1 multi 
plexer that is selected in binary fashion via a set of select 
(SEL) inputs, using techniques that are Well knoWn. For 
example, inputs 0, 1, 2, and 3 ofMUX 118 may be selected via 
a binary 00, 01, 10, and 11, respectively, using tWo SEL 
inputs. In this embodiment: input 0 of MUX 118 is used to 
open-circuit the ring oscillator portion of variable-loop-path 
ring oscillator test circuit 108 so as to stop the oscillation of 
the one of reference, data and DUT loop paths 116, 120, 124 
operating at the time; input 1 of the MUX is used to select the 
reference loop path; input 2 of the MUX is used to select the 
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6 
data loop path and input 3 of the MUX is used to select the 
DUT loop path, all as described in more detail beloW. 

In this embodiment, MUX 128 has an output electrically 
connected to an input of clock generator 132, Which is a clock 
generator circuit for generating clock signals having certain 
timing characteristics. Clock generator 132 has an output 
electrically connected to an input of clock divider 136, Which 
contains clock divider circuitry for dividing doWn the clock 
frequency of the clock generator. Clock divider 136 has an 
output electrically connected to an input of multi-delay cir 
cuitry 140, Which may, for example, have a programmable 
delay having certain predetermined delay range and resolu 
tion. In this embodiment, multi-delay circuitry 140 has tWo 
independently controlled outputs. The delay of each output of 
multi-delay circuitry 140 may be selected in binary fashion 
via respective sets of SEL inputs. Details of examples of 
multiplexer 128, programmable, clock generator 132, clock 
divider 136 and multi-delay circuitry 140 are described beloW 
in conjunction With FIGS. 2-5. 

In this example, multi-delay circuitry 140 has a ?rst output 
(1) electrically connected to the CLK input of DUT 104 and 
to input 1 of MUX 128, and further has a second output (2) 
electrically connected to an input of feedback logic 144. 
Essentially, output 1 of multi-delay circuitry 140 controls the 
clock timing of DUT 104 and output 2 of the multi-delay 
circuitry controls the timing of the data input (here, the D 
input) of the DUT. The data output (here, Q output) of DUT 
104 is electrically connected to input 3 of MUX 128, and 
feedback logic 144 has an output electrically connected to the 
data input of DUT 104 and also to input 2 of the MUX. Input 
0 of MUX 128 may be tied to a static logic level in order to 
provide a Way to disable ring oscillator test circuit 108, When 
selected. In one example, input 0 of MUX 128 is tied to a logic 
“1;, 

Reference loop path 116 forms a ring oscillator loop that is 
essentially independent of DUT 104 and that includes MUX 
128, clock generator 132, clock divider 136, and multi-delay 
circuitry 140, Which closes the loop back to MUX 118. Data 
loop path 120 forms a ring oscillator loop that is largely the 
same as reference loop path 116, but also includes the data 
input (here, the D input) of DUT 104. As discussed beloW, in 
one example of using variable-loop-path ring oscillator test 
circuit 108 to determine at least one timing characteristic of 
DUT 104, information regarding the oscillation frequency of 
data loop path 120 may be used in combination With infor 
mation regarding the oscillation frequency of reference loop 
path 116 to determine the setup and hold time of the DUT. 
DUT loop path 124 includes not only the input of DUT 104, 
but also the data output (here, the Q output) of the DUT. As 
further discussed beloW, in one example of using variable 
loop-path ring oscillator test circuit 108 to determine at least 
one timing characteristic of DUT 104, information regarding 
the oscillation frequency of DUT loop path 124 may be used 
in combination With information regarding the oscillation 
frequency of reference loop path 116 for the purpose of deter 
mining the access time (a/k/a “propagation delay time”) of the 
DUT. An exemplary operation of variable-loop-path ring 
oscillator test circuit 108 may be summarized as folloWs. 
DISABLE mode: Variable-loop-path ring oscillator test 

circuit 108 is disabled. This is because, When input 0 of MUX 
128, Which is a static logic level, is selected, there is no 
feedback path in the circuit to cause the circuit to oscillate. 
Consequently, there is no oscillating signal in ring oscillator 
test circuit 100 to be detected (at, for example, the output of 
MUX 128). 
REFERENCE LOOP mode: Only reference loop path 116 

is operating. When input 1 of MUX 128 is selected and after 
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providing an initialization pulse, there is a feedback path in 
the circuit that causes reference loop path 116 to oscillate in a 
ring-oscillator fashion. The frequency of this ring oscillation 
may be detected at, for example, the output of MUX 118. The 
oscillation frequency of reference loop path 116 is deter 
mined by the sum of the delay of the active components and 
Wiring of the reference loop path and can be changed by 
changing the delay value of multi-delay circuitry 140. In 
particular, the greater the total delay, the loWer the frequency 
of oscillation and the loWer the total delay, the higher the 
frequency of oscillation. 
DATA LOOP mode: Only data loop path 120 is operating. 

When input 2 of MUX 128 is selected and after providing an 
initialiZation pulse, there is a feedback path in the circuit that 
causes data loop path 120 to oscillate in a ring-oscillator 
fashion. The frequency of this ring oscillation may be 
detected at, for example, the output of MUX 118. The oscil 
lation frequency of data loop path 120 is determined by the 
sum of the delay of the active components and Wiring of the 
data loop path and can be changed by changing the delay 
value of multi-delay circuitry 140. In particular, the greater 
the total delay, the loWer the frequency of oscillation, and the 
loWer the total delay, the higher the frequency of oscillation. 
The sum of the delay of the active components and Wiring of 
data loop path 120 is expected to be slightly greater than that 
of reference loop path 116. 
DUT LOOP mode: Only DUT loop path 124 is operating. 

When input 3 of MUX 128 is selected and after providing an 
initialiZation pulse, there is a feedback path in the circuit that 
causes DUT loop path 124 to oscillate in a ring-oscillator 
fashion. The frequency of this ring oscillation may be 
detected at, for example, the output of MUX 128. The oscil 
lation frequency of DUT loop path 124 is determined by the 
sum of the delay of the active components and Wiring of the 
DUT loop path and can be changed by changing the delay 
value of multi-delay circuitry 140. In particular, the greater 
the total delay, the loWer the frequency of oscillation, and the 
loWer the total delay, the higher the frequency of oscillation. 
The sum of the delay of the active components and Wiring of 
DUT loop path 124 is expected to be slightly greater than that 
of reference loop path 116. 

Test setup 100 also includes a tester 148 for operating 
variable-loop-path ring oscillator test circuit 100 and for per 
forming the measurements and calculations that are required 
for analyZing the performance of certain devices, each repre 
sented in FIG. 1 by DUT 104. Depending on the embodiment, 
tester 148 may be incorporated into one or more devices that 
are separate from integrated circuit 112 or it may be inte 
grated onto the same structure (e.g., chip or Wafer) that con 
tains integrated circuit 112. As examples of the former, tester 
148 can be implemented using a computer (not shoWn) (e.g., 
a personal computer), one or more pieces of test equipment 
(e.g., an oscilloscope), a piece of automated testing equip 
ment, and any combination thereof. In an example of the 
latter, tester 148 can be implemented in a built-in self-test 
macro integrated into the same structure (e.g., chip or Wafer) 
that contains integrated circuit 112. Those skilled in the art are 
readily familiar With hoW to implement both schemes and 
combinations thereof such that further explanation is not 
necessary for those skilled in the art to execute this aspect of 
the present disclosure. 

In this example, tester 148 includes a frequency measuring 
device 152 for measuring the frequency of oscillation of the 
ring oscillator portion of variable-loop-path ring oscillator 
circuit 108 (i.e., of each of reference, data and DUT loop 
paths 116, 120, 124 When each is active). Frequency measur 
ing device 152 may be any suitable frequency measuring 
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8 
device, such as any commercially available oscilloscope or 
frequency counter, Which is capable of operating Within the 
expected operating frequency range of ring oscillator test 
circuit 100. When frequency measuring device 152 is located 
off-board of the structure (not shoWn) that contains integrated 
circuit 112, it may be electrically connected to a tap 156 into 
the ring oscillator portion of variable-loop-path ring oscilla 
tor test circuit 108 via an input/output (I/O) pin (not shoWn) 
on the device. For example, an input of frequency measuring 
device 152 may be connected to an OUTPUT I/O pin of 
integrated circuit 112. 

Tester 148 also includes a data collector 160, a circuit 
controller 164 and a test algorithm 168. Data collector 160 
collects measurement data 172 from frequency measuring 
device 152. As those skilled in the art Will appreciate, data 
collector 160 may be implementedusing any suitable element 
or combination of elements, including a digital information 
storage device (not shoWn) (e.g., solid state memory, hard 
drive, and any other type of memory and combinations 
thereof), softWare and interface(s) necessary to communicate 
With frequency measuring device 152. Circuit controller 164 
controls the operation of variable-loop-path ring oscillator 
test circuit 108 in response to, for example, instructions pro 
vided by test algorithm 168. As those skilled in the art Will 
understand, circuit controller 164 may be executed using any 
suitable hardWare, softWare or combination thereof. 

Test algorithm 168 utiliZes measurement data 172 col 
lected during a test session in calculating one or more timing 
characteristics of DUT 104. As mentioned above, test algo 
rithm 168 may also be used to provide directions to circuit 
controller 164, as Well as data collector 160 and frequency 
measuring device 152, if needed. As those skilled in the art 
Will understand, test algorithm 168 may be executed in soft 
Ware, hardWare or combination thereof as desired to suit a 
particular implementation. By operating each of reference 
loop path 116, data loop path 120 and DUT loop path 124 
using the differing delays of multi-delay circuitry 140, and by 
measuring the frequency of each loop for each delay, certain 
calculations can be performed for determining, for example, 
but not limited to, access time, setup time, hold time, recovery 
time, removal time and pulse Width of the certain cell types 
that are represented by DUT 112. These hardWare perfor 
mance characteristics may then be used, for example, to per 
form model-to-hardWare correlation for a certain design 
library. In this Way, variable-loop-path ring oscillator test 
circuit 108 provides a mechanism of validating the published 
design library speci?cations. As a particular example, timing 
characteristic calculations that can be performed by test algo 
rithm 168 utiliZing reference, data and DUT loop paths 116, 
120, 124 shoWn are as folloWs: 

Access time:[(period ofDUT loop path)—(period of 
reference loop path)]; 

Setup time:[(period of reference loop path)—(period 
ofdata loop path)]; and 

Hold time:[(period of data loop path)—(period ofref 
erence loop path)]. 

Tester 148 may further include one or more data stores (not 
shoWn) for storing various data other than/ in addition to mea 
surement data 172, such as the data used by and/ or generated 
by test algorithm 168. Data that may be stored in such data 
store(s) may include, but is not limited to: a loop type for each 
measurement; a programmable delay value for each measure 
ment; a timestamp for each measurement; a DUT identi?er 
for each measurement; a chip identi?er for each measurement 
and a calculated access time, setup time, hold time, recovery 
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time, removal time, and/ or pulse Width value, as appropriate, 
for each measurement. Details of speci?c examples of imple 
menting and using a variable-loop-path ring oscillator test 
circuit of the present disclosure, such as variable-loop-path 
ring oscillator test circuit 108, are described beloW in connec 
tion With FIGS. 2-6. FIG. 8 illustrates a general purpose 
computer system 800 that can be used to implement, via 
softWare, a test method containing steps in accordance With 
the present disclosure. For example, computer system 700 
may be con?gured and/ or programmed to control the opera 
tion of variable-loop-path ring oscillator test circuit 108 to 
partially or fully automate the testing of DUT 104. In addi 
tion, or alternatively, computer system 700 may be con?gured 
and/ or programmed to automatedly manipulate the data 
acquired via testing of DUT 104 so as to produce desired 
output, such as graphs and tables of the data, timing charac 
teristics’ failure points, and suggested timing characteristic 
design values, among other things. 

It is noted that While FIG. 1 shoWs integrated circuit 112 
that includes one variable-loop -path ring oscillator test circuit 
108 for testing a single DUT 104, an integrated circuit made 
in accordance With concepts of the present disclosure is not so 
limited. Rather, any number of variable-loop-path ring oscil 
lator test circuits and respective DUTs, for example, of dif 
fering types, may be implemented in the integrated circuit 
device so as to permit the determination of one or more timing 
characteristics of multiple types of library cells using a single 
integrated circuit device. More particularly, those skilled in 
the art Will appreciate that the broad concepts embodied in the 
examples presented in the accompanying ?gures may be 
adapted for use With other testing situations. For example, 
virtually any sequential digital element can be tested using a 
variable-delay methodology in Which the timing betWeen tWo 
or more driving signals input into the element is controllably 
varied to stimulate the element in a manner that produces 
desired responses in the ring-oscillator loop paths. While in 
some embodiments the driving signals Will correspond to data 
and clock inputs as in the illustrative example of FIGS. 1-7, in 
other embodiments the driven inputs may be different. For 
example, in a mux ?ip-?op having tWo or more data inputs 
and a select input, the broad variable-loop-path, variable 
timing techniques may be applied to the data inputs each in 
combination With the select input. In one such example hav 
ing tWo data inputs, a suitable variable-loop-path ring oscil 
lator test circuit can be similar to test circuit 108 of FIG. 1, but 
further include balanced muxing on the data and DUT loop 
paths to separately test each of the tWo data inputs in combi 
nation With the select input. In another example, the same 
broad variable-loop-path, variable-timing techniques can be 
applied to memory via the data-input and address lines. Only 
a single variable-loop-path ring oscillator circuit is shoWn in 
FIG. 1, and also in FIGS. 2-5, to simplify the explanation of 
broad concepts of the present disclosure. 

FIG. 2 illustrates a variable-loop-path ring oscillator test 
circuit 200 that may be used for variable-loop-path ring oscil 
lator test circuit 108 of FIG. 1. Variable-loop-path ring oscil 
lator test circuit 200 includes a DUT 204, Which corresponds 
to DUT 104 of FIG. 1. HoWever, by Way of example, FIG. 2 
illustrates DUT 204 as being a D ?ip-?op having a clock 
input, a D-input and a Q-output. Ring oscillator test circuit 
200 is, therefore, an example of a ring oscillator test circuit 
100 of FIG. 1 for determining the setup time, hold time, and 
access time of a D ?ip-?op cell, Which may belong to a certain 
design library. In doing so, the test results may be used to 
validate Whether the published speci?cations of the softWare 
model of the D ?ip-?op cell substantially correlate With the 
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performance characteristics of the actual hardWare imple 
mentation of the D ?ip-?op cell, here DUT 204. 
The Q-output of DUT 204 is electrically connected to data 

signal oscillation feedback logic 210 that corresponds to data 
signal oscillation feedback logic 144 of FIG. 1. In this 
example, feedback logic 210 contains an AND gate 214, a 
delay (DLY) 216 (about a 2.5 nanosecond (ns) delay in this 
example), a pulse generator (PG) 218 (about a 7.5 ns pulse 
generator in this example), a 2-to-1 MUX 220 that is con 
trolled via a select signal (SEL) 222, and an XOR gate 224, all 
of Which are electrically connected as shoWn in FIG. 2. MUX 
220 provides a selection of (1) the Q-output of DUT 204 
delayed via delay 216 and of a non-speci?ed pulse Width and 
(2) the Q-output of DUT 204 delayed via delay 216 and of a 
speci?ed pulse Width per pulse generator 218. The output of 
MUX 220 feeds an input of XOR 224. The output of XOR 
gate 224 is fed back to the D-input of DUT 204 via a 2-to-1 
MUX 226. MUX 226 has another input 228, Which is used for 
preconditioning DUT 204. MUX 226 is controlled via a select 
signal 230. 

Variable-loop-path ring oscillator test circuit 200 also 
includes a MUX 234, Which is substantially the same as MUX 
128 of FIG. 1. MUX 234 may be, for example, a conventional 
4-to-1 multiplexer that is selected in binary fashion via select 
inputs (SEL) 236a and 236b, as is Well knoWn. For example, 
inputs 0, 1, 2 and 3 of MUX 234 may be selected via a binary 
00, 01, 10 and 11, respectively, on select inputs 236a and 
2361). Like MUX 128 ofFIG. 1, MUX 234 is usedto select the 
operating mode of ring oscillator test circuit 200, e.g., DIS 
ABLE mode, REFERENCE LOOP mode, DATA LOOP 
mode and DUT LOOP mode, Which may be as described 
above relative to FIG. 1. Additionally, the output of MUX 234 
provides a signal inversion and is electrically connected to a 
clock generator circuit 240. Clock generator circuit 240 is one 
example instantiation of clock generator 132 of FIG. 1. 

In the example of FIG. 2, clock generator circuit 240 
includes an exclusive OR @(OR) gate 242, a delay 244, an OR 
gate 246, a delay 248 and an AND gate 250 that are electri 
cally connected as shoWn in FIG. 2. The combination of XOR 
gate 242 and delay 244 provide a pulse generator function for 
the output of MUX 234. More speci?cally, the arrangement of 
XOR gate 242 and delay 244 converts any rising or falling 
transition at the output of MUX 234 to a pulse that has a pulse 
Width that is substantially the same as the delay value of delay 
244. In the present example, When delay 244 is about a 2.5 ns 
delay, any rising or falling transition at the output of MUX 
234 is converted to about a 2.5 ns pulse at the output of XOR 
gate 242. 
The output of XOR gate 242 feeds the arrangement of OR 

gate 246, delay 248 and AND gate 250, Which provides a 
pulse singling or pulse doubling function. AND gate 250 is 
used to select the pulse singling or pulse doubling function. 
More speci?cally, When a 1-of-4 decoder (DEC) 252 detects 
a binary 00, 01, or 10 at SELs 236a and 23619 of MUX 234, 
AND gate 250 is disabled and the output of XOR 242, Which 
is connected to one input of OR 246 passes through OR gate 
246 as a single 2.5 ns pulse. HoWever, When decoder 252 
detects a binary 11 at SEL 236a and 23619 ofMUX 234, AND 
gate 250 is enabled and the output of XOR gate 242 that is 
delayed by delay 248 is provided at another input of OR gate 
246, thereby providing a pulse doubling at the output of OR 
gate 246. In the present example, When delay 248 is about a 5 
ns delay, the output of OR gate 246 may be about a ?rst 2.5 ns 
pulse folloWed about 5 ns later by a second 2.5 ns pulse. 

In summary, When select inputs 236a and 23619 of MUX 
234 are a binary 00, 01, or 10, the output of clock generator 
circuit 240 may be a single 2.5 ns pulse for every rising or 



US 8,164,966 B2 
11 

falling transition of the output of MUX 234. Alternatively, 
When select inputs 236a and 23619 of MUX 234 are a binary 
1 1, the output of clock generator circuit 240 may be a double 
2.5 ns pulse for every rising or falling transition of the output 
of MUX 234. In other Words, and referring to FIGS. 2 and 1, 
clock generator circuit 240 provides a single pulse When the 
REFERENCE LOOP mode (corresponding to reference loop 
path 116 of FIG. 1) or DATA LOOP mode (corresponding to 
data loop path 120 of FIG. 1) is selected, and clock generator 
circuit 240 provides a double pulse When the DUT LOOP 
mode (corresponding to DUT loop path 124 of FIG. 1) is 
selected. 
The output of clock generator circuit 240 is electrically 

connected to an input of a clock divider circuit 256. Clock 
divider circuit 256 is one example instantiation of clock 
divider 136 of FIG. 1. Clock divider circuit 256 divides doWn 
the clock frequency of clock generator circuit 240. In one 
example, clock divider circuit 256 may be any Well-known 
divide-by-2 clock divider circuit, such as one that includes a 
D ?ip-?op 258, an inverter 260 and a delay 262 (here, about 
a 2.5 ns delay) that are electrically connected as shoWn in 
FIG. 2. In this example, clock divider circuit 256 is used to 
divide-by-2 the output frequency of clock generator circuit 
240. 
An output of clock divider circuit 256 passes through a 

delay 270 (here, about a 15 ns delay) and through a 2-to-1 
MUX 272 before connecting to an input of a programmable 
delay (PROG DLY) 274, Which corresponds to multi-delay 
circuitry 140 of FIG. 1. MUX 272 has another input 276, 
Which is used for preconditioning DUT 204. SEL 230 is 
common to MUX 226 and MUX 272. Programmable delay 
274 has a certain predetermined delay range and resolution. 
In this example, programmable delay 274 has tWo indepen 
dently controlled outputs. The delay of each output of pro 
grammable delay 274 may be selected in binary fashion via a 
corresponding ?rst and second set 278a, 2781) of select sig 
nals. In this example, output 1 of programmable delay 274 is 
electrically connected to the clock input of DUT 204 and to 
input 1 of MUX 234. Output 2 of programmable delay 274 is 
electrically connected to an input of XOR gate 224 of feed 
back logic 210. Essentially, output 1 of programmable delay 
274 controls the clock timing of DUT 204, and output 2 of 
programmable delay 274 controls the timing of the D-input of 
DUT 204. Therefore, the timing relationship betWeen outputs 
1 and 2 of programmable delay 274 dictates the timing rela 
tionship betWeen the clock and D-input of DUT 204. 

The full delay range of programmable delay 274 may be 
dependent on the particular technology in Which DUT 204 is 
implemented. Similarly, the resolution of programmable 
delay 274 may be technology dependent and may also be 
dependent on the measurement accuracy speci?ed by a 
designer. In one example, the full delay range of program 
mable delay 274 may be about 10 to about 20 propagation 
gate delays of a given technology, and the resolution may be 
about one quarter to about one half of a propagation gate 
delay of the given technology. In another example and refer 
ring to FIG. 2, the full delay range of programmable delay 274 
may be about 10 to about 20 clock-to-Q-output propagation 
gate delays of D ?ip-?op 204 in a given technology, and the 
resolution may be about one quarter to about one half of the 
clock-to-Q-output propagation gate delay of the D ?ip-?op of 
the given technology. In these examples, for a given ?xed 
DUT clock timing (provided by output 1 of programmable 
delay 274), the DUT data timing (provided by output 2 of 
programmable delay 274) may be skeWed, for example, about 
5 to about 10 propagation gate delays on either side of the 
clock. In a speci?c example implemented in 180 nm technol 
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ogy, the full delay range of programmable delay 274 may be 
about 100 picoseconds (ps) to about 500 ps, With a resolution 
of about 5 ps to about 10 ps. It is noted that for any given test 
the full range of programmable delay 274 need not necessar 
ily be used. 

Regarding the various ?xed delays 216, 218, 244, 248, 262, 
270 described above, general guidelines for establishing 
delay values for these delays are as folloWs. The delay value 
of delay 216 shouldbe greater than the hold time speci?cation 
for DUT 204. Delay 218 is employed When DUT 204 is a 
latch. The delay value of delay 218 should be the sum of delay 
244 and delay 248. This serves to delay the transition of the 
data (D) pin of DUT 204 until after the fall of the clock at the 
clock pin of the DUT. The delay value of delay 244 should be 
long enough to ensure that the minimum pulse Width at the 
output of XOR gate 242 is greater than the minimum active 
pulse Width speci?ed for ?ip ?op 258. The delay value of 
delay 248 should be greater that the sum of the minimum 
active pulse Width and the minimum inactive pulse Width 
speci?ed for the ?ip-?op 258. The delay value of delay 262 
should be greater than the hold time speci?cation for-?ip ?op 
258. The delay value of delay 270 should be large enough to 
ensure that only one pulse is circulating in the ring oscillator. 
In one example, making the delay value of delay 270 equal to 
three times the delay value of delay 248 has yielded good 
results. 

With continuing reference to FIG. 2, the output of MUX 
234 feeds an input of a frequency divider 280, Which drives an 
I/ O pin 282 that may be monitored by, for example, frequency 
measuring device 142 of FIG. 1. Frequency divider 280 may 
be a programmable frequency divider circuit that provides a 
divide-by-1 (+1) to a divide-by-n (+n) capability. In one 
example, frequency divider 280 provides +1, +2, +4, +8, +16, 
+32, +64 and +128 capability that is selectable via a set of 
select signals 284. The purpose of frequency divider 280 in 
ring oscillator test circuit 200 can include (1) sloWing doWn 
the output signal of variable-loop-path ring oscillator test 
circuit 200 in order to match the capabilities of external 
measurement equipment, such as frequency measuring 
device 152 (FIG. 1), and/or (2) dividing doWn any jitter that 
may be present on the output signal of the variable-loop-path 
ring oscillator test circuit in order to ensure the accuracy of 
the frequency measurements by reducing variations in the 
measurements and subsequent calculations (i.e., in order to 
minimiZe the standard deviation). 
The various select inputs and signals 222, 230, 236a-b, 

278a-b, 284 described above may be connected to, for 
example, certain register bits (not shoWn) Within circuit con 
troller 164 of tester 148 of FIG. 1. Furthermore, the state of 
the various select inputs and signals 222, 230, 236a-b, 278a 
b, 284 may be controlled, for example, circuit controller 164, 
test algorithm 168 of FIG. 1 or combination thereof. It is also 
noted that in alternative embodiments, the placement and 
delay values of the various ?xed delay devices (e.g., delay 
216, delay 244, delay 248, delay 262, and delay 270) are not 
limited to that Which is shoWn in variable-loop-path ring 
oscillator test circuit 200 of FIG. 2, and the timing of the 
variable-loop-path ring oscillator test circuit 200 may be tai 
lored in any fashion for differing types of DUTs and tech 
nologies. Additionally, a variable-loop-path ring oscillator 
test circuit of the present disclosure is not limited to deter 
mining access time, setup time and hold time. Rather, a vari 
ablc-loop-path ring oscillator test circuit of the present dis 
closure may be modi?ed for determining other device 
characteristics, such as, but not limited to, recovery time, and 
removal time. 
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FIG. 3 shows variable-loop-path ring oscillator test circuit 
200 of FIG. 2 in a manner that highlights the reference loop 
path 290 (corresponding to reference loop path 116 of FIG. 
1). In FIG. 3, the elements of variable-loop-path ring oscilla 
tor test circuit 200 shoWn in continuous lines are the elements 
that are active during the REFERENCE LOOP mode of the 
variable-loop-path ring oscillator test circuit and, hence, form 
reference loop path 290. The elements that are not active 
during REFERENCE LOOP mode, and consequently are not 
part of reference loop path 290, are shoWn in dotted lines. As 
seen in FIG. 3, the primary active components of reference 
loop path 290, in loop order, are MUX 234, delay 244, XOR 
gate 242, OR gate 246, clock divider circuit 256 (Which 
includes D ?ip-?op 258, inverter 260 and delay 262), delay 
270, MUX 272 and programmable delay 274. Decoder 252 is 
shoWn as active because it receives the same select inputs 
236a-b as MUX 234. Frequency divider 280 is also active 
because it drives I/ O output 282 so as to enable the collection 
of frequency measurement data concerning reference loop 
path 290. In this example, select inputs 236a-b of MUX 234 
are set to a binary 01 in order to select input 1 of MUX 234 
that corresponds to reference loop path 290. In addition, it is 
noted that output 1 of programmable delay 274 is in reference 
loop path 290. 

FIG. 4 shoWs variable-loop-path ring oscillator test circuit 
200 of FIG. 2 in a manner that highlights the data loop path 
292 (corresponding to data loop path 120 of FIG. 1). In FIG. 
4, the elements of variable-loop-path ring oscillator test cir 
cuit 200 shoWn in continuous lines are the elements that are 
active during the DATA LOOP mode of the variable-loop 
path ring oscillator test circuit and, hence, form data loop path 
292. The elements that are not active during DATA LOOP 
mode, and consequently are not part of reference loop path 
292, are shoWn in dotted lines. As seen in FIG. 4, the primary 
active components of data loop path 290, in loop order, are 
MUX 234, delay 244, XOR gate 242, OR gate 246, clock 
divider circuit 256 (Which includes D ?ip-?op 258, inverter 
260 and delay 262), delay 270, MUX 272, programmable 
delay 274, XOR gate 224, MUX 226 and the D-input of DUT 
204. Decoder 252 is shoWn as active because it receives the 
same select inputs 236a-b as MUX 234. Frequency divider 
280 is also active because it drives I/O output 282 so as to 
enable the collection of frequency measurement data con 
cerning reference loop path 290. In this example, select inputs 
236a-b ofMUX 234 are set to a binary 10 in order to select 
input 2 of MUX 234, Which is the DATA LOOP path. In 
addition, it is noted that output 2 of programmable delay 274 
is in data loop path 292. 

FIG. 5 illustrates the state of variable-loop-path ring oscil 
lator test circuit 200 of FIG. 2 When it is in DUT MODE, i.e., 
When the DUT loop path 294. In DUT MODE, all of the 
elements of variable-loop-path ring oscillator test circuit 200 
are active. Therefore, none of the elements are shoWn in 
dotted lines. While the entirety of variable-loop-path ring 
oscillator test circuit 200 is active, it is noted that not all of the 
elements make up DUT loop path 294. Rather, the elements 
that for DUT loop path 294, in loop order, are as folloWs: 
MUX 234, delay 244, XOR gate 242, OR gate 246, clock 
divider circuit 256 (Which includes D ?ip-?op 258, inverter 
260 and delay 262), delay 270, MUX 272, programmable 
delay 274 and DUT 204, Which includes both the D-input and 
Q-output of DUT 204 . Additional elements that are active, but 
are not part of DUT loop path 294 include: delay 248 and 
AND gate 250 that are part of clock generator circuit, and 
AND gate 214, delay 216, pulse generator 218 and MUX 220 
that are all part of feedback logic 210. Decoder 252 is shoWn 
as active because it receives the same select inputs 236a-b as 
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MUX 234, and frequency divider 280 is also active because it 
drives I/O output 282 so as to enable the collection of fre 
quency measurement data concerning reference loop path 
290. In this example, select inputs 236a-b of MUX 234 are set 
to a binary 1 1 in order to select input 3 of MUX 234, Which is 
for DUT loop path 294. In addition, it is noted that output 1 of 
programmable delay 274 drives the clock input of DUT 204 
and that output 2 of the programmable delay is used in feed 
back logic 210 for ensuring the D-input of DUT 204 is prop 
erly stimulated With an oscillating signal. 

Referring to FIGS. 2-5, for certain types of DUTs, such as, 
but not limited to, certain types of D ?ip-?ops, the calcula 
tions that may be performed by test algorithm 168 (FIG. 1) 
may include, but are not limited to, the folloWing. 

Access time:[(period ofDUT LOOP)—(period of 
REFERENCE LOOP)]+x; 

Setup time:[(period ofREFERENCE LOOP)—(period 
ofDATA LOOP)]+x; and 

Hold time:[(period of DATA LOOP)—(period ofREF 
ERENCE LOOP)]+x 

Where x is the program value of frequency divider 280. For 
example, if frequency divider 280 is programmed to divide by 
64, x:64; alternatively, if frequency divider 280 is pro 
grammed to divide by 1, x:1; and Where the “period” of each 
loop is derived from measuring the frequency at I/ O pin 282 
by use of, for example, frequency measuring device 152 of 
FIG. 1. More details of an example method of using a vari 
able-loop-path ring oscillator test circuit made in accordance 
With concepts of the present disclosure, such as test circuit 
100 of FIG. 1 and test circuit 200 of FIG. 2, are described next 
in connection With FIG. 6. 

FIG. 6 illustrates a method 600 of using variable-loop-path 
ring oscillator test circuit 200 of FIGS. 2-5 and tester 148 of 
FIG. 1 to perform model-to-hardWare correlation in inte 
grated circuit design and test applications. It is noted that 
although method 600 is described in the context of variable 
loop-path ring oscillator test circuit 200, those skilled in the 
art Will understand hoW to implement the broad and general 
concepts of method 600 to implement other methods and 
utiliZe variable-loop-path oscillators other than variable 
loop-path ring oscillator test circuit 200. For convenience, 
method 600 is an example involving the determination of the 
timing characteristics of access time, setup time and hold time 
of a D type ?ip-?op, Which is the type of DUT 204 shoWn in 
FIGS. 2-5. Method 600 may include, but is not limited to, the 
steps described beloW. 

Prior to proceeding With describing example method 600, 
attention is ?rst directed to FIG. 7, Which shoWs a graph 700 
of access time versus setup time that is representative of the 
behavior of a typical conventional D type ?ip-?op, Which is 
used above in describing variable-loop-path ring oscillator 
test circuit 200 of FIGS. 2-5. Graph 700 is presented to 
visualiZe concepts described beloW in connection With 
method 600. It is noted that While graph 700 is directed to 
access time versus setup time, similar graphs can be made for 
access time versus hold time and for other combinations of 
timing characteristics. A graph of access time versus hold 
time for the D type ?ip-?op that produced graph 700 is similar 
to graph 700, but the transition betWeen the vertical and 
horiZontal asymptotes of the curve is someWhat steeper than 
the transition of curve 704. 
As seen in FIG. 7, curve 704 indicates that the correspond 

ing D type ?ip-?op has a minimum access time T ACCESS Min 
and a minimum setup time T SETUP Min. At minimum access 

time T ACCESS M”, the corresponding setup time is relatively 



US 8,164,966 B2 
15 

very long. Similarly, at minimum setup time T SETUP M”, the 
corresponding access time is relatively very long. While it is 
desirable to minimize the value of access time provided to 
designers, care must be taken in not providing a design value 
that is too loW (and correspondingly a setup time that is too 
high). Prior to the present inventive concepts embodied in the 
present disclosure, to the inventors’ knowledge there has been 
no practical Way to ensure proper design values Were being 
provided to circuit designers, let alone design values that have 
been veri?ed by testing of as-manufactured devices. HoW 
ever, features of the broad concepts disclosed herein alloW for 
selecting one timing characteristic as a function of another. In 
the example of FIG. 7, these features alloW selection of a 
suggested (or publishable) setup time design value TSETUP 
Sugg (Which may be taken as a minimum design value) based 
on the value of minimum access time T ACCESS Min as deter 
mined using a variable-loop-path ring oscillator circuit made 
in accordance With broad concepts of the present disclosure. 
This can be accomplished by selecting an appropriate access 
time offset 708 from the determined minimum access time 
value T ACCESS Min and using the corresponding value of the 
setup time, i.e., TSETUP 51488. If desired, the value of access 
time, i.e., T ACCESS Sugg, at the suggested (minimum) setup 
time value TSETUP Sugg may be used as the (minimum) sug 
gested access time value. A corresponding suggested value 
hold time (not shoWn) may also be determined as a function of 
the determined minimum access time value T ACCESS Min as 
described beloW in connection With method 600. 

Referring noW to FIG. 6, and also to FIGS. 1-5 as indicated, 
at step 610 variable-loop-path ring oscillator test circuit 200 
(FIG. 2) is preconditioned. For example, MUX 234 is set to 
DISABLE mode via select inputs 236a-b (e.g., set to binary 
00), Which sets the output of MUX 234 to, for example, a 
logic loW because input 0 is a logic high. Additionally, the 
Q-outputs of DUT 204 and D ?ip-?op 258 of clock divider 
circuit 256 are preconditioned to a logic loW. DUT 204 may 
be preconditioned by use of MUXs 226, 272, Which may 
provide the data and clock, respectively, during this precon 
ditioning step. Similar MUXs (not shoWn) may be used to 
precondition D ?ip-?op 258. Alternatively, the reset inputs (if 
available) of DUT 204 and D ?ip-?op 258 may be used to 
precondition their respective Q-outputs. Furthermore, fre 
quency divider 280 is programmed to a user-desired value. In 
this example, frequency divider 280 is programmed to divide 
by 64. 

At step 612, reference loop path 292 (FIG. 3) is selected, 
Which initiates oscillation of this path of variable-loop-path 
ring oscillator test circuit 200. More speci?cally, the delay 
value of output 1 of programmable delay 274 is set to an initial 
value. Preferably, though not necessarily, this delay value is 
selected so that the oscillation of DUT loop path 296 ceases to 
oscillate at midrange of the delay range. The delay value of 
output 2 of programmable delay 274 is essentially a “don’t 
care” value, since output 2 is not part of reference loop path 
292. Subsequently, MUX 234 is set to REFERENCE LOOP 
mode via select inputs 236a-b (e.g., set to binary 01), Which 
causes the output of MUX 234 to transition from a logic loW 
to a logic high and, thereby, initiate the oscillation Within 
reference loop path 292. Once reference loop path 292 is 
oscillating, the output 282 of variable-loop-path ring oscilla 
tor test circuit 200 is monitored by, for example, frequency 
measuring device 152 of FIG. 1. 

At step 614, the frequency of oscillation of reference loop 
path 292 is measured and the period of the reference loop path 
is determined. This can be accomplished, for example, using 
tester 148 of FIG. 1 . As Will be seenbeloW, during testing, part 
or all of the range of delay values for output 2 of program 
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16 
mable delay 274 Will be sWept as the delay value for output 1 
remains ?xed. HoWever, prior to testing, part or all of the 
range of delay values for output 1 may be sWept, for example, 
as part of a setup procedure used to determine the optimal 
delay value for output 1 for the testing. 
At step 616, the oscillation of reference loop path 292 is 

stopped. In this embodiment, this is accomplished by setting 
MUX 234 to DISABLE mode via select inputs 236a-b (e.g., 
set to binary 00), Which sets the output ofMUX 234 to a logic 
loW, thereby stopping the oscillation of the reference loop 
path. Substantially the same tasks of preconditioning step 610 
are then repeated in this step. 
At step 618, data loop path 294 (FIG. 4) is selected, Which 

initiates oscillation of this path of variable-loop-path ring 
oscillator test circuit 200. More speci?cally, the delay value 
of output 2 of programmable delay 274 is set to an initial 
value, such as to the minimum delay. The delay value of 
output 1 of programmable delay 274 is essentially a “don’t 
care” value. Subsequently, MUX 234 is set to DATA LOOP 
mode via select inputs 236a-b (e.g., set to binary 10), Which 
causes the output of MUX 234 to transition from a logic loW 
to a logic high and, thereby, initiate the oscillation Within data 
loop path 294. Once data loop path 294 is oscillating, the 
output 282 of variable-loop-path ring oscillator test circuit 
200 is monitored by, for example, frequency measuring 
device 152 of FIG. 1. 
At step 620, the frequency of oscillation of data loop path 

294 is measured and the period of the data loop path is 
determined for each increment of the programmable delay. 
This can be accomplished, for example, using tester 148 of 
FIG. 1. For example, the period of data loop path 294 is 
measured and stored for each increment of output 2 of pro 
grammable delay 274, for example, starting at the minimum 
delay value and incrementing stepWise to the maximum delay 
value. In particular, for each increment of output 2 of pro 
grammable delay 274, the period may be measured via fre 
quency measuring device 130 of FIG. 1 and stored in an 
appropriate data store. 
At step 622, the oscillation of data loop path 294 is stopped. 

In this embodiment, this is accomplished by setting MUX 234 
to DISABLE mode via select inputs 236a-b (e.g., set to binary 
00), Which sets the output of MUX 234 to a logic loW, thereby 
stopping the oscillation of the data loop path. Substantially 
the same tasks of preconditioning step 610 are then repeated 
in this step. 
At step 624, DUT loop path 296 (FIG. 5) is selected, Which 

initiates oscillation of this path of variable-loop-path ring 
oscillator test circuit 200. More speci?cally, the delay value 
of output 2 of programmable delay 274 is set to an initial 
value, such as to the minimum delay. The delay value of 
output 1 of programmable delay 274 is set to a value that Will 
remain ?xed, such as to a mid-range delay value. Addition 
ally, MUX 220 is selected via select signal 222 according to 
the timing that is needed for the DUT at issue. In one example, 
When DUT 204 is a D-?ip-?op, as shoWn in FIG. 2, input 0 of 
MUX 220 may be selected. In another example, When DUT 
204 is a D latch (not shoWn), input 1 of MUX 220 may be 
selected. Subsequently, MUX 234 is set to DUT LOOP mode 
via select inputs 236a-b (e.g., set to binary 11), Which causes 
the output of MUX 234 to transition from a logic loW to a 
logic high and, thereby, initiate the oscillation Within DUT 
loop path 296. Because DUT loop path 296 is selected, the 
pulse doubling mode of clock generator circuit 240 is 
enabled. Once DUT loop path 294 is oscillating, the output 
282 of variable-loop-path ring oscillator test circuit 200 is 
monitored by, for example, frequency measuring device 152 
of FIG. 1. 
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At step 626, the frequency of oscillation of DUT loop path 
296 is measured and the period of the DUT loop path is 
determined for each increment of the programmable delay. 
This can be accomplished, for example, using tester 148 of 
FIG. 1. For example, the period of DUT loop path 296 is 
measured and stored for each increment of output 2 of pro 
grammable delay 274, for example, starting at the minimum 
delay value and incrementing stepWise to the maximum delay 
value, While the delay value of output 1 remains ?xed. In 
particular, for each increment of output 2 of programmable 
delay 274, the period may be measured via frequency mea 
suring device 152 of FIG. 1 and stored in an appropriate data 
store. 

At step 628, the oscillation of DUT loop path 296 is 
stopped. In this embodiment, this is accomplished by setting 
MUX 234 to DISABLE mode via select inputs 236a-b (e.g., 
set to binary 00), Which sets the output of MUX 234 to a logic 
loW, thereby stopping the oscillation of the DUT loop path. 
Substantially the same tasks of preconditioning step 610 are 
then repeated in this step. 

At step 630, the access time of DUT 204 is calculated and 
stored. For example, for each increment of programmable 
delay 274, the access time is calculated by tester 148 of FIG. 
1 using test algorithm 168 and stored in an appropriate data 
store. More speci?cally, for each increment of programmable 
delay 274, the access time may be calculated by tester 148 
according to the equation: 

Access time:[(period ofDUT loop path 296)—(period 
ofreference loop path 292)]+64 

Wherein 64 is the programmed value of frequency divider 280 
as set in step 610. 
At step 632, the setup time of DUT 204 is calculated and 

stored. For example, for each increment of programmable 
delay 274, the setup time is calculated by tester 148 of FIG. 1 
using test algorithm 168 and stored in an appropriate data 
store. More speci?cally, for each increment of programmable 
delay 274, the setup time may be calculated by tester 148 
according to the equation: 

Setup time:[(period ofreference loop path 292)—(pe— 
riod ofdata loop path 294)]+64 

Wherein 64 is the programmed value of frequency divider 280 
as set in step 610. 
At step 634, the hold time of DUT 204 is calculated and 

stored. For example, for each increment of programmable 
delay 274, the hold time is calculated by tester 148 of FIG. 1 
using test algorithm 168 and stored in an appropriate data 
store. More speci?cally, for each increment of programmable 
delay 274, the hold time may be calculated by tester 248 
according to the equation: 

Hold time:[(period ofdata loop path 294)—(period of 
reference loop path 292)]+64 
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Wherein 64 is the programmed value of frequency divider 280 
as set in step 610. 

At step 636, the test data stored in the steps 630, 632, 636 
is post-processed and the resulting timing characteristics of 
DUT 204 are logged. The Table beloW shoWs an example 
subset of test data for a certain DUT used as DUT 204. For 
example, the Table shoWs the period data acquired in steps 
614, 620, 626. Additionally, Table shoWs data resulting from 
the calculations performed at steps 630, 632, 634. In this step 
of post-processing the data, test algorithm 168 of FIG. 1 
searches the data for the ?rst point at Which no oscillation is 
detected on the DUT loop path 296 (FIG. 5), i.e., searches for 
the failure point of the DUT loop path, and determines the 
setup and hold time based upon the failure point. Addition 
ally, test algorithm 168 of FIG. 1 searches the data for the 
point at Which a certain percent increase (e.g., 10%) in access 
time relative to the minimum determined access time is indi 
cated. (This increase corresponds to access time offset 708 in 
graph 700 of FIG. 7.) 
The Table shoWs eleven entries of measurement data and 

resulting calculations, ranging from mid-range minus ?ve 
increments (of programmable delay 274) to mid-range plus 
?ve increments. This is only a portion of the total data 
acquired in steps 614, 620, 626. In this example, the ?rst 
failure point of DUT loop path 196 is found at entry #8, Where 
the failure point of the DUT loop path is indicated as no 
oscillation (“no osc”). In this example, the failure is due to the 
violation of the setup and/or hold time of DUT 204. It may be 
concluded, therefore, that the actual setup time of DUT 204 is 
the setup time that is calculated one step previous to this 
failure point. In the example of the Table, the setup time of 
DUT 204 is, therefore, about 0.095 ns, Which is at entry #7. It 
may also be concluded that the actual hold time for DUT 204 
is the hold time that is calculated at the failure point itself. In 
this example, the hold time of DUT 204 is, therefore, about 
—0.079 ns, Which is at entry #8. Furthermore, the Table shoWs 
that the access time is substantially constant for a certain 
number of entries, such as entries #1 through #3. In this 
example, the access time of DUT 204 is substantially constant 
as long as the setup and/or hold time are not in violation. 
HoWever, as the setup time approaches the failure point, it is 
observed that DUT 204 exhibits a gradual increase in access 
time. For example, at entry #4 the access time has increased 
by about 4%, then by about 6% at entry #5, then by about 10% 
at entry #6, then by about 14% at entry #7, and then failure at 
entry #8. 

Note: Referring to the Table, the error in the calculations is 
about +/— the value of the ?ne resolution of programmable 
delay 274. For example, if the ?ne resolution of program 
mable delay 274 is about 10 ps, the error in all calculations is 
about +/—10 ps. 

TABLE 

Example test data for a certain DUT 

Freq. Access Access Time Setup time Hold 
Loop Period (us) Delay value Div. Time (ns) % Change (us) time (ns) 

1 REF 2.6371 Mid-range —5 64 0.358 0% 0.216 —0.216 
DATA 2.6233 Mid-range —5 64 
DUT 2.6600 Mid-range —5 64 

2 REF 2.6381 Mid-range —4 64 0.359 0% 0.195 —0.195 
DATA 2.625 6 Mid-range —4 64 
DUT 2.6600 Mid-range —4 64 

3 REF 2.6381 Mid-range —3 64 0.360 0% 0.174 —0.174 
DATA 2.6270 Mid-range —3 64 
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TABLE-continued 

20 

Fxamnle test data for a certain DUT 

Freq. Access Access Time Setup time Hold 
Loop Period (ps) Delay value Div. Time (ns) % Change (ns) time (ns) 

DUT 2.6611 Mid-range —3 64 
4 REF 2.6371 Mid-range —2 64 0.373 4% 0.153 —0.153 
DATA 2.6273 Mid-range —2 64 
DUT 2.6610 Mid-range —2 64 

5 REF 2.6381 Mid-range-l 64 0.380 6% 0.136 —0.136 
DATA 2.6294 Mid-range —1 64 
DUT 2.6620 Mid-range —1 64 

6 REF 2.6371 Mid-range +0 64 0.395 10% 0.113 —0.113 
DATA 2.6299 Mid-range +0 64 
DUT 2.8900 Mid-range +0 64 

7 REF 2.6381 Mid-range +1 64 0.409 14% 0.095 —0.095 
DATA 2.6320 Mid-range +1 64 
DUT 2.6643 Mid-range +1 64 

8 REF 2.6371 Mid-range +2 64 no osc n/a 0.079 —0.079 
DATA 2.6320 Mid-range +2 64 
DUT 0.0000 Mid-range +2 64 

9 REF 2.6380 Mid-range +3 64 no osc n/a 0.060 —0.060 
DATA 2.6342 Mid-range +3 64 
DUT 0.0000 Mid-range +3 64 

10 REF 2.63 60 Mid-range +4 64 no osc n/a 0.046 —0.046 
DATA 2.6330 Mid-range +4 64 
DUT 0.0000 Mid-range +4 64 

11 REF 2.6371 Mid-range +5 64 no osc n/a 0.021 —0.021 
DATA 2.6358 Mid-range +5 64 
DUT 0.0000 Mid-range +5 64 

Referring still to the above Table, a percent (%) change in 
access time is shown. This percent-change is compared with 
the substantially constant access time that DUT 204 exhibits 
when there is no violation of the setup and/ or hold time. For 
example, the Table shows a substantially constant access time 
of about 0.359 ns. The percent-change in access time may be 
useful for correlating the hardware performance to the pub 
lished speci?cations of the software models. For example, 
when approaching the failure point of DUT loop path 296, 
there may be a sudden increase in access time. A designer may 
establish a target published setup time value to be the point at 
which a certain percent-change in access time occurs as mea 

sured by use of a ring oscillator test circuit made in accor 
dance with broad concepts of the invention. In one example, 
the published setup time value of a certain DUT type should 
be greater than or equal to the access time at which, for 
example, a 10% increase in access time is measured in actual 
hardware via the ring oscillator test circuit of the invention. 
Referring again to the Table, if the setup time at which the 
10% change in access time occurs is chosen to validate the 
published setup time of a certain DUT type, the setup time of 
DUT 204 of method 600 is 0.113 ns, which is entry #6. 
Furthermore, entry #7 validates the published setup time of 
0.1 13 ns of entry #6, because the setup time at entry #7, which 
is one step before failure, is slightly less than the setup time at 
entry #6. 

Referring to the foregoing Table and the example of 
method 600 ofFIG. 6, the measured access time ofDUT 204, 
which in this example is a D type ?ip-?op, is about 0.359 ns, 
the measured setup time is about 0.113 ns, and the measured 
hold time is about —0.079 ns. Therefore, for the correspond 
ing D type ?ip-?op in the associated design library, the pub 
lished access time value is preferably greater than or equal to 
about 0.359 ns, the published setup time is preferably greater 
than or equal to about 0.1 13 ns, and the published hold time is 
preferably greater than or equal to about —0.079 ns. 

Again, the measurement data and calculations are not lim 
ited to those described method 600. Rather, other measure 
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ment data and calculations are within the scope of the present 
disclosure. In one example, for a certain type of DUT, instead 
of obtaining the period of the oscillation of the ring oscillator 
loop paths, the pulse width may be obtained. Consequently, 
instead of using the period in the calculations, the pulse width 
may be used. In one example, when DUT 204 is a latch device 
instead of a D ?ip-?op, the positive pulse width at output 282 
may be obtained via frequency measuring device 152 of FIG. 
1. Additionally, the frequency divide-by value for a latch 
device may be equal to 1, instead of 64 as used in the forego 
ing example of the Table above. Alternatively, the access 
time, setup time, and hold time formulas for a latch device 
that are used in method steps 630, 632, 634, respectively, may 
be, for example, as follows. 

Access time:[(pulse width of DUT loop path 296) 
(pulse width ofreference loop path 292)]+1; 

Setup time:[(pulse width ofreference loop path 292) 
(pulse width ofdata loop path 294)]+1; and 

Hold time:[(pulse width of data loop path 294) 
(pulse width ofreference loop path 292)]+1, 

where 1 in each of the foregoing equations is the programmed 
value of frequency divider 280 as set in step 610. 

Referring again to FIG. 6, the various loop paths may be 
initiated and measured in any order, i.e., the groupings of 
method steps 612, 614, 616, method steps 618, 620, 622, and 
method steps 624, 626, 628 may be executed in any order. 
Furthermore, the various calculations may be executed in any 
order, order, i.e., method steps 630, 632, 634 may be executed 
in any order. 

While one method of using the ring oscillator test circuit of 
the invention is to iterate through all values of programmable 
delay 274 and then process the data has been described in 
method 600, those skilled in the art will readily understand 
that alternative ways of using a variable-loop-path ring oscil 
lator test circuit of the present disclosure are possible. For 
example, in an automated test environment it may be bene? 
cial to optimize test time by executing a subset only of the 
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values of programmable delay 274. For example, during pro 
totype testing, it may be determined that executing a certain 
WindoW only Within the range of programmable delay 274 is 
suitable for capturing a suitable number of data acquisitions 
before and after the failure point of the DUT. As a result, a 
only subset of data, as compared With executing all values of 
programmable delay 274, is post processed. In another 
example, data may be processed in real time, in order to detect 
in real time the certain access time increase and/or failure 
point of the DUT. In this case, the test may be suspended in 
real time once the failure point of the DUT is detected and 
then the test sequence moves to the next DUT of interest. 

Furthermore, While variable-loop-path ring oscillator test 
circuit 200 of FIGS. 2, 3, 4 and 5 and method 600 of FIG. 6 
illustrate the use of a variable-loop-path ring oscillator test 
circuit made in accordance With the present disclosure in 
conjunction With testing a D-type ?ip-?op, those skilled in the 
art Will understand that the selection of a D ?ip-?op Was 
arbitrary for the purpose of providing an example. As men 
tioned above, a variable-loop-path ring oscillator test circuit 
and method in accordance With the present disclosure may be 
modi?ed for testing other types of digital circuit elements, 
such as, but not limited to, other types of ?ip-?ops, latches 
and memory cells. 
As mentioned above, FIG. 8 shoWs for the sake of illustra 

tion a computer system 800 Within Which a set of instructions 
for causing a test circuit, such as test circuit 200 of FIG. 2, to 
perform any one or more of the aspects and/or methodologies 
of the present disclosure may be executed. Those skilled in 
the art Will recogniZe that this example is for a test circuit 
controlled by an external tester. Such an external tester may 
interface With the test circuit aboard a Wafer/ chip, for 
example, via test pads on the Wafer/chip, by Wireless com 
munication or any other Way knoWn in the art. In an extreme 
external tester example, computer system 800 may perform 
all test circuit stimulation and control, as Well as collect all 
relevant test data. Those skilled in the art Will also readily 
appreciate that some or all of the functionality of computer 
system 800 relative to controlling the test circuit under con 
sideration may be performed using built-in self-test BIST 
circuitry (not shoWn). In an extreme BIST example, all testing 
functionality may be carried out by the BIST circuitry and test 
circuit, Will only ?nal results being communicated off-Wafer/ 
off-chip. Thus, computer system 800 is provided simply to 
illustrate one of many means that can be used to implement 
novel methodologies of the present disclosure. Those skilled 
in the appropriate art(s) Will readily understand hoW to utiliZe 
computer system 800 to implement methodologies of the 
present disclosure, as Would they understand hoW to imple 
ment such methodologies in other environments, such as an 
automated testing equipment, a BIST environment and any 
combination thereof. 

Computer system 800 includes a processor 804 (e.g., a 
microprocessor) (more than one may be provided) and a 
memory 808 that communicate With each other, and With 
other components, via a bus 812. Bus 812 may include any of 
several types of bus structures including, but not limited to, a 
memory bus, a memory controller, a peripheral bus, a local 
bus, and any combination thereof, using any of a variety of 
bus architectures Well knoWn in the art. Memory 808 may 
include various components including, but not limited to, a 
random access read/Write memory component (e.g., a static 
RAM (SRAM), a dynamic RAM (DRAM), etc.), a read-only 
component, and any combination thereof. In one example, a 
basic input/output system 816 (BIOS), including basic rou 
tines that help to transfer information betWeen elements 
Within computer system 800, such as during start-up, may be 
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22 
stored in memory 808. Memory 808 may also include (e.g., 
stored on one or more machine-readable media) instructions 

(e.g., softWare) 820 embodying any one or more of the aspects 
and/or methodologies of the present disclosure. In another 
example, memory 808 may further include any number of 
instruction sets including, but not limited to, an operating 
system, one or more application programs, other program 
modules, program data, and any combination thereof. 

Computer system 800 may also include one or more stor 
age devices 824. Examples of storage devices suitable for use 
as any one of the storage devices 824 include, but are not 
limited to, a hard disk drive device that reads from and/or 
Writes to a hard disk, a magnetic disk drive device that reads 
from and/or Writes to a removable magnetic disk, an optical 
disk drive device that reads from and/or Writes to an optical 
media (e.g., a CD, a DVD, etc.), a solid-state memory device, 
and any combination thereof. Each storage device 824 may be 
connected to bus 812 by an appropriate interface (not shoWn). 
Example interfaces include, but are not limited to, Small 
Computer Systems Interface (SCSI), advanced technology 
attachment (ATA), serial ATA, universal serial bus (USB), 
IEEE 13144 (FIREWIRE), and any combination thereof. In 
one example, storage device 824 may be removably inter 
faced With computer system 800 (e.g., via an external port 
connector (not shoWn)). Particularly, storage device 824 and 
an associated machine-readable medium 828 may provide 
nonvolatile and/or volatile storage of machine-readable 
instructions, data structures, program modules, and/or other 
data and/or data storage for computer system 800. In one 
example, instructions 820 may reside, completely or partially, 
Within machine-readable medium 828. In another example, 
instructions 820 may reside, completely or partially, Within 
processor 804. 

In some embodiments, such as a general purpose computer, 
computer system 800 may also include one or more input 
devices 832. In one example, a user of computer system 800 
may enter commands and/ or other information into the com 
puter system via one or more of the input devices 832. 
Examples of input devices that can be used as any one of input 
devices 832 include, but are not limited to, an alpha-numeric 
input device (e.g., a keyboard), a pointing device, a joystick, 
an audio input device (e.g., a microphone, a voice response 
system, etc.), a cursor control device (e.g., a mouse), a touch 
pad, an optical scanner, a video capture device (e.g., a still 
camera, a video camera), touchscreen, a digitiZerpad, and any 
combination thereof. Each input device 832 may be inter 
faced to bus 812 via any of a variety of interfaces (not shoWn) 
including, but not limited to, a serial interface, a parallel 
interface, a game port, a Universal Serial Bus (USB) inter 
face, a FIREWIRE interface, a direct interface to the bus, a 
Wireless interface (e.g., a Bluetooth® connection) and any 
combination thereof. 
Commands and/ or other information may be input to com 

puter system 800 via storage device 824 (e.g., a removable 
disk drive, a ?ash drive, etc.) and/or one or more netWork 
interface devices 836. A netWork interface device, such as 
netWork interface device 836, may be utiliZed for connecting 
computer system 800 to one or more of a variety of netWorks, 
such as netWork 840, and one or more remote devices 844 
connected thereto. Examples of a netWork interface device 
include, but are not limited to, a netWork interface card, a 
modem, a Wireless transceiver (e.g., a Bluetooth® trans 
ceiver) and any combination thereof. Examples of a netWork 
include, but are not limited to, a Wide area netWork (e.g., the 
Internet, an enterprise netWork), a local area netWork (e.g., a 
netWork associated With an o?ice, a building, a campus, a 
group of Wireless sensors or other group of data streaming 






