Methods and Apparatus for Time to Current Conversion BACKGROUND [0001]A common
requirement for an advanced electronic circuit and particularly for circuits manufactured as integrated
circuits ("ICs") in semiconductor processes is the need to accurately measure timing quantities such
as jitter, duty cycle, pulse width, frequency, signal delays, and between signal timing. Use of on board
timing measurement circuitry using prior art approaches often requires complex circuitry and
significant silicon area. Further, in order to perform accurate measurements or delays, duty cycles, or
pulse widths, calibration of the on board circuitry may_be required, adding time and cost to the use of
these approaches. %M&@%Wﬁ\'@a@lﬁiﬂﬂﬁ@o@&% LAy siinal to an advanced
integrated circuit of a system on a chip ("SoC") device may make wafer probing or other external
measuregyenisdifietirer impossible to perform. [0002]One known time measurement approach, a
time quantizer or time-to-digital converter circuit ("TDC") uses delay taps or delay buffers with counters
or shift registers. The delays may be of a common dela¥ chained.in series, or the delays may be in
parallel t{&?‘?ﬂ&reas% BN ERLHPEAL RO Bhe e el AR GERE AR PRE AR AR ites
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in known approaches the gn tradeoff between resolution, and range, of the measurement.

For example,.Jn fianRemhdslay e J DG theyumberof Staarsusac s & BraslieaLlimit. When very

fast buffers are used in the taps, or delays, of the delay line, the resolution is increased; but the

measureMeRi\RRAS ik u@%@%dgﬁ&hﬁ aihenhansh Rasaobslaweniprs.ehdelays may gxpand the
maximum range that can be measured, but the smallest delay that can be measured (fine resolution)

is then ligiipdde R MulipienchihrIidriay timnes nteHaPlatianamustdemeeedQ daterming times of less
than the minimum resolution, which is less accurate. Thus, design tradeoffs must be made to provide a

practicalspeaswiemeip ¢ssir withy accapiahlksanges piodingsstution ckivembmetRerenciiauits require
large silicon area. In another known approach, dual slope circuitry may be used and then converted to
a digital gifantilyorTikecisidlslepeapproaches of the prior art, which use analog delay circuitry with a
digital conversion, also require significant circuitry to implement. [0004]The known approaches may

also reqlﬂf@(ﬁ?"b r%'l?@kl%%%?ﬁ%'g ﬂlé%srﬁ?gndlglgt 5’5&%&8? a time quantizer or time-to-digital converter

circuit (“TDC”) uses delay taps or delay buffers with counters or shift registers. The delays may
be of a common delay chained in series, or the delays may be in parallel but increase by the
constant tau from one stage to the next. This TDC approach requires significant circuit area
(silicon area), and often, also requires calibration after the integrated circuit (“IC”) or system on
a chip (“SoC”) is manufactured. In one known approach a tapped vernier delay line with buffers
coupled in series is used to clock a counter or a register chain, the data input is a signal with a
pulse, and the tapped delay line also receives the same pulse. When the registers are clocked by
the delayed pulse, the outputs of the stages that are, for example, a “1”, indicates the pulse width

of the pulse. The digital output may be a thermometer code, for example.



these delay measurements depend on the physical values of circuit elements, such as delay buffers,
or other process dependent variables. Each integrated circuit manufactured in a semiconductor
process will have some physical variation that affects the measurement; therefore each on board TDC
circuit must be calibrated before measurements are made in order to achieve sufficient accuracy in the
results. Calibration requires trimming or other adjustments, and additional bench time and often
operator time to perform, and thus adds significant costs to the use of the measurement circuitry.
[0005]A coné uing need thus exists for time measurement circuitry and methods that overcome the
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timing d'éﬁEi’L@e?‘ Uged forms a pract1cal limit. When very fast buffers are used in the taps, or delays, of
the delay line, the resolution is increased; but the measurement range is limited. On the other
hand, the use of slower taps or delays may expand the maximum range that can be measured, but
the smallest delay that can be measured (fine resolution) is then limited to a multiple of these
delay times. Interpolation must be used to determine times of less than the minimum resolution,
which is less accurate. Thus, design tradeoffs must be made to provide a practical measurement
circuit with acceptable range, and resolution. Even so, these circuits require large silicon area.
In another known approach, dual slope circuitry may be used and then converted to a digital
quantity. The dual slope approaches of the prior art, which use analog delay circuitry with a

digital conversion, also require significant circuitry to implement.

[0004] The known approaches may also require calibration. Calibration is needed because
these delay measurements depend on the physical values of circuit elements, such as delay
buffers, or other process dependent variables. Each integrated circuit manufactured in a
semiconductor process will have some physical variation that affects the measurement; therefore
each on board TDC circuit must be calibrated before measurements are made in order to achieve
sufficient accuracy in the results. Calibration requires trimming or other adjustments, and
additional bench time and often operator time to perform, and thus adds significant costs to the

use of the measurement circuitry.

[0005] A continuing need thus exists for time measurement circuitry and methods that

overcome the disadvantages of the prior art approaches.
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Figure 2C depicts another timing diagram for illustrating operations of the embodiments; [0009]Figure
3 depicts in a simplified schematic a circuit embodiment; [0010]Figure 4 depicts in a timing diagram
waveforms illustrating operations of an embodiment; [0011]Figure 5 depicts waveforms illustrating time
guantities that may be measured by use of the embodiments; [0012]Figure 6 depicts waveforms
illustrating the operation of a method embodiment for measuring a delay difference between two
signals; and [0013]Figure 7 depicts waveforms illustrating the operation of a method embodiment for

determining frequency of an unknown signal.
BIQIEF %ESC IPTION OF THE URES

[0006] For a more complete understanding of the present embodiments, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

[0007] Figure 1 depicts an impedance and a periodic time varying input signal which may be

used with the embodiments;

[0008] Figure 2A depicts a timing diagram, Figure 2B depicts another timing diagram and

Figure 2C depicts another timing diagram for illustrating operations of the embodiments;
[0009] Figure 3 depicts in a simplified schematic a circuit embodiment;

[0010] Figure 4 depicts in a timing diagram waveforms illustrating operations of an

embodiment;

[0011] Figure 5 depicts waveforms illustrating time quantities that may be measured by use

of the embodiments;

[0012] Figure 6 depicts waveforms illustrating the operation of a method embodiment for

measuring a delay difference between two signals; and

[0013] Figure 7 depicts waveforms illustrating the operation of a method embodiment for

determining frequency of an unknown signal.

[0014] The drawings, schematics and diagrams are illustrative and not intended to be
limiting, but are examples of embodiments of the invention, are simplified for explanatory

purposes, and are not drawn to scale.



[0014]The drawings, schematics and diagrams are illustrative and not intended to be limiting, but are
examples of embodiments of the invention, are simplified for explanatory purposes, and are not drawn
to scale. DETAILED DESCRIPTION [0015]The making and using of the present embodiments are
discussed in detail below. It should be appreciated, however, that the present application provides
many applicable inventive concepts that can be embodied in a wide variety of specific contexts. The
specific embodiments discussed are merely illustrative examples illustrating specific ways to make and
use the inventign, and do not limit the scope of the invention. [0016]Example embodiments which are
now desObed et dé@dvel time to current converter methods, and circuits that utilize the
methods. Advantageously, the methods operate by converting time to a current that can be observed
without déf&midencehe mitkénplaysiosingenfidespused ttenmhedsurets Bedvaluesdamdltoddrbeloes of circuit
elements do not affect the measurements made. The methods therefore provide accurate time
measuresherlthhaprrsimdégendent, thahthp hyssiodl appliesiof pidites [Baenspivdblnaffectad by
process variations. The time to current measurements provided by the method embodiments can have
a wider regngershdhaigolkawobeiegrovidednetriesoitiperthancieximd be seieierraakasdiammedst
approaches known in the art. In embodiments, external current meters may be used with the
embodindéistvee ats S NStRONS tFoRts ThburBaSgrae@re Whikd riftives dibodiments the
current measurement may be performed by circuitry integrated along with the time to current converter
circuitry. [OGRPH AAStOURRTSHIE! ethoRfsCA BN A& that convert a time quantity, such as a delay or
a duty cycle, to a current. The methods may be used to measure various time parameters including

rise and fedilishes, Bashigtadivie didhays Hehidendimnindsigitals i adauel s viiknoventiuéteycles and

unknown delays.
current converter methods, and circuits that utilize the methods. Advantageously, the methods
operate by converting time to a current that can be observed without dependence on the physical
devices used to measure. The values and tolerances of circuit elements do not affect the
measurements made. The methods therefore provide accurate time measurements that are
independent of the physical values of circuit elements and unaffected by process variations. The
time to current measurements provided by the method embodiments can have a wider range and
simultaneously provide finer resolution than the time or delay measurement approaches known
in the art. In embodiments, external current meters may be used with the embodiment time to
current methods to form the measurement, while in alternative embodiments the current

measurement may be performed by circuitry integrated along with the time to current converter

circuitry.

[0017] In embodiments, methods are provided that convert a time quantity, such as a delay or
a duty cycle, to a current. The methods may be used to measure various time parameters
including rise and fall times, and relative delays between timing signals, as well as unknown

duty cycles and unknown delays.



[0018]Embodiments include using a combination of logical gates to extract timing information between
two signals. For example, timing information may include delay between signals or between clock
signals, frequency, and duty cycle. The timing information is collected in a comparison between
signals. The timing information may be converted to a current. In embodiments, the observed current
for an unknown timing can be compared to the current for a known timing to extract the unknown
timing information. In embodiments, the timing information can be observed repeatedly to further
obtain timlg%9 formatlon [0019]In an embodiment method, a known signal such as a DC voltage or a

known diff'&)cie i 4%&&5??&81?8 aﬂf}ﬁﬁ)é‘a*ahwﬂﬂﬁ%}% PFFIRSEBE5ERAES. A signal of

interest, s ch as a [s?g[nal with an un Wn du cf‘le is su Ileg to the sa ﬁ?ﬁ ed nce. Over a
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temperature dependence and the like. Further, by observmg the current repeatedly over a number of
cycles, MEgRYrEMRRLE CORS R IhRRR A RGARHIEME U C AL IpBEaHielfaMEamEAR be removed from

the final measurement. The time to current converter methods therefore provide accuracy unavailable

using prigiGReAcEasHIAAZENR PR NBECdiIankR CHigHh g RiQYidesihabaan supply either a known
duty cycle signal or DC voltage to an impedance. Also the circuit can selectively provide a time varying
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impedance, the measurements may be made in an accurate manner. Alternative embodiments include

providingiRngaiBRaI e¥IRUMKAR BSOSOt Rk ek MRaAsHaMS s (IPPRIMRPlications
for the embodiments are many and include determining unknown duty
timing signal. Thus, the unknown timing parameter may be determined. The use of the ratio
approach removes any dependence on the physical characteristics of the impedance from the
measurement; thus, the measurement is free from errors due to process variation, device
tolerances or variations, temperature dependence and the like. Further, by observing the current
repeatedly over a number of cycles, measurement errors due to noise or measurement equipment

tolerances can be removed from the final measurement. The time to current converter methods

therefore provide accuracy unavailable using prior approaches.

[0020] In an embodiment, a circuit is provided that can supply either a known duty cycle
signal or DC voltage to an impedance. Also the circuit can selectively provide a time varying

periodic signal to the impedance. This time varying periodic signal may be a signal with an
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cycles, and determining delays in a device under test or circuit path, measuring frequency of a periodic
signal, measuring jitter, measuring rise and fall times, and measuring timing of events relative to a
known clock signal. Unlike prior art approaches, the physical value of the impedance is not part of the
final measurement, thus no calibration of the devices is required prior to or during the making of time
measurements. This eliminates an expensive step at a tester or probe station, and also eliminates
trimming, fuse programming, or other calibration of physical devices required in known approaches.
Thus use aof the embodiments provides accurate measurements at lower cost than prigr approaches.
Further, APSRAB1R 45t SIRE MBI HRRAY HAsUY $A TR s SRR S HERRP ARt 4o implement
and thus lowers cost still mor Heo ared to more complex solutions u e(ii(in rior cir u}{s. [0022]The
time to cUFEPY SORERAF S B O L) BT RHTALS CHRSBIe S MR S 0P Soc device as
part of a selfeot or SYStem test The e fo cunent.embodiments may be proyided s g in circuit or
on board Circuit 161 waier accepefance gst ﬂﬂﬁff"} to be tsed as & process monitor In a

semicon tHr i L. The time t circul i e used as
= porfon L e
wafer dicindy a5 Rikoha fiRVies AHalifisaian RRRINGINE ARRIBIANENE ethad srppdimenisalso may
be used later, as part of a system measurement in a packaged integrated circuit, to evaluate signal
timings inan.QREfAING, NegFatechElie Wt (R0GNM RS AodN RREdANLA M- 2ihas ingay or
non-linear, is depicted to illustrate features and operating concepts of the embodiments. In Figure 1, a
time varying weli@ae- i dishasaislochsianainis iMRUpIR NS imPesRnesiMlofTfie AYeIage current
lavg through the impedance is proportional to the high portions of the time varying input signal, that is,

the averagewavisinie\esAIPEriR G isPirperiatatientba duiniaycielalibahi Py Jneasusiegihe average
current for a time period that includes an integral multiple of cycles such as, for a non-limiting example,

by measB§ingipkng\erageaul tinteav aleld Qopa s oslse hacd iy ayieig camditsalsutateddd heaphysical
value of the impedance is not important, as the proportion of currents provides a relative measure and
thus, theaduiyacyclenmeagurameiismioddepeatndeciida ihe/idligenbiheoimpedantentasiicbmivodiments
of the invention advantageously provide accurate measurements that do not depend on the value of
the circuitielanfentsadng dine imclepematarty. from semiconductor process variation effects, thus
eliminating the need for calibration or trimming that arises in prior art approaches. Put another way, the

value of fljgaHy ped@_;??ﬁd'ﬁi%ﬂ& PR Of RGO HISNT MEFRYIRMENEASHAE B8k g igtio

approach removes it from the measurement. [0024]Figures 2A-2C illustrate intiming diagrams the

operatiop,Rfthe, RIMRASIMERLS dih FIgHTE R4 a1 RS RIS DG GHITSR i eeteimineduhgydey to make

this measurement, a fixed voltage such as DC supply voltage is provided as an input to the impedance

(such asgondiguee, hleANEHBGiRUCIAGR FillbaNe S HRtaIRIRG] SVEnBatimm PaAfkL Jhisdiirent is
then the current that would flow if the clock signal or other time varying signal was always high, and
thus, thisebikenbis KAevmatbi cayie raae N GrivH ienipaiéd dess aratqsty piesioghlue of the

impedance is not part of the final measurement, thus no calibration of the devices is required

prior to or during the making of time measurements. This eliminates an expensive step at a tester

or probe station, and also eliminates trimming, fuse programming, or other calibration of

physical devices required in known approaches. Thus use of the embodiments provides accurate

measurements at lower cost than prior approaches. Further, a simple test circuit embodiment is

provided that needs only a small silicon area to implement and thus lowers cost still more,

compared to more complex solutions used in prior circuits.



[0025]Figure 2B illustrates the average current obtained for a time varying signal; here, a 50% duty
cycle clock signal, for a single period Tck. The current IDC is the current that flows for the half of the
clock cycle that the input signal is active or high (Td). The shaded portion of the signal in Figure 2B
represents the current. The average current for this example would be 50% of the average current in
Figure 2A, which is proportional to the duty cycle (Td is 50% of Tck). [0026]Another example is shown
in the timing diagram of Figure 2C. In Figure 2C, a time varying input signal; here, a 25% duty cycle
clock signal, is illustrated. The shaded portion of the timing diagram in Figure 2C represents the
current thAtArbuld fIBG/ 18P (e CasR! fSTRECSORATE HE IR Hig HYSH 255 BrRIFEH JURESEADd. The

average curretnt s %h wn in Fi%ure 2C II? tZS?A) of tfge avera C%Jrrent shown in Ei%ure 2A, and the
SIS0 ;‘f Micna) paHd AvETaGe Quiratitiithy the ERsCl SYRRMHFEROZEBE S} 'PaY). (0027]A

duty cycﬁa IS alsopr
mathematical (ogmy of the.elaionshi used here s givery by this, squatior T, 1ave KTl gg Fauation
1 [0028 se concepts are applied to make efficient novel time to current ("TC

a process monitor in a semiconductor manufacturing environment. The time to current circuitry

embodiments may be used as a portion of a tester or other equipment. The time to current

measurements may be made prior to wafer dicing, as part of a device qualification or binning

operation. The method embodiments also may be used later, as part of a system measurement in

a packaged integrated circuit, to evaluate signal timings in an operating integrated circuit.

[0023] In Figure 1, an impedance M1, either linear or non-linear, is depicted to illustrate
features and operating concepts of the embodiments. In Figure 1, a time varying voltage input,
such as a clock signal, is input to the impedance M1. The average current lavg through the
impedance is proportional to the high portions of the time varying input signal, that is, the
average current over a period is proportional to the duty cycle. Thus, by measuring the average
current for a time period that includes an integral multiple of cycles such as, for a non-limiting
example, by measuring the average current over 100 periods, the duty cycle can be calculated.
The physical value of the impedance is not important, as the proportion of currents provides a
relative measure and thus, the duty cycle measurement is not dependent on the value of the
impedance itself. Embodiments of the invention advantageously provide accurate measurements
that do not depend on the value of the circuit elements and are independent from semiconductor
process variation effects, thus eliminating the need for calibration or trimming that arises in prior
art approaches. Put another way, the value of the impedance is not a part of the time to current

measurement, as the use of the ratio approach removes it from the measurement.



conversion circuits and methods. By comparing the average current proportion to the observed
current, timing information of an unknown timing quantity can be extracted. [0029]Figure 3 depicts an
embodiment TCC circuit. It should be clear that this embodiment circuit is but one illustrative circuit
incorporating the embodiment methods, but is not limiting on the embodiments and does not limit the
scope of the appended claims. The circuit 31 may be formed on an integrated circuit, such as a SoC,
with a circuit or device under test such as the device under test labeled DUT in the figure. In
alternativ bodiments, the circuit 31 may be part of a tester or separate test circuit. The device
under teﬁ?%ng")Fé%l‘&Ssd%‘fﬁ%‘foﬂﬁ’§'iﬁ\’f‘a1¥‘ @H@t&iﬁ%ﬁ%@fﬁ&%ﬁ@%ﬂﬁf GaIgy P EDL P31 is used.
A clock qt. known periodic sig{ﬁgl IS cou%lelgd to the H’]pf.lt C(Ii< and thi(en C.Olil[l)led to the input qf the DUT
through AFEG&rter VY CKIRS thie ST B RGEHLB°HpUk 58 1R A8 T PGSR B Matchad delay DI.
The delay D1 matche delay through the inverter IV.1. Thus, the two signals, the,clock input
reteve PIBEOR e LR A 0 B DAy s TR BTSSR arrive at

the inputs gl logie G215 b W1 A=la raial (s PUTheing theygoly, deley.affsctipo the timing

of the two Signals. For examp e DUT delay Is zero, t ignals would arrive at the gate Li at the

same timg, THEAQPICARGILL SN AR HACHR o3 FARI VA QYIRYRA PAIGI0; Wi thesignals at

the inputs to the logic gate Li are both a logic "1". In this way, thé logic gate Li detects when the two

signals, g.ClRRk-BIg0R!i CHfe A0g NG RYE Benali Sam he RUibAgyiegoverlap in time. [0030]A

second logic gate L2 receives the output of gate Li and logically combines this with a test input labeled
"Test DC" and outputs a voltage at node "c". As this gate is also a logic NAND gate, it will output a

high voltHfBdF logld@dre FRdHUsHRES ifs it rage surty sbiinsLipa ‘a\%g‘f&ryé)%ﬁ%\ﬁi}lﬂfﬁg"e when
both inputs are logic "1" or high voltage levels. [0031]ln & time to c t converter operation, two
ensu e H B WG e ASREFERE B Tl oG THE RS A5 AT, Sihputs a
logic "1" putpu "c". As this logic "1" is typically a high volt is.proyides a DC voltage (over
 given eSO Bt e R e S B R R BBl o the

impedange, and thersuirenidloning frauan g Impedanee, Nare. ARSI Rixi5 ARG sYrent. This
current is measured at the TOUT terminal. The average cu%rent avg Is then eq alto the DT current

(Idc). Thgé%bé’flﬂﬁé%éﬁ‘gé%&‘}eﬁ?gé fﬁ%x‘@ R ﬁtiliﬁ(i}o IR ANIHOYRYS ALDPRE 1 SRY BF @ period,

the average DC currentldc may asured a utput TOUT. In short, the average current Idc in
Equationpl;gan be determined when the test input Test DC is logic "0". [0032]When the test input Test
DC is alogic "1", then the output "c" is determined by the

[0026] Another example is shown in the timing diagram of Figure 2C. In Figure 2C, a time
varying input signal; here, a 25% duty cycle clock signal, is illustrated. The shaded portion of
the timing diagram in Figure 2C represents the current that would flow for the case when the
signal is active high for 25% of the clock period. The average current as shown in Figure 2C is
25% of the average current shown in Figure 2A, and the duty cycle is also proportional to the

average current during the clock cycle (Td is 25% of Tck).

[0027] A mathematical form of the relationship used here is given by this equation:

_ lavg xTck
ldc

Equation 1

1d




output of logic gate Li, and the output of L2 is a "1" when the output of logic gate Li is a "0". That is,
when the D signal (the delayed and inverted clock signal CK following the delay through the device
under test DUT) is overlapping the clock input CK at the inputs of Li, a pulse at the output of Li will be
inverted and output at node c. This pulse voltage, when taken through the impedance R1, will then
form an average current that can be measured at output TOUT, and the average current lavg forms
the current that is proportional to the delay of the DUT. Thus, the current lavg is proportional to the
delay of the DUT in Equation 1; and this current can be determined when the test input Test DC is at a
logic "1"I?@&gh]ThglE)?ﬁﬁ%%eﬂﬁﬁéﬁﬁ%l &k iMhe LSRR FIRE S48 a8 sitér. Resistors on

board inteoggated circuits maX be (r)tg\sli ed in a variety of Waés, including but not limited to the use of
istor

diffusion TESIStOrY, PoOYSNIEEn RESIStOrs, AR TRE thée 6t BIREF A8 HRAL proviud “SlRetca

conductivity W][t .resistapce. he gpa/sicakl value[.of.the resi[stor RJbis not %rigcal to the time to current
Ccu reltl . ll'flll%ﬁ Inrormation N UNnKNnown II‘I(ljlnﬁ %an 1ty ca fthexﬁrac cd.. .
measurement,’only thie average current measured | sponse to the logic Circuitry output. Process

dependent or temperature dependent device variations are also not critical, as they do not impact the
time to clfi¥eBt corlierer hisastiremenbodimanehidtive anbbdibesltdesiser thahthineatipdpaerinces
may be used. RC and LC impedances may be used, for example. [0034]In an alternative method
embodinséiitia pRicdie igHEItDE eSS aceyreyie aihy webrdimsppiedhrsthbumpeeidHBEINaSitad of a
DC voltage, and an average current determined. Then a signal of unknown duty cycle may be applied,
the avere%“ee&h‘PQH??BPstﬁ%‘i dRgn AcH RIS S8oRMf (RSigRARIFEISHdMShi bhsragtAtd ey Peelative

measure of the duty cycle of the unknown signal may be determined, and since the first signal is

known, tFEBERPRYDAGSLUGIE FHrYH- oD ASAE okl hAvsH FoF B SRKAOFHSLE DAL Signal. A
known clock signal is often avajlahle for the first measurement, as one non-limiting example

oo BN OO ATl o TR, ST TR s e s B Stion of the
TCC circuit of Figure 3. In Figure 4, the clock signal CK js a ti ying,perigdic clock signal; here, a
509% duty Ly QIR TR S i B e st R el ol 98 08088 o that

an overlap Barens (ATIed iy Rayel 3 s deiay oldhe deyice e IEsLART, Note that the

frequency and period of the clock si are chosen so that t ce under test is

pedv WU e A T T
[0036]A gimgle ipetmethiasi ARPRAMSA BioPerenpthe allanadSisPsTiRk QRS 9 98itches
the delay through the inverter IV1. Thus, the two signals, the clock input received through the
matched delay D1 and the delayed signal D received through the DUT, arrive at the inputs of the
logic gate L1 with the delay through the DUT being the only delay affecting the timing of the
two signals. For example, if the DUT delay is zero, the signals would arrive at the gate L1 at the
same time. The logic gate L1 is a NAND function, so that it will output a logic “0” when the
signals at the inputs to the logic gate L1 are both a logic “1”. In this way, the logic gate L.1

detects when the two signals, the clock signal CK, and the delayed signal D from the DUT

device, overlap in time.

[0030] A second logic gate L2 receives the output of gate L1 and logically combines this

with a test input labeled “Test DC” and outputs a voltage at node “c”. As this gate is also a logic



over a clock period. Second, apply the clock signal to the test circuit, and measure the average current
lavg at the output TOUT. Then, Equation 1 is used to determine the active high time Td. [0037]The
average current lavg can be measured over many clock cycles, if desired, and then an average taken.
By averaging the measurement over many cycles, slight errors are reduced or eliminated. Because the
time Td is measured as a ratio of a DC current Idc and an average current lavg, the actual value of the
impedance, labeled R1 in the example embodiment, does not affect the measurement. Further,
because the value of R1 is not critical, there is no need to calibrate or trim circuit elements to achieve
an accurdte MreBErdmeh OURY AUgR I UIREHTd9%t atretfisd BINSFLRYSIHP tém BB Hependent
variations (gf tpelph%/sj%al in}ﬁedantce. [‘%g38 Eﬁendi?g thT emb gimﬁn to ftrm ?It%inative
embodimeHRE! 4 C8ihbination of fofie galel May BRUSEE 1388k ract tREtMingShisiMation (delay,
frequency, duty cycle) present between two signals into current. Since the current for the difference
betweenlf¥dtlvo siprmalsrcan beohneareddomaan@ntsomesordingitam krndwnWheefdempatsignal,
the unknown timing information can be determined from the currents. [0039]The time to current
converteF&irdfit srivisddlitethoNAY R edcd ighyie toHesiga st rdquirseuiniasiicon arsathes
implement. In an example semiconductor process it was implemented in less than 1000 square
microns.IREBCeXpansiviceby At LpiRge it Bt ropdirsatcnataaNeR BiatfarssiodelbgAline
elements are needed. No lengthy calibrations are necessary before measurements are made. While

an embodfirFEH AR B FEImikings AHrUdiGhEnE HSAGRPERRAe rdmasiciBe &5ibed

above, as an alternative embodiment, an on_chip current measurement circuit may be used. Use of the

embodint8H AR AR wehihe Hapsdanrsalare misntsior BonbheRintagrdied BIFSHEWH  re probing or
other methods tq test i | nodes is_not practical or desirable. [0040]The TCC, of Figure 3 has
ol e e e s v Wt it MR SRS e
nanosec&)ﬁds,bwith.a rﬁlsolution[of JD@'%osecon](% was ?b%erh/e%. The ri?r aﬁt devices re%uir% far more
silicon; have 1ess ral e,e AR fower PesolfidHs %a%oﬁlrg\l/ll edl%yvt%éa fribodiments, <" & PEHO%

the average DC current Idc may be measured at the output IOUT. In short, the average current

Idc in Equation 1 can be determined when the test input Test DC is logic “0”.

[0032] When the test input Test DC is a logic “1”, then the output “c” is determined by the
output of logic gate L1, and the output of L2 is a “1”” when the output of logic gate L1 is a “0”.
That is, when the D signal (the delayed and inverted clock signal CK following the delay through
the device under test DUT) is overlapping the clock input CK at the inputs of L1, a pulse at the
output of L1 will be inverted and output at node c¢. This pulse voltage, when taken through the
impedance R1, will then form an average current that can be measured at output IOUT, and the
average current Iavg forms the current that is proportional to the delay of the DUT. Thus, the
current lavg is proportional to the delay of the DUT in Equation 1; and this current can be

determined when the test input Test DC is at a logic “1”.

[0033] The example impedance R1 in the circuit 31 in Figure 3 is a resistor. Resistors on
board integrated circuits may be provided in a variety of ways, including but not limited to the
use of diffusion resistors, polysilicon resistors, and the use of other materials that provide
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[0041]There are many applications for the embodiment time to current converter circuit and the
method embodiments. Figure 5 depicts, in a waveform timing diagram, a variety of measurements that
can be made using the circuits and the methods described above. In the upper waveform 51, the
figure illustrates that the frequency of a clock signal fck, which can be determined. The duty cycle and
active high time for a periodic signal as shown in waveform 51 can be measured. The rising time and
falling time for a periodic signal, such as a clock signal, can be determined. Jitter, that is, the variations
in a periodic signal, can be measured. In Figure 5 a second waveform 53 is shown delayed from the
upper w&&éﬁéﬁﬂ SNRSEHBHW TR T HYGFe ,g‘EH% Hi%l%{% US4 LG A YotV B4 ‘f{h%%ﬁt% itial can be
measured, or time deI%}/ thror%lqh tangqrti n of a circuit can be megsured as described.above.

ng did

[0042]Fidl& '8 GEBRTRSHRMRG HAGrA & AT R MERATEHI FEmRie DS paHr Y the Tcc

methods apPo e in a repeated fashion. In Figure 6, signals Si and.S2 are each delayed from the clock
oy R B P e B RS L SR RS AU SR AR RO e

measure, of thi if IS N ' n i rement of the
detay D B e R R T RS
measureRRt ARAIAAEAmPDEAEEN20S ISP e B IpRing G I0nel S R NG ARl |
measurement as described above. The difference Delta D between the'delay D1 and the delay D2 is
thus D2-D1 as shown. By repeatedly using a number of the timing extraction procedures, further timing
informatifi¥3hy bdnabtaifapatvadghepeahadimensarsHedic oeiadfar BEYFIEARW Efent error

and temperature'delpendence, increasing the accuracy of the observation. The embaodiments use

proportidtil ARBHSE Fehe MR- difsm e i le Dlaraliassaed AbmeRemuashrdremiadnithcturther
increase accuracy. [0044|Figure 7 depicts a method for measuring frequency. In Fjgure 7, the signal
el ittt e e e VI AT Al
signal may be logjcally, combined, for example, "ANDed", with reference clock as.shown in the
popeli et v d o NSt S dteoic s
observed.wh(i:n theo,ggl esi nal is r{uted [F the impedanc urren

s1gna Imyned, and Since g 119 S1211, ilS IéS thCa ?e T Ei?fmrﬁ ti?nal to FS’

the frequency of the reference ¢lock. Simi ar%;, t egs%naﬂ( EﬁJWP’?%C urﬁ/a)y be ANbed w%ﬁ arléeelayed

version %g%%%é?e%{i%é’féf‘{i‘lémﬁwwﬁféiﬁ@ !%&L?S%‘tﬂ?wﬂ Eh&&%ﬁﬂk A%Eig}é“ﬁgen Va5 label "I,
o he ¢l al for w Il'be o

the dark portions indicate the portion of t ock signal for which the current wi served flowing

through %?tﬂ@@f?ﬁa}ﬁgé‘suﬂﬂfénf%'ém{% Kﬁﬁlﬂﬁlﬁﬂggﬁﬁﬁ@%%i%‘ir waveform labeled 71 indicates

the current observed for the known signal with afrequency Fs. The waveform labeled 73 is the current
observed for the DUT clock. The current observed on 73 may then be compared to the average
current pr§PStiondl gy iest #ERK AR HRiRsLpBrmaDBaY Fidys d HstEnmbE ReRHANRIDT Fs. In

the particular example shown, the observed current is 2layg, and the frequency of DUT is simply 2Fs.
Té GERH YT toBd et dnty Mastatss iﬁﬁ&f Bé“&i‘&%?%ﬂ%&?{lﬁ@)#sﬁ‘}%w diments

Since Fs'i

describege?el?%Vﬁ)%r%u%§%?£é%se1§2§£ dﬁ;‘ee B?n%fl% Qg lg[gqg égtg trlr?sn 1Inverted and delayed from the
CK signal so that an overlap portion is formed that is equal to the delay of the device under test
(“DUT”). Note that the frequency and period of the clock signal CK are chosen so that the delay
D of the device under test is less than 50% of the period Tck. The current IOUT depicts the

current that flows through the impedance R1 at the output pin. This current, as shown in Figure

4, is proportional to the delay Td.

[0036] A simple test method embodiment is to perform the following steps, in either order.

First, measure the average current IDC that results at IOUT from a DC voltage to the impedance
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converter TCC. The methods are not limited to a particular circuit embodiment, structure, or limited to
a particular application. The methods provide a conversion of timing information such as delay,
frequency, pulse width, duty cycle, rise and fall times, jitter skew, and phase to current information,
which can be measured accurately either using on-chip or off chip impedance loads. Because the
value and physical characteristics of the impedance are not part of the measurement, the
measurement is free from dependence on the process, and process variations, temperature and
voltage dependence, and efrors in measurement circuitry can be effectively removed from the

measureMent. {8648fiH%4n BRTBBLARRNY, Ao LG BRB LTSy Dk RS G P YS 48
impedance; observing th h the impedance b les ta establish a first
verage SUTFAbL Bar TSP 194 o A R 8 LS FHBUA Ll & UAERSA ko

periodic signal to the impedance; observing the current through the impedance for a number of cycles
to establl8A3 kecohet averagsecormaiiheg waspo ndingy il @ tinmzejatbr lpayalereiédefithd amknown
periodic signal; and determining a timing characteristic of the unknown signal by comparing the first
and secdhenaurpEpaef e} Bar erisodirhenncas eppayaauer carnprselsanlighp edaricethaving an input
for selectively receiving a time varying periodic signal or a known voltage signal; and a current output
coupled tedgsdrapeliamaiedyiRaeirsathactive Titde Beineehte vaymel pdrodiersipnicreg ae
determined by evaluating a ratio of a first average current observed at the current output while the
periodic &1GHEGSHEISIEY SolbsesHpemr el b amedatraviebsd &lri ttorsErpdacattndiBgrfent
output while the known voltage signal is coupled to the impedance. [0048]In another embodiment, an
apparatU¥EdRHALES eI BRI UGS RIET saME kRl de R UgRE iRt aP A56Pled to

the clock in y and having an ou%i%)ut' a matc .delaﬁl coupled to the clock input and having an match

delay oulBf IRFST ST TR T4 SF I it RS < R RS RS gy BE IS HURRER S first

terminal cougﬁggttg the output o{ the invertey for couplin adevif ugger teis&ha ﬁrcaecond terminal

coupled ke S pgygf?ﬁesag{/lgrenﬁen%eurr estfor ?élcg?\;lntdoéls eéyee diock Signaffrom the device

under test; a first logic gate coupled to the output of the match delay and the second terminal, and
outputtin@@3Blilse WHending bloekkiginabtttodghthbiamatete dalbgdougmit eveeridpsatien délkeged clock
signal; a second logic gate coupled to the output of the first logic gate, and further coupled to a DC test
input, angRiaVIKY Ba Wathigre st bhdriipeamiierestpedledith &Py fithe Sstoriddwdic gate and

having a current output. [10049]In another embodiment, a method comprises providing an impedance
having ahem%p two signals into current. Since the current for the difference between the two signals can

be compared to a current corresponding to a known or reference signal, the unknown timing

information can be determined from the currents.

[0039] The time to current converter circuit embodiment of Figure 3 is simple to design and
requires little silicon area to implement. In an example semiconductor process it was
implemented in less than 1000 square microns. No expensive counters, shift registers, or
numerous matched delay buffer or delay line elements are needed. No lengthy calibrations are
necessary before measurements are made. While an embodiment method for making a
measurement using an external current meter is described above, as an alternative embodiment,
an on chip current measurement circuit may be used. Use of the embodiments can provide a
time delay measurement for complex integrated circuits where probing or other methods to test
internal nodes is not practical or desirable.
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and a current output; coupling a voltage to the input of the impedance; measuring a first current that is
an average current through the impedance over a period for a clock cycle; coupling a time varying
periodic signal of unknown duty cycle to the impedance; measuring a second current that is the
average current through the impedance due to the time varying signal over one clock cycle; and
determining the active high portion of the duty cycle of the time varying periodic signal by forming the
ratio of the second current to the first current and multiplying the ratio by the time duration of the clock
period. [0050]Moregver, the scope of the present application is not intended to be limited to the
particulat’ odimeitd G t Fé%‘HEtE’J#Eﬁ,%‘@@fb‘ﬂ?@ﬁﬂ%@%@%@&ﬂ%d FnAR Siedftation. As one of
ordinary skill in the art will readiE/ ?%oreciate rom the disclgsure t?f the gresenﬂfvention, rocesses,
or steps, PREEBSH Se g SF tdl 0 B8R0 oA RSt Pt <t ISSEARHANY teP SaRsE Hiction or

achieve subsg};mtiallal Uilﬁ same r?%ult.as the cor%esglondi ) em%odirpents descrig?d herein may be
- was 0nserved. € prior art devices require rafr. e Ccon, Nave 1€sS range, and Loyver .
utilized according to the plpesenat invention. ccorcflngqy, the apipenae claifg &re intended to include

within th%vjrS ﬁﬁBﬁsStH&b rl;a%:é%&s(fgli t%%g%ggdm\g\%sﬁT IS CLAIMED IS: 11.A method, comprising:

2coupling a known signal to an impedance; 3observing a current through the impedance for a number
of cycles to establish a first 4average current corresponding to a time related parameter of the known

signal; 5%4]”9 aﬁhﬁﬁﬁémlﬁé?ﬁdﬁaﬁ@‘?ﬁaﬁ%ﬂﬁﬁ@mﬁ@m&me to current converter circuit and

the method embodiments. Figure 5 depicts, in a waveform timing diagram, a variety of
measurements that can be made using the circuits and the methods described above. In the upper
waveform 51, the figure illustrates that the frequency of a clock signal fck, which can be
determined. The duty cycle and active high time for a periodic signal as shown in waveform 51
can be measured. The rising time and falling time for a periodic signal, such as a clock signal,
can be determined. Jitter, that is, the variations in a periodic signal, can be measured. In Figure
5 a second waveform 53 is shown delayed from the upper waveform 51. As shown in the figure,
the delay time of a signal relative to a known signal can be measured, or time delay through a

portion of a circuit can be measured as described above.

[0042] Figure 6 depicts in a timing diagram a measurement that can be made by performing
the TCC methods above in a repeated fashion. In Figure 6, signals S1 and S2 are each delayed
from the clock signal CK. The phase difference “Delta D” between signal S1 and S2 is very

small; thus, a direct measurement of this phase difference is not possible.

[0043] In an embodiment, a measurement of the delay D1 between the clock signal CK and
the signal S1 is first made using the above delay measurement approach. The delay D2 is also
measured by using the signal S2 in the delay measurement as described above. The difference
Delta D between the delay D1 and the delay D2 is thus D2-D1 as shown. By repeatedly using a
number of the timing extraction procedures, further timing information may be obtained. Taking
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60bserving the current through the impedance for a number of cycles to establish a second 7average
current corresponding to a time related parameter of the unknown periodic signal; and 8determining a
timing characteristic of the unknown signal by comparing the first and 9second currents. 12.The
method of claim 1, wherein the known signal is a clock signal with a known 2frequency. 13.The
method of claim 1, wherein the impedance is a linear impedance. 14.The method of claim 3, wherein
the impedance is a resistor. 15.The method of claim 1, wherein the impedance is a non-linear

impedance. 16.The method of (f‘laim 1, wherein the known signal is a DC voltage.
repeated measurements of a signal removes measurement error and temperature dependence,

increasing the accuracy of the observation. The embodiments use proportional measurement to

eliminate device characteristics from the measurements, which further increase accuracy.

[0044] Figure 7 depicts a method for measuring frequency. In Figure 7, the signal labeled
“Ref CK” represents a known frequency signal, a reference clock. A delayed version of this
signal may be logically combined, for example, “ANDed”, with the reference clock as shown in
the waveform labeled “Delayed — reference clock”. The current lavg through an impedance that
is observed when the AND signal is routed through the impedance is then a current proportional
to Fs, the frequency of the reference clock. Similarly, the signal DUT clock may be ANDed with
a delayed version Delayed-DUT CK, and this waveform is also shown in Figure 7. In Figure 7,
under the label “T”, the dark portions indicate the portion of the clock signal for which the current
will be observed flowing through the impedance. Thus, for the known Ref CK signal, the upper
waveform labeled 71 indicates the current observed for the known signal with a frequency Fs.
The waveform labeled 73 is the current observed for the DUT clock. The current observed on 73
may then be compared to the average current proportional to Fs; thus, the frequency of the DUT
may be determined as a multiple of Fs. In the particular example shown, the observed current is
2lavg, and the frequency of DUT is simply 2Fs. Since Fs is known, the DUT clock frequency

may also simply be determined.

[0045] The embodiments described above are example embodiments of the time to current
converter TCC. The methods are not limited to a particular circuit embodiment, structure, or
limited to a particular application. The methods provide a conversion of timing information such
as delay, frequency, pulse width, duty cycle, rise and fall times, jitter skew, and phase to current

information, which can be measured accurately either using on-chip or off chip impedance loads.

-14 -



17.The method of claim 1, wherein the known signal is a time varying periodic signal of a 2fixed duty
cycle. 2comprises taking a ratio of the first and second currents. 19.An apparatus, comprising: 2an
impedance having an input for selectively receiving a time varying periodic signal or a 3known voltage
signal; and 4a current output coupled to the impedance; Swherein an active time of the time varying
periodic signal is determined by evaluating a

Because the value and physical characteristics of the impedance are not part of the measurement,
the measurement is free from dependence on the process, and process variations, temperature
and voltage dependence, and errors in measurement circuitry can be effectively removed from

the measurement.

[0046] In an embodiment, a method comprises coupling a known signal to an impedance;
observing the current through the impedance for a number of cycles to establish a first average
current corresponding to a time related parameter of the known signal; coupling an unknown
periodic signal to the impedance; observing the current through the impedance for a number of
cycles to establish a second average current corresponding to a time related parameter of the
unknown periodic signal; and determining a timing characteristic of the unknown signal by
comparing the first and second currents.

[0047] In an embodiment, an apparatus comprises an impedance having an input for
selectively receiving a time varying periodic signal or a known voltage signal; and a current
output coupled to the impedance; wherein an active time of the time varying periodic signal may
be determined by evaluating a ratio of a first average current observed at the current output while
the periodic signal is coupled to the impedance to a second average current observed at the

current output while the known voltage signal is coupled to the impedance.

[0048] In another embodiment, an apparatus comprises a clock input for receiving a known
periodic clock signal; an inverter coupled to the clock input and having an output; a match delay
coupled to the clock input and having an match delay output, wherein the delay of the match
delay is matched to the delay of the inverter; a first terminal coupled to the output of the inverter
for coupling a device under test; a second terminal coupled to the output of the device under test

for receiving a delayed clock signal from the device under test; a first logic gate coupled to the

-15-



6ratio of a first average current observed at the current output while the time varying periodic 7signal is
coupled to the input of the impedance to a second average current observed at the 8current output
while the known voltage signal is coupled to the input of the impedance. 110.The apparatus of claim 9,
wherein the known voltage signal is a DC voltage. 111.The apparatus of claim 9, wherein the known
voltage signal is a known clock signal. 112.The apparatus of claim 9, wherein the time varying periodic
signal is a clock signal of 2 unknown duty cycle. 113.The apparatus of claim 12, wherein the duty cycle
for the clock signal is determined by 2multiplying the ratio of the first average current t% the second

average IR AE S ECSaAOIF fSF AIGiHGTR A A ARy in 2 pulse When the clock signal

through the match delay output overlaps the delayed clock signal; a second logic gate coupled to
the output of the first logic gate, and further coupled to a DC test input, and having an output;

and an impedance coupled to the output of the second logic gate and having a current output.

[0049] In another embodiment, a method comprises providing an impedance having an input
and a current output; coupling a voltage to the input of the impedance; measuring a first current
that is an average current through the impedance over a period for a clock cycle; coupling a time
varying periodic signal of unknown duty cycle to the impedance; measuring a second current that
is the average current through the impedance due to the time varying signal over one clock cycle;
and determining the active high portion of the duty cycle of the time varying periodic signal by
forming the ratio of the second current to the first current and multiplying the ratio by the time

duration of the clock period.

[0050] Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the structures, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from the disclosure of the present
invention, processes, or steps, presently existing or later to be developed, that perform
substantially the same function or achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to the present invention. Accordingly,

the appended claims are intended to include within their scope such processes or steps.
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114.The apparatus of claim 9, and further comprising a time to current converter, comprising: 2a first
logic gate for receiving a clock input and a delayed clock input and having an 3output corresponding to
the overlap time of the clock input and the delayed clock input; and 4a second logic gate for receiving
the output of the first logic gate and a DC input, and 5 having an output coupled to the impedance;
6wherein the time varying periodic signal is input to the clock input and to the delayed 7clock input.
115.The apparatus of claim 9, wherein the impedance comprises a resistor.

WHAT IS CLAIMED IS:
1 L A method, comprising:
2 coupling a known signal to an impedance;
3 observing a current through the impedance for a number of cycles to establish a first

4  average current corresponding to a time related parameter of the known signal;

5 coupling an unknown periodic signal to the impedance;

6 observing the current through the impedance for a number of cycles to establish a second
7 average current corresponding to a time related parameter of the unknown periodic signal; and

8 determining a timing characteristic of the unknown signal by comparing the first and

9  second currents.

1 2 The method of claim 1, wherein the known signal is a clock signal with a known

2  frequency.

1 3. The method of claim 1, wherein the impedance is a linear impedance.

1 4. The method of claim 3, wherein the impedance is a resistor.

1 5. The method of claim 1, wherein the impedance is a non-linear impedance.

1 6. The method of claim 1, wherein the known signal is a DC voltage.

1 7. The method of claim 1, wherein the known signal is a time varying periodic signal of a

2  fixed duty cycle.
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116.A method, comprising: 2providing an impedance having an input and a current output; 3coupling a
known signal to the impedance; 4measuring a first current that is an average current through the
impedance over a number 50f clock cycles; 6coupling a time varying periodic signal of unknown timing
characteristics to the 7 impedance; 8measuring a second current that is the average current through

the impedance due to the 9time varying periodic signal over a number of cycles; and

1 8. The method of claim 1, wherein determining a timing characteristic by comparing further

2 comprises taking a ratio of the first and second currents.
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10determining at least one unknown timing characteristic of the time varying periodic 11signal by
forming a ratio of the second current to the first current and multiplying the ratio by the 12time duration
of a clock period; 13wherein the at least one unknown timing characteristic includes one selected from
a 14group consisting essentially of a duty cycle, frequency, and a delay. 117.The method of claim 16,
wherein providing the impedance comprises providing a linear 2 impedance. 118.The method of claim
16, wherein providing the impedance comprises providing a resistor 2formed on an integrated circuit.
119.The method of claim 16, and further comprising:

1 O An apparatus, comprising:

2 an impedance having an input for selectively receiving a time varying periodic signal or a

3  known voltage signal; and

4 a current output coupled to the impedance;

5 wherein an active time of the time varying periodic signal is determined by evaluating a

6 ratio of a first average current observed at the current output while the time varying periodic

7  signal is coupled to the input of the impedance to a second average current observed at the

8  current output while the known voltage signal is coupled to the input of the impedance.

1 10. The apparatus of claim 9, wherein the known voltage signal is a DC voltage.
1 11 The apparatus of claim 9, wherein the known voltage signal is a known clock signal.
1 12 The apparatus of claim 9, wherein the time varying periodic signal is a clock signal of

2 unknown duty cycle.

1 13. The apparatus of claim 12, wherein the duty cycle for the clock signal is determined by
2 multiplying the ratio of the first average current to the second average current by the time

3  duration for a single clock period.

1 14, The apparatus of claim 9, and further comprising a time to current converter, comprising:
2 a first logic gate for receiving a clock input and a delayed clock input and having an

3  output corresponding to the overlap time of the clock input and the delayed clock input; and

4 a second logic gate for receiving the output of the first logic gate and a DC input, and

5 having an output coupled to the impedance;
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2coupling a clock signal of a known duty cycle to a first input of a logic gate; 3coupling an inverted
form of the clock signal to a device under test; 4receiving a delayed clock signal from the device
under test and coupling the delayed 5clock signal to a second input of the logic gate; and 6coupling
the output of the logic gate to the impedance. 120.The method of claim 19, and further comprising:
2measuring a first average current in the impedance over a clock period of the clock 3signal, the
current responsive to an output of the logic gate when the clock signal and the delayed 4clock signal

overlap; and . . . . . :
6 wherein the time varying periodic signal is input to the clock input and to the delayed

7  clock input.

1 15. The apparatus of claim 9, wherein the impedance comprises a resistor.
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5determining the delay in the device under test by calculating a ratio of the first average 6 current to a
second average current measured in the impedance from a DC level voltage over a 7clock period.

10

11

12

13

14

16. A method, comprising:

providing an impedance having an input and a current output;

coupling a known signal to the impedance;

measuring a first current that is an average current through the impedance over a number
of clock cycles;

coupling a time varying periodic signal of unknown timing characteristics to the
impedance;

measuring a second current that is the average current through the impedance due to the
time varying periodic signal over a number of cycles; and

determining at least one unknown timing characteristic of the time varying periodic
signal by forming a ratio of the second current to the first current and multiplying the ratio by the
time duration of a clock period;

wherein the at least one unknown timing characteristic includes one selected from a

group consisting essentially of a duty cycle, frequency, and a delay.

17. The method of claim 16, wherein providing the impedance comprises providing a linear
impedance.
18. The method of claim 16, wherein providing the impedance comprises providing a resistor

formed on an integrated circuit.

19. The method of claim 16, and further comprising:
coupling a clock signal of a known duty cycle to a first input of a logic gate;
coupling an inverted form of the clock signal to a device under test;
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receiving a delayed clock signal from the device under test and coupling the delayed
clock signal to a second input of the logic gate; and

coupling the output of the logic gate to the impedance.

20. The method of claim 19, and further comprising:

measuring a first average current in the impedance over a clock period of the clock
signal, the current responsive to an output of the logic gate when the clock signal and the delayed
clock signal overlap; and

determining the delay in the device under test by calculating a ratio of the first average
current to a second average current measured in the impedance from a DC level voltage over a

clock period.
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