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1
SYSTEM AND METHOD FOR DYNAMIC

PATH-MISMATCH EQUALIZATION IN

TIME-INTERLEAVED ADC

This application includes material that is subject to copy-

right protection. The copyright ownerhas no objection to the

facsimile reproduction by anyoneofthe patent disclosure, as
it appears in the Patent and Trademark Officefiles or records,

but otherwise reserves all copyright rights whatsoever.

FIELD

The present disclosure is generally related to calibrating

interleaved analog-to-digital converters, and more particu-
larly to methods and systemsfor calibrating path-mismatch

errors in time interleaved analog-to-digital converters.

RELATED ART

Time interleaving (TI) is an effective way of increasing
analog-to-digital converter (ADC) sampling speed while sav-

ing on the overall power consumption. However, potential

mismatches betweenthe parallel analog paths can lower the
ADCarraylinearity performancesignificantly. It is generally

understood that such mismatches are the leading drawback
for TI-ADC.Prior research has mostly only focused on the

static (independentoffrequency) mismatch and/orthe timing
mismatch issues. Such solutions, however, fail to treat both

timing skew and bandwidth mismatch simultaneously. Fur-

thermore, existing solutions often require sophisticated cali-
bration setup, cannotutilize the full Nyquist bandafter cali-

bration, or require specific input waveformsfor calibration.
Also, many conventional calibration techniques fail to adapt

to process, voltage, and/or temperature changes easily.

Indeed, conventional systems employ foreground techniques
which impedeefficient and accurate solutions required within

the landscape discussedherein.

SUMMARY

The present disclosure provides methods and systems
implementing digital background calibration techniques for

identifying and remedying dynamic path-mismatcherrors in

time-interleaved analog-to-digital converters (TI-ADC).
Thatis, the present disclosure provides systems and methods

expanding upon the current limitations of existing solutions
by providing a generic solution to the overall TI-ADC. The

disclosed systems and methods employ a calibration tech-
nique specifically focusing on removing the timing skew and

input bandwidth mismatch by equalizing each sub-ADC in an

array to a commonreference ADC using direct input deriva-
tive information. The errors are identified by correlating the

ensuing conversion error to the input derivatives of various
orders to identify the mismatch parameters. Simple passive

high-pass filters (HPF) are used to extract input derivatives
followed by one-bit quantizers.

In accordance with one or more embodiments, a methodis

disclosed that includes sampling a commoninputsignal, said
sampling being performed by an interleaved array of sub-

analog-to-digital converters (ADCs), said sampling corre-
sponding to a clock signal associated with said TI-ADC;

converting, via each sub-ADC,the input signal into a digital
output signal; sampling, via a reference ADC,the input sig-

nal, said reference ADC sampling aligning with said sub-

ADC sampling; converting, via the reference ADC,the input
signal into a digital output signal; determining mismatch

errors between the reference ADC output signal and each
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2
sub-ADC output signal, said determination comprising

simultaneously identifying a timing skew and input band-

width mismatch betweenthe output signals of the sub-ADCs

and reference ADC; generating correction signals in accor-

dance with the determined mismatch errors, said correction

signals accounting for said timing skew and input bandwidth

mismatch.

In accordance with one or more embodiments, a system is

provided that comprises one or more computing devices con-

figured to provide functionality in accordance with such

embodiments. In accordance with one or more embodiments,

functionality is embodied in steps of a method performed by

at least one computing device. In accordance with one or

more embodiments, program code to implement functional-

ity in accordance with one or more such embodiments is

embodiedin, by and/or on an apparatus.

Theprinciples ofthe present disclosure can be embodied in

varying techniques, as discussed in more detail below. Thus,

it should be understood that the various embodiments of the

present disclosure may include some, all, or none of the

enumerated technical advantages. In addition, other technical

advantages ofthe present disclosure may be readily apparent

to oneskill in theart from the figures, description and claims

includedherein.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and advantages

ofthe disclosure will be apparent from the following descrip-
tion ofembodimentsasillustrated in the accompanying draw-

ings, in which reference characters refer to the same parts
throughoutthe various views. The drawings are not necessar-

ily to scale, emphasis instead being placed uponillustrating

principles of the disclosure:
FIG. 1 is a high-level block diagram of a time-interleaving

analog-to-digital converter according to some embodiments
of the present disclosure;

FIG. 2 isa block diagram ofa TI-ADC architecture accord-
ing to embodiments ofthe present disclosure;

FIG.3 illustrates a timing diagram of the TI-ADC archi-

tecture of FIG. 2 according to some embodiments of the
present disclosure;

FIG.4 illustrates a diagram ofa derivative offset according
to some embodimentsofthe present disclosure;

FIG.5 illustrates a block diagram of TI-ADCarchitecture
according to embodiments of the present disclosure; and

FIG.61s a flow chart of anillustrative process for calibrat-

ing TI-ADC architecture in accordance with some embodi-
ments of the present disclosure.

DESCRIPTION OF EMBODIMENTS

The present disclosure will now be described more fully

hereinafter with reference to the accompanying drawings,
which form a part hereof, and which show, by wayofillus-

tration, specific example embodiments. Subject matter may,

however, be embodied in a variety of different forms and,
therefore, covered or claimed subject matter is intended to be

construed as not being limited to any example embodiments
set forth herein; example embodiments are provided merely

to be illustrative. Likewise, a reasonably broad scope for
claimed or covered subject matter is intended. Among other

things, for example, subject mattermay be embodied as meth-

ods, devices, components, or systems. The following detailed
description is, therefore, not intendedto be takenina limiting

sense.
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Throughout the specification and claims, terms may have

nuanced meanings suggested or implied in context beyond an

explicitly stated meaning. Likewise, the phrase “in one

embodiment”as used herein does not necessarily refer to the
same embodiment and the phrase “in another embodiment”

as used herein does not necessarily refer to a different
embodiment.It is intended, for example, that claimed subject

matter include combinations of example embodiments in
wholeorin part.

In general, terminology may be understoodatleast in part

from usage in context. For example, terms, such as “and”,
“or”, or “and/or,” as used herein may include a variety of

meanings that may dependatleast in part upon the context in
which such termsare used. Typically, “or” ifusedto associate

a list, such as A, B or C,is intended to meanA, B, and C, here
used in the inclusive sense, as well as A, B or C, here used in

the exclusive sense. In addition, the term “one or more” as

used herein, dependingat least in part upon context, may be
used to describe any feature, structure, or characteristic in a

singular sense or may be used to describe combinations of
features, structures or characteristics in a plural sense. Simi-

larly, terms, such as “a,” “an,” or “the,” again, may be under-
stood to convey a singular usage or to conveya plural usage,

dependingat least in part upon context. In addition, the term

“based on” may be understoodas not necessarily intended to
convey an exclusiveset of factors and may, instead, allow for

existence of additional factors not necessarily expressly
described, again, dependingat least in part on context.

Thepresent disclosure is described below with reference to
block diagramsandoperationalillustrations of methods and

devices.It is understoodthat each block ofthe block diagrams

or operationalillustrations, and combinationsofblocksin the
block diagrams or operational illustrations, can be imple-

mented by meansofanalogordigital hardware and computer
program instructions. These computer program instructions

can be providedto a processor ofa general purpose computer,

special purpose computer, ASIC,or other programmable data
processing apparatus, such that the instructions, which

execute via the processor of the computer or other program-
mable data processing apparatus, implement the functions/

acts specified in the block diagrams or operational block or
blocks. In some alternate implementations, the functions/acts

noted in the blocks can occur out of the order noted in the

operational illustrations. For example, two blocks shown in
succession can in fact be executed substantially concurrently

or the blocks can sometimes be executedin the reverse order,
depending uponthe functionality/acts involved. These com-

puter program instructions can be providedto a processor of
a general purpose computer, special purpose computer, ASIC,

or other programmable data processing apparatus, such that

the instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,

implementthe functions/acts specified in the block diagrams
or operational block or blocks.

Theprinciples described herein may be embodied in many
different forms. By way of background, an analog-to-digital

converter (ADC)is a device that converts analog signals into

digital signals. The device converts the continuous physical
quantity (usually voltage) to a digital number representing

amplitude of physical quantity. The conversion involves
quantization ofthe input. To avoid any errors anADC usually

performs the conversions periodically instead of in a single
conversion. These ADCsfind application in communication

systems. The communication systems are highly dependent

on the employed analog-to-digital converters. In order to
make the communication systems moreflexible and precise,

high performance ADCs can be employed.

40

45

55

4
Time-interleaved analog-to-digital converter (TI-ADC)

technology allows for power-efficient, high-speed sampling

and digitization of analog input signals in a time-interleaved

(TI) manner. For example, in single ADC channel architec-
tures, three competing parameters 1) precision, 2) speed, and

3) power are typically traded against each other. TI-ADC
architecture allows the challenges of achieving high levels of

precision to be separated from the challenges of operating at
high speeds. In this way, power consumption required to

achieve a given sampling rate may be optimized. Generally,

TI-ADC technology is the preferred option to achieve
extremely high-speed samplingrates.

The time-interleaving (TI) has proven to be avery effective
way of increasing ADC sampling speed along with overall

savings in power consumption. However, the potential mis-
matches betweenthe parallel analog paths can lower theADC

array linearity performance significantly and therefore is a

block to TI-ADC. Conventional solutions mostly focus upon
static (independent of frequency) mismatch and/or timing

mismatchissues. Such solutionsfail to treat both timing skew
and bandwidth mismatch simultaneously. Conventional sys-

tems employing foreground treatmentalso lack the ability to
adapt the treatment to process, voltage, and temperature

(PVT) changeseasily andefficiently.

Indeed, TI-ADCis a type of converter array with multiple
parallel sampling channels. The sampling frequency of each

channel does not need to satisfy the Nyquist criterion indi-
vidually; rather the sampling frequency ofthe combinedout-

put of all channels in the TI-ADC should satisfy the Nyquist
criterion. Under ideal conditions, the sampling rate of TI-

ADCsincreases proportionally to the numberof interleaved

parallel ADC channels.In practice, eachADC channelintro-
duces a number of componenterrors, such as, for example,

phaseshift errors in clock signals. TI-ADCs are knownto give
rise to new performance limiting errors that are caused by

transfer path mismatch (e.g. propagation delay), gain, and

offset mismatch between the multiple ADC channels.
The present disclosure remedies such drawbacks of TI-

ADCsbyutilizing a digital adaptive equalization technique to
correct mismatcherrors in TI-ADC in a comprehensive man-

ner, no matter the error being static or dynamic. The proposed
systems and methodsrun fully in the background, and do not

require any special setup or input signal for calibration. The

simplicity ofthe calibration systems and methods(e.g., tech-
niques and/or algorithms) and the novel detection andutili-

zation of input derivative information is an improvement
upon conventional calibration techniques/solutions/algo-

rithms.
The disclosed digital background calibration systems and

methods can be used for all TI-ADC types. The disclosed

systems andmethods employthe use ofdirect input derivative
information for the simultaneous identification of timing

skew and input bandwidth mismatch errors. This leads to a
comprehensive background calibration, in thatall static, as

well as dynamic mismatcherrors are treated in one common
reference equalization framework. That is, as discussed in

moredetail below, dynamic mismatcherrors are identified by

correlating the ensuing conversion error to the input deriva-
tives ofvarious orders to identify the mismatch parameters.In

some embodiments, passive high-passfilters (HPF) are used
to extract input derivative information followed by one-bit

quantizers.
Indeed, the proposed systems and methodscan beutilized

by, for example (and not to be construed as limiting applica-

bility), data converter vendors, instrument manufacturers,
semiconductor design companies for commercial deploy-

mentin their product lines of high-speed ADC or waveform
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digitizers, and the like. Thus, by way of a non-limiting
example, processors processing received digital codes to pro-

vide various applications (e.g., user applications) may be

implemented as multiple processing units, each potentially
operating independently. The description of the present dis-

closure is accordingly continued with the details of a time-
interleavedADCthat address at least some ofthe issues noted

above according to various embodiments of the present dis-
closure.

Certain embodiments will now be described in greater

detail with reference to the figures. FIG. 1 is a high-level
block diagram of a time-interleaving analog-to-digital con-

verter (TI-ADC) according to some embodiments of the
present disclosure. As discussed herein, FIG. 1 illustrates a

TI-ADC diagram 100 that includes an input signal 102 into N
numberofinterleaved sub-ADCs 104 and a Reference ADC

110, with digital data outputs D,,-- 105 and D,_,, 106, being

output from 110 and 104, respectively, as input to a digital
calibration block 108.

TI-ADC 100,as discussed herein, implements systems and
methodsfor digital backgroundcalibrationby identifying and

remedying dynamic path-mismatch errors in time-inter-
leaved analog-to-digital converters (TI-ADC). The disclosed

systems and methods employa calibration technique specifi-

cally focuses on removing the timing skew and input band-
width mismatches by equalizing each sub-ADC 104 in an

array to a common reference ADC 110 using direct input
derivative information. As discussed in more detail below, the

mismatch parametersare identified by correlating the ensuing
conversion error to the input derivatives of various orders.

Calibration to treat the dynamic path mismatcherrors occurs

in the background and without interrupting the conversion
process. According to some embodiments, the input signal

102, which can be referred to as a commoninput signal, is
input into N numberofinterleaved sub-ADCs 104 used for

N-way interleaving. In some embodiments, reference ADC

110 is a multi-bit quantizer. In some embodiments, the quan-
tizer enables the referenceADC 110 to have an accuracy that

is equal to or higher than the accuracy ofeach sub-ADC 104.
In some embodiments, as discussed in more detail below,

reference ADC 110 samples input signal 102 at a predeter-
minedtiming relationship with respect to each sub-ADC 104.

As aresult ofthe reference ADC 110, a total ofN+1 ADC

channels are provided, as illustrated in FIG. 1. These channels
105 and 106 are a result ofconverting the input signal 102 into

a digital output resulting in a set ofN+1 ADC digital outputs.
The digital outputs that may be in any format that contains

information about input signal 102. As discussed in more
detail below, such information aids in the correction of path-

to-path or channel-to-channel mismatch errors. For example,

reference ADC parameters, such as, but not limited to, sam-
pling time, offset, gain, integral non-linearity, and the like,

can be defined to serve as reference data against which sub-
ADCparameters are computed to calibrate the corresponding

sub-ADC 104. The reference ADC’s own parameters may be
calibrated by any technique known or to be knownto those

skilled in the art.

Digital data output 106 from each sub-ADC channel 104is
forwardedto digital calibration block 108. According to some

embodiments,digital calibration block 108 is placed in feed-
back with reference ADC 110 and/or sub-ADC 104. In some

embodiments, there may be onedigital calibration block for
each channel. Digital calibration block 108 is coupled to

receive the N digital outputs 106 of sub-ADC channels 104

and the output data 105 of reference ADC channel 110. As
discussed in more detail below, for each type of mismatch

error to be corrected and for each channel, digital calibration
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6
block 108 may store and adjust an estimate of the specific

mismatch error. Each sub-ADC channels 104 is coupled to

receive from digital calibration block 108 analog or digital

feedback control signals 112 for each mismatcherror (E,_j).

Asdiscussed in more detail below, feedback control signals

112 are used to correct the mismatch errors within each inter-

leaved sub-ADC 104 either through appropriate analog or

digital methods. According to some embodiments,the digital

calibration block 108 can correct mismatch errors without

feedback control signals in such waythat the mismatcherrors

are corrected in the digital domain by the digital calibration

block 108.

FIG.2 is a block diagram ofTI-ADCarchitecture 200; and

morespecifically, FIG. 2 illustrates an adaptive equalization

of a TI-ADC array with two auxiliary paths: the reference

path and a derivative path. As discussed above, the present

disclosure provides systems and methodsfor novel equaliza-

tion-based online calibration that incorporates a one-bit

derivative path in additionto a full-resolution referenceADC

to simultaneously estimate the sign of the skew error and the

errors resulting from static path mismatches. The skew infor-
mation is subsequentlyutilized by a digitally controlled delay

element (DCDE)to correct the timing errors of the inter-

leaved sampling circuits. Additionally, a static equalizationis
performed in the meantime of the skew correction by com-

paring the full-resolution referenceADC output with those of
the interleaved sub-ADCs. Although the skew correction and

the static equalization are treated simultaneously as illus-
trated in FIG. 2, it is also understood that the two can be

separated in some embodiments.

Theillustrated architecture in FIG. 2 shows twoauxiliary
analog paths used to facilitate the calibration. Thefirst aux-

iliary path 202 consists of a slow-but-linear reference ADC
digitizing the analog input along with the main ADCarray.

The second auxiliary path 204 is composed of a high-pass

filter (HPF) followed by a comparator. The second path is
devised to capture the sign of the input signal derivative.

Since only the sign of the derivative is needed, a single zero-
crossing comparator can be used in the second path, which

greatly simplifies the skew estimation hardware 204.
FIG.3 illustrates a timing diagram of the TI-ADC archi-

tecture 200. Di is the sampling clock of the i,, sub-ADC,

which samplesat arateoffs/N (fs is the aggregate sample rate
of the array and Nisthe interleaving factor). Pr is the sam-

pling clock of the reference ADC and the derivative path
comparator, which are clocked at a rate of fs/K. As long as N

and K are co-prime,the sampling instance of®r will coincide
with those of ®i’s and be evenly distributed over the array.

Clock skews between ®r and ®i’s are shown as ti’s in the

same figure. In practice, a skew between the two auxiliary
paths will also exist, and ®r' will be used to denote the

derivative path clock in the following discussion. The impact
of this skew will be discussed in more detail below.

In order to explain the proposed skew calibration algorithm
implementedby the skew calibration hardware 206 within the

proposed systems and methods of the present disclosure,

assumethat there is no static mismatch betweenthe reference
ADC 110 and sub-ADCs 104 for simplicity. In this case, any

difference between the digital outputs of the reference ADC
and the sub-ADCsare caused by the skew (due to a non-zero

input slope). If the sign of the input slope at the sampling
instant is known,the sign ofthe skew (ti) can be determined.

For example, in FIG.3, at the sampling instant of®,, the input

signal derivative (dV/dt) is positive while the skew error
(D,-D,) is negative. So ®, is lagging and T, is positive. A

general equation for skew sign estimationis:



US 9,287,889 B2

7

dv
sign(r;) = —sign(D, — D;)- sien{=]

Afterthe sign ofthe skew is identified, a DCDE canbe used

to adjust the sampling clock of each sub-ADC, forcing them

to be synchronized with the auxiliary paths thusfree of rela-

tive skew errors. In s-domain taking the derivative of a signal

is equivalent to multiplying its Laplace transform by s. The

transfer function of the C-R HPF in the derivative path as

shown in FIG.2 is s/sta@c, where wc=1/RC. When |sl<<wc

holds, this transfer function can by approximated as s/we,

which is a differentiator. After the input signal passes the

HPF, its sign is detected by the zero-crossing comparator
directly. A subsequent digital estimator then determines the

sign of the skew according to the above equation.

FIG.2 also illustrates an embodimentof static mismatch
calibration hardware 208. Online equalization of static mis-

match errors using the reference ADC output can also be
performed. Adapting the digital equalizers (DE) after each

sub-ADCforces the difference between each sub-ADC and
the reference ADC outputs to be zero. In turn, the cascade of

asub-ADCanda DEeffectively mimics the characteristics of

the reference ADC.Since every sub-ADC is equalized to the
commonreference, all static mismatches are removed with

equalization. The existence of skew-related errors in general
does notaffect the static calibration as long as the skew error

exhibits a symmetrical probability distribution around zero
which will be averaged out in the iterative adaptation loop.

That is, the skew error acts like noise for the static equaliza-

tion andthe net effect is usually some slowdownofthestatic
learning. Thus, the static equalization 208 and the skew cali-

bration 206, as described above,are launchedat the same time
at system startup and converge simultaneously.

According to some embodiments, since skew exists

between @i, r, and Pr', as discussed above, the sign of the
derivative can be different at these three sampling instances.

However, if the derivative changes sign in between i, Pr,
and ®r', there is a time point at which the derivative is zero.

For any band-limited continuous-time signal, dV/dt=0
between @i, Pr, and Pr’ simply means that dV/dt is small

during this time period for any reasonable skew magnitude.

This scenario is illustrated in the square dashed box 402 in
FIG.4. In this case, the skew error AVi=ti-dV/dt is small or

even negligible. Therefore, even if the obtained derivative
information is wrong, a false skew update can be avoided by

setting a threshold for the skew error in the calibration. In
contrast, when the derivative of the input signal is large as

shownin the dashedcircle 404 in FIG.4, the derivative sign

is always consistent at Bi, Pr, and Pr'. Thus, the derivative
sign estimation occurring within the disclosed systems and

methodsis alwaysreliable.
TI-ADCarchitecture discussed herein employs a compara-

tor-based backgroundcalibration technique.Asillustrated in
FIG.2, path 204 utilizes a comparator following the HPF; and

in some embodiments, a digital calibration block 108 may

implement a comparator. For example, digital calibration
block 108 uses feedback informationto calibrate for errors in

sub-ADC 104, such as, for example, timing skew.
Asdiscussed above and detailed more specifically below, a

skew calibration scheme for TI-ADC using direct one-bit
derivative information is provided, where the skew calibra-

tion 206 is integrated with static equalization 208 for concur-

rent calibration of both skew and static mismatch errors. In
addition to the skew equalization 206 and static mismatch

equalization 208 discussed above, the TI-ADC architecture
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8
also implements bandwidth equalization 502 hardware, as
discussed in more detail below with reference to FIG.5.

FIG. 5 is a block diagram ofa TI-ADC apparatus including

bandwidth equalization 502 hardware used for treating
dynamic path-mismatch errors by focusing on removing the

timing skew and input bandwidth mismatch by equalizing

each sub-ADCin an array to common reference ADC using
direct input derivative information, according to various

embodiments. It should be understood that for any embodi-
ment of the calibration discussed herein, the error may be

corrected through any knownor to be knownanalogordigital
methods, or combination thereof. According to an embodi-

ment, the bandwidth equalization 502 hardware includes the

input 102 transformed into an input signal second derivative
(d?v/dt?) through the utilization of a second-order high-pass

filter, as illustrated in FIG. 5, 502, and discussed in more
detail below. As such, the input signal second derivative is

subsequently utilized by a digitally controlled bandwidth
adjustmentcircuit (DCBW).

As discussed above, skew calibration alone cannot ensure

the linearity of a wideband TI-ADC array when bandwidth

mismatch is present. Thus, input derivative information for
the skew error correction is extended to the treatment of the

bandwidth mismatch errors, resulting in a comprehensive
dynamic error calibration of TI-ADC arrays, as provided in

item 502.

By way of developing such bandwidth mismatch calibra-
tion provided by hardware 502, bandwidth mismatch

between the sub-ADCpathsis analyzed. That is, for example,
and not to be construedas a limiting development example, a

conventional single-pole, low-pass model of the S/H net-

work,i.e., the voltage transfer function (VTF)of a reference
time-interleaved sample-and-hold network (S/H) and the i”

interleaved S/H pathsis utilized, which can be expressedas,
for example:

1
Ho(Go) = ” 

1452
We

; pietd; (2)

Ai(jw) = , Fo

(1 + Aj)

Where:

H,Gw)refers to the VTF of the reference S/H;

H,Gq) refers to the VTF ofthe i” S/H;

T is defined as 1/fs;

d, is defined as the Fractional timing skew of the i” S/H;

w, is the Nominalpole frequency of the S/H; and

A, is the Fractional pole frequency mismatchofthe i” S/H

The dynamic errors caused by the skew and bandwidth

mismatch betweenthe reference S/H andthe ith S/H paths can
be analytically derived by differencing equations (1) and (2);

the result can be further simplified with a series expansion and

keeping only the first-order terms, yielding:

Wc Jwd,; (3)

Ei(foo) = Hi ~ Ho x 7 + forw, + joc c
  + joTd,;)

The skew-related and bandwidth mismatch-related terms

can be separated and expressed in the powers ofjw,
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jw-We jo 240" 3je) (4)
Egw = ———~ -A; = |— - wee JAG,

(w. + jo? We 3

a » 2 » 3 (5)

Esp = 12.@ Ta; = jo orwe |ra.
WW. + fo We wr

The frequency-domain expressions of (4) and (5) can be

translated into the time domain,resulting in:

  

E lL dVn =2 BV 3 PVin (6)

BW) a a de to de PP

Fr. BVn =1 BVin 1 Vin 4 M
SK dt 0. d2 ~ow de |"

Equations (6) and (7) reveal that even though the timing

and bandwidtherrors take different forms, they invariably are

functions ofthe various orders of the input derivatives. Once
these derivatives are known, theoretically d, and A, can be

solved.
According to some embodiments, it is not necessary to

know all of the operating parameters to devise a solution.
Such embodiment can exist in an iterative method such as

employing a DCDE for skew correction. For example,

according to some embodiments, if the first- and second-
order input derivatives are known, they can be correlated to

the E, term of (3), and using (6) and (7), resulting in:

  

c nv jdV\z/A; 1 (8)
1=ES =(F) (2 +74)

on EY [EVP (2M , Te (9)
Pe aeae (S ~}

To arrive at (8) and (9), according to some embodiments,it

is assumedthatthe various cross-correlations betweendiffer-
ent derivative terms are negligibly small relative to the (non-

negative) auto-correlation ofthese termsaftertime averaging.

Thus, (8) and (9) can be solved to obtain d, and A,.
However, according to some embodiments, even when the

cross-correlation terms are not completely negligible, an
iterative loop can be formedto drive C, and C, to zero, which

is only possible when d, and A, are identically zero, in embodi-
ments when the system of FIG. 5 is solvable. Thus, based on

the above analysis, FIG. 5 provides a comprehensive TI-ADC

calibration approach. In addition to the skew-calibration
block including a first-order CR HPF, a zero-crossing com-

parator, and a DCDEcircuit, a bandwidth mismatch-calibra-
tion block 502 is also included consisting of a second-order

CR HPF,a zero-crossing comparator, and a S/H bandwidth
adjustment circuit controlled digitally (DCBW). In this

approach, again the static calibration loop and the two

dynamic loops are launched simultaneously. According to
some embodiments, the second-order HPF is realized by a

direct cascade oftwofirst-order ones, while the DCBW takes
the form of adjusting the bootstrapped gate-source drive of

the bottom-plate sampling transistor in a standard clock-boot-
strapping circuit.

Thus, as provided in the above analysis, accounting for the

addition of the bandwidth equalization 502 hardware in TI-
ADC,the present disclosure involves a comprehensivedigital

background calibration technique to treat the dynamic path-
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10
mismatch errors. The systems and methods discussed herein
treat the error in time-interleaved analog-to-digital converter

(TI-ADC) by specifically focusing on removing the timing

skew and the input bandwidth mismatcherrors.
Furthermore, an important feature regarding the two

derivative paths, discussed above (e.g., a 1°’ order dV/dT, and
the other 2” order d?V/dT”), involves embodiments where
the HPF's do not need to accurately represent the input deriva-
tives. That is, more specifically, through a detailed analysis of

the second-order CR HPF employed above in item 502,

reveals, for example, the following VTF:

S? Ri CiRC (10)

T45(R{ Co +R, Cy + RCo) +2RCR2Cy
 H(s)=

In some embodiments, equation (10) can be expandedvia

implications of equations (4) and (5), discussed above, to
show that the techniques discussed herein are applicable in

the presence of actual device and circuit non-idealities.
Indeed, implicating equations (4) and (5), in which the skew

and bandwidth mismatcherrors are represented in polynomi-

als ofjw, (10) can be expanded in ascending powers ofs, for
example:

A(s)=k,stkys?+kyso+..., (11)

Equation (11) indicates that the HPF output can be viewed

as a linear combination of various orders of the input deriva-
tives. Thus, in some embodiments, the desirable derivative

terms are always present in the output of the HPFs, which

enable the correlations defined in (8) and (9). Therefore, the
derivativefilters do not necessarily have to be accurate in their

designated representations of the input derivatives. In some
embodiments, when zero-forcing is selected to drive the

adaptive calibration process, potentially large analog impair-

ments in an actual implementation of the HPF's can betoler-
ated in estimating the derivatives.

Equation (11) also reveals that the disclosed skew calibra-
tion and the bandwidth calibration hardware need not to be

restricted to the first-order HPF and the second-order HPF,
respectively, according to some embodiments. That is,

according to some embodiments, when the two are swapped,

i.e., the first-order HPF is employed by the bandwidth cali-
bration hardware and the second-order HPF is employed by

the skew calibration hardware, the comprehensive dynamic
equalization still functions as it is intended to. Thus, the

“passive HPFs of various orders” are to be broadly under-
stood as input derivative, slope, or frequency detectors that

neither have to abide to the narrow definition of HPFs nor be

passive, although a passive HPF perhaps embodies an imple-
mentation of the lowest cost among all possible passive or

active slope detectors.
FIG. 6 is a flow chart of an illustrative process 600 for

calibrating TI-ADC architecture in accordance with various
embodiments of the present disclosure. According to some

embodiments, the steps of FIG. 6 are all performed in the

background.Indeed,all static mismatch errors, as well asall
dynamic mismatch errors are identified and treated in one

commonreference-equalization framework, asillustrated in
FIG.5 and discussed above.

Atstep 602, an analog input signal is sampled by a number
of sub-ADCs, as discussed above with reference to FIGS.1,

2 and 8. The sampling of the input signal are respective a

clock signal that may be generated internally or externally,
and may be delayedby, for example, a variable delay prior to

sampling. At step 604, each sub-ADC converts the analog
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input signal into a digital output signal. Each sub-ADCis
equalized respective a commonreference ADCusing direct

input derivative information as a correction signal.

At step 606, the analog input signal is sampled by the
referenceADC.The sampling ofthe referenceADC consecu-

tively aligns with the sampling ofeach sub-ADCs. According
to some embodiments, the alignment ofsampling results in an

overlapping of the reference ADC sampling with sampling
for each of the sub-ADCs. At step 608, the reference ADC

converts the analog inputsignalinto a digital reference output

signal. It should be understood by those of skill in the art that
steps 602 and 606 can be performed simultaneously, as well

as steps 604 and 608.
At step 610, mismatcherrors are determined from a differ-

ence between the digital output signal and the digital refer-
ence output signal. That is, according to some embodiments,

timing skew and input bandwidth mismatches are simulta-

neously determined by comparing each sub-ADCinthe array
to the common reference ADC. In some embodiments, as

discussed above, step 610 involves simultaneously estimating
the sign of the skew error andthe errors resulting from static

path mismatches. The skew informationis utilized by a digi-
tally controlled delay element (DCDE)to correct the timing

errors of the interleaved sampling circuits. Additionally, a

static equalization is performedin the meantimeofthe skew
correction by comparing the full-resolution reference ADC

output with those of the interleaved sub-ADCs. Thus, each
output from the sub-ADCsis equalized to the commonref-

erenceADC outputusing direct input derivative information.
Additionally, while simultaneously correcting the timing

skew, the signs of the bandwidth mismatcherrors are identi-

fied. This involves estimating the bandwidth information of
the outputs from the sub-ADCs. Thatis, the bandwidth infor-

mation comprises errors between the bandwidth ofthe output
signals of the sub-ADCsandthe reference ADC, where the

bandwidth information is utilized by a digitally controlled

bandwidth equalizer (DCBW)to correct the bandwidth mis-
matcherrors ofthe interleaved sub-ADCs,as discussed above

with reference to FIG. 5.
The mismatcherrors are identified by correlating the ensu-

ing conversionerrorto the input derivatives ofvarious orders
to identify the dynamic mismatch parameters. As discussed

above, the input derivatives (e.g., first-order derivatives or

second-order derivatives) are extracted through first-order
and/or second-order high-pass filters (HPFs) followed by

one-bit quantizers. The correlation is, as discussed above,
based upon acorrelation function that comprises information

derived from the input signal (e.g., information about the
analog input signal at the time of sampling of the reference

ADC). That is, the ensuing correlation function comprises

factors that may be dependent on any information regarding
the signal or quantized output of interest, such as, but not

limited to, slope, derivative, frequency, ADC decisions, and
the like.

At step 612, correction signals are generated from the
output of step 610 (e.g., identification of timing skew and

input bandwidth mismatcherrors). At step 614, the correction

signals are fed back to the respective control circuits of each
sub-ADC to minimize the mismatch errors between each

sub-ADC and the common reference ADC. Thus, as dis-
cussed herein,all static mismatch, as well as dynamic mis-

match errors can be treated via a common-reference-equal-
ization framework.

For the purposesofthis disclosure a module is a software,

hardware,or firmware (or combinationsthereof) system, pro-
cess or functionality, or componentthereof, that performs or

facilitates the processes, features, and/or functions described
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herein (with or without human interaction or augmentation).
A module can include sub-modules. Software components of

a module may be stored on a computer readable medium for

execution by a processor. Modules may beintegral to one or
more servers, or be loaded and executed by one or more

servers. One or more modules may be groupedinto an engine
or an application.

Thoseskilled in the art will recognize that the methods and
systems of the present disclosure may be implemented in

many manners andas suchare notto be limited by the fore-

going exemplary embodiments and examples.In other words,
functional elements being performed by single or multiple

components, in various combinations of hardware andsoft-
ware or firmware, and individual functions, may be distrib-

uted among software applicationsat either the client level or
server level or both. In this regard, any numberofthe features

ofthe different embodiments described herein may be com-

bined into single or multiple embodiments, and alternate
embodiments having fewer than, or more than, all of the

features described herein are possible.
Functionality may also be, in whole or in part, distributed

among multiple components, in manners now known or to
become known. Thus, myriad software/hardware/firmware

combinations are possible in achieving the functions, fea-

tures, interfaces and preferences described herein. Moreover,
the scope of the present disclosure covers conventionally

known manners for carrying out the described features and
functions andinterfaces, as well as those variations and modi-

fications that may be made to the hardware or software or
firmware components described herein as would be under-

stood by those skilled in the art now andhereafter.

Furthermore, the embodiments of methods presented and
described as flowchartsin this disclosure are providedby way

of example in order to provide a more complete understand-
ing of the technology. The disclosed methodsare not limited

to the operations and logical flow presented herein. Alterna-

tive embodiments are contemplated in which the order ofthe
various operations is altered and in which sub-operations

described as being part of a larger operation are performed
independently.

While various embodiments have been described for pur-
poses of this disclosure, such embodiments should not be

deemed to limit the teaching of this disclosure to those

embodiments. Various changes and modifications may be
made to the elements and operations described above to

obtain a result that remains within the scope of the systems
and processes describedin this disclosure.

Whatis claimedis:
1. A method for calibrating a time-interleaved analog-to-

digital converter (TI-ADC), comprising:

sampling a commoninputsignal, said sampling performed
by an interleaved array of sub-analog-to-digital convert-

ers (ADCs), said sampling corresponding to a clock
signal associated with said TI-ADC;

converting, via each sub-ADC,the input signalinto a digi-
tal output signal;

sampling, via a reference ADC,the input signal, said ref-

erenceADC sampling aligning with said sub-ADC sam-

pling;
converting, via the reference ADC,the input signal into a

digital output signal;

determining mismatch errors between the reference ADC
output signal and each sub-ADC output signal, said

determination comprising simultaneously identifying a

timing skew mismatch and an input bandwidth mis-
match between the output signals of the sub-ADCs and

reference ADC, wherein
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said identification ofthe timing skew mismatch comprises

using timing skew estimation circuitry,

said identification of the input bandwidth mismatch com-

prises using input bandwidth estimation circuitry, and
said timing skew estimation circuitry and said input band-

width estimation circuitry are utilized simultaneously to
simultaneously identify said timing skew mismatch and

said input bandwidth mismatch; and
generating correction signals in accordance withthe deter-

mined mismatcherrors, said correction signals account-

ing for said timing skew mismatch andsaid input band-
width mismatch.

2. The methodof claim 1, further comprising:
extracting input derivatives from the input signal; and

correlating an ensuing conversion error to said input
derivatives.

3. The method ofclaim 2, wherein said inputderivatives are

associated with a first order high-passfilter, said input deriva-
tives corresponding to skew equalization.

4. The method ofclaim 2, wherein said inputderivatives are
associated with a first order high-passfilter, said input deriva-

tives corresponding to bandwidth equalization.
5. The method ofclaim 2, wherein said inputderivatives are

associated with a second order high-passfilter, said input

derivatives corresponding to bandwidth equalization.
6. The method ofclaim 2, wherein said input derivatives are

associated with a second order high-passfilter, said input
derivatives corresponding to skew equalization.

7. The methodofclaim 2, wherein said ensuing conversion
error is based upon a correlation function that comprises

information derived from said input signal.

8. The method ofclaim 1, further comprising feeding back
said correction signals to each sub-ADC.

9. The method of claim 1, wherein said determination of
simultaneously identifying said timing skew mismatch and

said input bandwidth mismatch comprises equalizing each

sub-ADCoutput to the reference ADC output.
10. The method of claim 9, further comprising:

estimating skew information, said skew information com-
prising a sign ofthe error of the timing skew anderrors

resulting from static path mismatches, wherein said
skew information is utilized by a digitally controlled

delay element (DCDE)to correct the timingerrors ofthe

interleaved sub-ADCs; and
performinga static equalization simultaneously with said

skew information estimation, said static equalization
comprising comparing the reference ADC output with

each interleaved sub-ADC output, wherein each output
from the sub-ADCarray is equalized to the reference

ADCoutput using direct input derivative information.

11. The method of claim 9, further comprising:
estimating bandwidth information, said bandwidth infor-

mation comprising errors between the input bandwidth
of the sub-ADCsand the reference ADC, wherein said

bandwidth information is utilized by a digitally con-
trolled bandwidth equalizer (DCBW)to correct band-

width errors of the interleaved sub-ADCs.

12. The methodofclaim 1, wherein said calibration occurs
fully in the background.

13. A device comprising:
a processing unit for processing an output of a time-inter-

leaved analog-to-digital converter (TI-ADC), said TI-
ADC configured to calibrate an input signal into said

output for said processing unit, said TI-ADC compris-

ing:
a plurality of sub-ADCs, each of said plurality of sub-

ADCs sampling said input signal at specific time
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points specified by a corresponding sampling clock to
generate a subset of digital output signals;

a reference ADC, said reference ADC sampling said

input signal at said specific time points to generate a
reference digital output signal;

a first order high-passfilter, said first order high-pass
filter extracting input derivatives from said input sig-

nal, said input derivatives associated with a skew
equalization of a time skew error;

a second order high-passfilter, said second order high-

pass filter extracting second derivatives from said
input signal, said second derivatives associated with

bandwidth equalization of a bandwidth mismatch;
and

a comparator, said comparator minimizing channel-to-
channel mismatcherror caused by simultaneous skew

equalization and bandwidth equalization, said mini-

mizing enabling correction of signals to each sub-
ADC.

14. A time-interleaved analog-to-digital converter (ADC)
comprising:

aplurality ofinterleaved sub-ADCsconfigured to sample a
commoninput signal, said sampling corresponding to a

clock signal associated with said TI-ADC, each sub-

ADCfurther configured to convert the input signal into
a digital output signal;

areferenceADC configured to sample the input signal, said
reference ADC sampling aligning with said sub-ADC

sampling, the reference ADC further configured to con-
vert the input signal into a digital output signal; and

a calibration unit configured to determine mismatcherrors

between the reference ADC output signal and each sub-
ADCoutput signal, the calibration unit further config-

ured to simultaneously identify (a) a timing skew mis-
match utilizing timing skew estimation circuitry and (b)

an input bandwidth mismatch utilizing input bandwidth

estimation circuitry between each output signal, said
calibration unit further configured to generate correction

signals in accordance with the determined mismatch
errors, said correction signals accounting for said timing

skew andsaid input bandwidth mismatch, wherein the
correction signals are fed back to each sub-ADC.

15. The TI-ADC ofclaim 14, wherein said calibration unit

is further configured to extract input derivatives from the
input signal, and correlate an ensuing conversionerrorto said

input derivatives, said ensuing conversion error is based upon
a correlation function that comprises information derived

from said input signal.
16. The TI-ADCofclaim 15, wherein said input derivatives

are associated with a first order high-passfilter, said input

derivatives corresponding to one of skew equalization and
bandwidth equalization.

17. The TI-ADCofclaim 15, whereinsaid input derivatives
are associated with a second order high-passfilter, said input

derivatives corresponding to one of bandwidth equalization
and skew equalization.

18. The TI-ADC of claim 14, wherein said determination

ofsimultaneously identifying said timing skew mismatch and
said input bandwidth mismatch comprises equalizing each

sub-ADC output to the reference ADC output using direct
input derivative information.

19. The TI-ADC ofclaim 18, wherein said calibration unit
is further configured to:

estimate skew information, said skew information com-

prising a sign ofthe error of the timing skew anderrors
resulting from static path mismatches, wherein said

skew information is utilized by a digitally controlled
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delay element (DCDE)to correct the timingerrors ofthe
interleaved sampling circuits; and

estimate bandwidth information, said bandwidth informa-

tion comprising errors between the bandwidth of the
output signals of the sub-ADCsandthe reference ADC,

wherein said bandwidth information is utilized by a
digitally controlled bandwidth equalizer (DCBW) to

correct bandwidth errors of the interleaved sub-ADCs.
20. The TI-ADCofclaim 19, wherein said calibration unit

is further configured to perform static equalization simulta-

neously with said skew information estimation, said static
equalization comprising comparing the reference ADC out-

put with each interleaved sub-ADC output.
21. The method of claim 1, wherein

the timing skew estimation circuitry comprises a first CR
high-passfilter and a first zero-crossing comparator, and

the input bandwidth estimation circuitry comprises a sec-

ond CRhigh-passfilter and a second zero-crossing com-
parator.

22. The method of claim 21, wherein
the first CR high-pass filter and afirst zero-crossing com-

parator are operatively coupledto a digitally controlled
delay element,

the second CR high-passfilter and the second zero-cross-

ing comparatorare operatively coupled to a bandwidth
adjustmentcircuit, and

the digitally controlled delay element and the bandwidth
adjustmentcircuit are utilized to generate the correction

signals.
23. The TI-ADC of claim 14, wherein

the timing skew estimation circuitry comprises a first CR

high-passfilter and a first zero-crossing comparator, and
the input bandwidth estimation circuitry comprises a sec-

ond CRhigh-passfilter and a second zero-crossing com-
parator.

24. The TI-ADC of claim 23, wherein

the first CR high-pass filter and afirst zero-crossing com-
parator are operatively coupledto a digitally controlled

delay element,

wa
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the second CR high-passfilter and the second zero-cross-

ing comparatorare operatively coupled to a bandwidth

adjustmentcircuit, and

the digitally controlled delay element and the bandwidth

adjustmentcircuit are configured to generate the correc-
tion signals.

25. A time-interleaved analog-to-digital converter (ADC)

comprising:

aplurality ofinterleaved sub-ADCsconfigured to sample a
commoninput signal, said sampling corresponding to a

clock signal associated with said TI-ADC, each sub-
ADCfurther configured to convert the input signal into

a digital output signal;

areferenceADC configured to sample the input signal, said

reference ADC sampling aligning with said sub-ADC
sampling, the reference ADC further configured to con-

vert the input signal into a digital output signal; and

a calibration unit configured to determine mismatcherrors
between the reference ADC output signal and each sub-

ADCoutput signal, wherein

the calibration unit further configured to identify a tim-

ing skew mismatch utilizing timing skew estimation
circuitry between each output signal,

the timing skew estimation circuitry comprises an ana-

log derivative filter to obtain an input signal deriva-
tive, and

said calibration unit further configured to generate cor-

rection signals in accordance with the determined

mismatch errors, said correction signals accounting
for said timing skew mismatch, wherein the correc-

tion signals are fed back to each sub-ADC.

26. The TI-ADC ofclaim 25, wherein the analog derivative
filter comprises a CR high-pass filter and the timing skew

estimation circuitry further comprises a zero-crossing com-
parator.


