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Abstract—This brief presents an overview of recent background timing mismatch calibration techniques in timeinterleaved ADCs. Regarding the methods of detecting timing
skew, the brief divides the existing methods into two categories:
a) strategies based on deterministic equalization and b) techniques based on the statistical information of the input signal.
Similarly, we can also divide timing skew correction into analog
tuning and digital processing. The brief reviews previous works
comparatively with these different methods and summarizes their
pros and cons.
Index Terms—Time-interleaved, ADC, timing mismatch, background, calibration.
Fig. 1. A survey of the state-of-the-art TI and Non-TI Nyquist ADCs SNDR
@ high input frequency (fin,hf > 0.5GHz) [4].

I. I NTRODUCTION
N A TIME-INTERLEAVED (TI) ADC structure the linear increase of the sampling frequency with the number of channels leads to a linear growth of the power
consumption [1]–[3] with its utilization in a wide variety of
high-speed applications. The speed (fsnyq ), the signal bandwidth (fin,hf ) and the accuracy (SNDR) are the most critical
performance parameters for high-speed wide-band ADCs.
Fig. 1 exhibits the signal bandwidth (fin,hf ) and SNDR of the
wide-band GHz (fin,hf > 0.5GHz) ADCs published in ISSCC
and VLSI from 1997-2021 [4], it also highlights that the TI
topology is the only one that well balances accuracy and speed.
Besides, the TI architecture has distinct advantages not only in
performance but also in power efficiency. The scatter plot in
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Fig. 2. A survey of the state-of-the-art TI and Non-TI Nyquist ADCs high
frequency Walden FOM vs. sampling frequency (fsnyq > 1GHz) [4].

Fig. 2 classifies the high-speed ADC with TI and non-TI architecture based on their Walden FOM (FoMW,hf ) and sampling
frequency (fsnyq ). At high-speed (fsnyq > 1GHz) applications
the TI-ADC has obvious advantages in power consumption
when compared with the non-TI ADC.
However, there are various types of mismatches between
sub-ADCs in the TI architecture, including offset, gain,
the troublesome timing mismatch [5]–[6] and bandwidth
mismatch [7]–[8]. When compared with the previous two
phenomena, timing mismatch induces errors that change,
simultaneously, with the amplitude and frequency of the input
signal. This characteristic turns the error generated by the timing mismatch worse at higher input signals frequency, thus
complicating its calibration [5]–[6]. On the other hand, the
bandwidth mismatch usually is not a major problem for most
applications in terms of speed and resolution [7]–[8], when
compared with the timing mismatch errors.
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Fig. 3. (a) Block diagram, and (b) timing diagram of a TI ADC with a
reference.

We can categorize timing mismatch calibrations into
foreground [9]–[11] and background [1], [12]–[44]. Compared
to the foreground calibration, the background calibration does
not interrupt the regular operation of the ADC during the
calibration process [45]–[46]. Therefore, the background calibration can track the process, voltage, and temperature changes
over time. In recent years, we assisted to the sound development of the background timing-mismatch calibration, with
many interesting and effective methods proposed.
For calibration, we naturally divide them into two stepsdetection and correction. There are two types of correction methods for timing skew: analog and digital. The
analog way uses the tunable delay line in the sampling clock [1], [12]–[28]. The difference between different works in the analog domain is the adjustment of the
resistance [1], [12]–[13] or the capacitance [14]–[28] of the
delay circuits. Almost all existing designs [29]–[44] that adopt
digital correction assume first-order equivalence of the slope
of signal, and directly use the product of timing skew (t)
and signal’s derivative ( dVdtin ) in the digital domain to eliminate
errors caused by timing mismatch.
The timing-skew detection method is more complicated
than the correction. To facilitate the discussion in this
review, we will roughly divide it into two categories:
a) based on deterministic equalization [14]–[16], [27]–[33],
discussed in Section II; b) the statistical information of the
input signal [1], [12]–[13], [17]-[26], [34]–[44], presented in
Section III. This brief will use this mainline to introduce and
compare such calibration methods in Section IV.
II. D ETECTION BASED ON D ETERMINISTIC
E QUALIZATION
Using an additional converter for the equalization as a reference to correct various non-ideal factors of the ADC is a
direct and effective method [45]–[46], in the context of timingskew detection implementation. The M-channel TI-ADC from
Fig. 3(a) incorporates a reference converter working at Nfs (fs
is the sampling frequency), where M and N are prime to each
other [14]–[16]. Fig. 3(b) presents an example of the timing
diagram for a 4-channel TI ADC using an f5s reference ADC. In
this way, the falling edge of the sampling clock of the reference ADC will coincide ADC1,2,3,4 one by one, thus we can
compare the sampling clocks of four individual channels with
the reference clock of the ADC reference channel.
However, the reference ADC will lead to additional power
consumption and area. Moreover, the reference converter
changes the TI-ADC input impedance periodically, and it will
produce the extra signal-dependent spurs. To avoid the use of a
reference ADC implies the wide adoption of a split structure in

Fig. 4.
ADC.
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(a) Block diagram and (b) timing diagram of a 3/4-channel split TI

Fig. 5. Block diagram of timing mismatch calibration for a 4-channel TI
ADC with a reference (digital correction).

Fig. 6.

Block diagram of 25-taps digital differentiator.

a pipeline ADC, which divides it into two identical parts that
reference each other, avoiding other references [47]. Similar
to this concept, we can also split a TI ADC into two parts: A
and B, with the same overall sampling frequency but different channel numbers [31], [33]. Fig. 4 presents an illustrative
example of a 3/4-channel split TI ADC, where the sample
falling edge of ADCA1/A2/A3/A4 and ADCB1/B2/B3 will meet
each other after every 12 master clock cycles. Moreover, there
is a similar structure successfully used in a TI-sub-ranging
architecture [16].
Fig. 5 illustrates the principles of detecting timing mismatch based on the least mean square (LMS) search [29].
The reference converter ADCR will meet each sub-channel
ADC1/2/3/4 every 20 cycles, and a multi-path switch works at
fs
4 × 20
to choose the output DR,out from the reference channel.
By minimizing the difference “e” between the sub-ADC and
the reference ADC, the algorithm updates the coefficient of
mismatch factors to obtain
dV in (t)
t(new) = t(old) + 2μ ·
·e
(1)
dt
where the step size μ controls the convergence speed and accuracy of the LMS search. Since the error caused by timing
mismatch can be equivalent to the product of the timing skew
(t) and signal slope dVdtin in the first-order approximation, how
to obtain the signal slope becomes a very important problem
in the context of timing-skew detection.
A digital differentiator composed of an FIR filter can get the
slope of the input signal dVdtin accurately [29], [31], [33]–[37].
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Fig. 7. (a) Concept and (b) implementation block diagram of the analog
estimation for the input signal slope.

However, this scheme has some intrinsic limitation because
it cannot work properly when the input signal is near or
exceeds the Nyquist frequency. The digital differentiator can
work in a wider range of Nyquist frequencies by increasing the number of taps for the FIR filter [34]. By adding a
Hilbert filter (Fig. 6), the digital differentiator can extend its
function at frequencies beyond Nyquist [31], [33], [35]–[37].
However, both increasing the number of taps and adding additional Hilbert filters posed significant challenges to area and
power consumption of the digital hardware [35]–[37]. In fact,
in most of the previous works, digital differentiators consume the largest portion of chip area and power of the entire
calibration circuit [33]–[37].
In addition to the digital differentiator, there is another
scheme to obtain the slope of the signal [14]–[15]. Through
two ADCs that sample, the same input but have different
bandwidths to determine the difference between two ADCs.
Fig. 7(a) shows the basic concept of this idea, where the
increase of the resistance intentionally lowers the bandwidth
of the low-pass RC circuit. Thus, the transfer function from the
input signal to the difference of the voltages on the capacitors
(VOUT1 and VOUT2 ) becomes [15]
sCR
(2)
D(s) =
(1 + sCR)[1 + sC(R + R)]
the result is similar to a differentiator. In addition to the reference ADC required, there is an additional ADCT in the
scheme. By adding a resistor to the sampling network in
ADCT , the sampling bandwidth is different from that of the
reference ADCR . Then, the difference between ADCT and
ADCR allows the estimation of the signal slope. This method
can only determine the slope of the signal when sampling the
reference ADCR , not all positions. Therefore, this scheme is
only suitable for correction using analog tuning.
III. D ETECTION BASED ON S TATISTICAL I NFORMATION
Except for the method based on deterministic equalization,
we can naturally obtain timing skew based on the input signal’s
statistical information. Due to different theoretical principles,
this type of detection we roughly divide it into the following
two categories.
A. Based on the Variance
For circuits based on a flash-assisted TI-SAR
structure [17]–[18], which use the high-speed flash ADC
to process coarse MSBs it also serves as the reference for
the TI-SAR. From Fig. 8, the flash ADC resolves 3.5-bit
MSBs at full speed (S ), and then the 8-ways TI-SAR (1 ,
2 , . . . 8 ) resolves the remaining 7-bit LSBs. Like most
sub-ranging ADCs, this configuration has a redundancy bit
between the flash ADC and the TI-SAR. The flash ADC and

Fig. 8.

Block and timing diagrams of the Flash-assisted TI-SAR ADC.

Fig. 9. Conceptual diagram of the timing mismatch detection for the Flashassisted TI-SAR.

the SAR ADC sample the input simultaneously. Assuming
the flash ADC is accurate, it confines the SAR searching
range between 32 and 96 LSBs of the SAR. However, due
to the timing skew, the SAR ADC samples different values
of the input from the flash ADC, thus the searching range
will be beyond the nominal range (32 to 96). The ideal case
confines the SAR conversion 7-bit output (DL(SAR) ) to the
nominal range, with a uniform density. On the other hand,
with the timing skew, some of the DL(SAR) will be beyond
this range and will increase the histogram variance (Fig. 9).
The expression of the variance of the DL(SAR) can be [18]




VAR DL(SAR),i [n] = VAR DChannel,i [n] − DFlash,i [n] (3)
where DFlash,i [n] and DChannel,i [n] are the digital output of the
flash ADC and the final digital output to the corresponding ith SAR channel. If we ignore the influence of the quantization
noise on the variance, we can get the following result,




VAR DL(SAR),i [n] = E (Vin (nT + t) − Vin (nT))2


dVin 2
2
≈ t E
(4)
dt
Therefore, we can use the variance of DL(SAR) to detect the
timing mismatch.
In [19]–[22], they use a single-comparator-based window
detector to replace the flash ADC in [17]–[18] as a reference
for the TI-SAR ADC. It explores the relationship between the
comparator input and its decision time to identify the ADC
input that is close to the threshold. The window detector samples the analog input at full speed. Due to the timing mismatch,
different channels correspond to different distributions of the
output codes for the window detector, and we can use such
information to extract the timing skew.
B. Based on the Autocorrelation Function
Some works also focus on the characteristics of the autocorrelation function of the signal and then put forward several
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Fig. 10. (a) A low-pass wide-band random signal and (b) its autocorrelation
function.
Fig. 12. Timing mismatch calibration based on digital-mixing for a twochannel TI ADC.

Fig. 11. Timing mismatch estimation and correction principles based on
R’(τ )|τ =0 = 0.
Fig. 13.

schemes to detect the timing mismatch by using their corresponding features. Fig. 10 shows the waveform of the ideal
low-pass wide-band random signal with a uniform spectrum
in the 1st Nyquist band and its autocorrelation function. The
autocorrelation function R(τ ) has a maximum at τ = 0,
and naturally, the derivative of the autocorrelation function
R (τ )|τ =0 = 0. Based on this feature, a direct method is to add
a reference channel and use the output of the reference and
the corresponding sub-ADC to obtain the autocorrelation function. The autocorrelation function is the maximum if there is
no timing mismatch between the corresponding sub-ADC and
the reference [23]–[26]. The work in [26] adds a simple comparator as reference; we obtain the autocorrelation function
by averaging the output of the comparator and the output of
the corresponding sub-ADC. It then adjusts the corresponding
delay line at the front end of the sub-ADC sampling combining it with the LMS algorithm, furthermore, we can search the
maximum value of the autocorrelation function.
The work in [34] uses the feature that R (τ )|τ =0 = 0 to
obtain a timing skew t. From Fig. 11, by averaging the product of the output of the sub-ADC under calibration and the
corresponding derivatives at this sample, the derivatives of the
auto-correlation function will become,


R (t) = E yk (nT)yk (nT + t)


≈ E yk (nT)(yk (nT) + t · yk (nT))
= t · E[yk (nT) ]
2

(5)

Then, we can extract the timing skew t from (5), with the
timing mismatch error ε = t · yk (nT) subtracted from the
mean stream yk in the digital domain (Fig. 11). This method
does not require an additional reference and it also avoids
the feedback loop, but its large limitation is the accuracy of
yk (nT). In addition, to use the characteristics of the autocorrelation function at τ = ±t, we can also use its characteristics
at τ = TS ± t, thus originating the method of “digital mixing” [1]. Fig. 12 illustrates the timing mismatch analysis for
a two channel TI ADC, ADC1 samples at 1 with the digital
output of y1 (odd samples) and ADC2 at 2 with y2 (even
samples), with 2 skewed from the ideal value by t. From

Block diagram to obtain R (TS ).

Fig. 12(b), by moving average (MA) y1 [k] · y2 [k − 1] and
y1 [k − 1] · y2 [k − 1], we can obtain R(TS + t) and R(TS − t),
respectively. Therefore, for a small value of timing skew t,
we can derive the difference between two terms as [1],
Dt = R(TS + t) − R(TS + t)
= E(y1 [k] · y2 [k − 1]) − E(y1 [k − 1] · y2 [k − 1])
≈ 2t · R (TS )
(6)
which is proportional to the timing skew t. With the
information of the polarity for t, [1], [12], [13] use a tunable
delay line in the sampling clock until the value of Dt is small
enough. Different from the method of averaging the product in [1], [13] adopted the method of averaging the absolute
value of the difference to detect the timing skew as,




E (y1 [k] − y2 [k − 1])2 − E (y2 [k − 1] − y1 [k − 1])2
≈ 4t · R (TS )
∝ E(y1 [k] − y2 [k − 1]) − E(|y2 [k − 1] − y1 [k − 1]|) (7)
thus, it avoids the multipliers in [1].
The detection methods in [1], [12]–[13] only obtain the
polarity of the timing skew and not the accurate value, so
it can only apply to the analog-based delay tuning, but not
directly in the fully digital calibration. To facilitate the fullydigital calibration, it is necessary a more accurate estimate of
the absolute value of the timing-skew. The works in [38]–[39]
add delta-sampling auxiliary ADCs to measure the product of
the timing skew multiplied by the input slope to obtain the
digital correction. The work in [40] uses the digital derivative
filter to get the slope of the input. It allows it to obtain the
derivative of the auto-correction function R (TS ) (Fig. 13) as,


R (TS ) ≈ R (TS + t) + R (TS − t) /2
 

= E y1 [k] · y2 [k − 1] + E y1 [k − 1] · y2 [k − 1] /2 (8)
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TABLE I
P ERFORMANCE AND BASIC P RINCIPLES C OMPARISON

structure but, generally, they have specific requirements
for the input signal [1], [12]–[13], [34]–[37]. On the other
hand, for the timing mismatch error correction, the analog
tuning [1], [12]–[28] avoids power-hungry digital calibration
circuits [29]–[44], but requires a tuning clock delay line, usually using a high resolution (6-8b) capacitor or resistor DAC
for each channel. Digital correction does not need to change
any analog part of the TI-ADC, then it has better adaptability. However, the implementation of the digital part usually
accounts for a considerable portion of area and power consumption when compared with the TI-ADC itself [29]–[44].

Fig. 14.

Fully-digital timing mismatch calibration based on digital-mixing.

then, the accurate value of timing skew it can recover is the
following,
t ≈

Dt
.
2R (TS )

(9)

In this way, we can achieve fully-digital calibration
(Fig. 14) without reference or auxiliary channels.

V. C ONCLUSION
In this brief, we briefly divided the detecting timing mismatch method into two categories, based on the deterministic
equalization or the statistical information of the input signal. Two methods can eliminate the error caused by timing
mismatch: a) a correction in the digital domain; b) analog tuning by adjusting the sampling delay line. Like the two-sides
of a coin, these methods have various advantages, problems,
and shortcomings. Therefore, this brief introduced, analyzed,
and summarized the various solutions proposed by different
authors in recent years from multiple perspectives of different
techniques, circuit implementations, and applications.
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