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ABSTRACT This paper presents a correlation-based all-digital background estimation method for timing
skew mismatches in time-interleaved analog-to-digital converters (TI-ADCs). Exploiting the first-order
approximation of an autocorrelation function of the digital output of each Sub-ADC, the timing skew
mismatch between adjacent channels is identified, which can be used for analog or digital correction
methods. The proposed estimation method has a low computation complexity and a simple implementation
structure, because it basically only requires multiply-accumulate and average operations. In addition, the
proposed method is not limited in the number of channels, does not need any pilot injection, is basically
suitable for any bandlimited analog input signal, possess a large estimation range of mismatches and
is immune against gain and offset mismatches to a certain extent. Simulation results of a four-channel
TI-ADC behavioral model and measurement results from a commercial 12-bit 3.6-GS/s TI-ADC show the
effectiveness and superiority of the proposed estimation method.

INDEX TERMS Time-interleaved, ADC, timing skew, background calibration, correlation-based,
estimation.

I. INTRODUCTION
Since the performance of amonolithic ADC in any IC process
is limited by factors such as the regeneration time of the com-
parator and settling time of the amplifier [1], time-interleaved
analog-to-digital converters (TI-ADCs) have been proposed
and widely used to meet the increasing operating rate of mod-
ern wideband communication systems (e.g., broadband satel-
lites, radars and optical communication systems) [2]–[4].
As shown in Fig. 1, a TI-ADC uses multiple identical
sub-ADCs for parallel sampling to achieve higher sam-
pling rates. Every sub-ADC, driven by equally phase-shifted
clocks, has a sampling rate of fs/M , where fs and M are the
overall sampling rate and the interleaving factor of TI-ADCs,
respectively. Ideally, the parameters among the channels
should be identical. However, due to some inherent defects
(leading to offset, gain and timing-skew mismatches) in the
system, the performance of TI-ADC is deteriorated seri-
ously [5]. The solutions for correcting offset and gain mis-
matches are fairly straightforward, but the timing-skew still
presents a challenge [6], [7]. It is more difficult to estimate as
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it depends on the input frequency. Although the timing-skew
can be alleviated by a careful layout design, timing-skewmis-
match cause a strong effect in high-frequency applications.
For instance, for a B-bit TI-ADC with a sinusoidal input,
the tolerable standard deviation of timing skew mismatch 1
is about [8]

1 =

√
M

M − 1
·

2

3 · 22B · (2π fin)2
(1)

where fin is the frequency of input sinusoidal and M is the
interleaving factor. For example, for a 12-bit four-channel
TIADC, when the input sinusoidal signal frequency is 1GHz,
the skew mismatch it can tolerate is only about tens of fem-
toseconds. However, in the context of high-speed and high-
resolution design, even with a reasonable layout and a careful
manufacturing process, it is difficult to meet this requirement.
Therefore, in highspeed and high-resolution application sce-
narios, the timing skewmismatch1 between sub-ADCsmust
be reduced by some means until it meets (1) at least. There is
straightforward solution that adopts the architecture of two-
rank sample and hold (S/H) circuit to mitigate timing skew
mismatch. The first-rank S/H circuit, however, restricts the
whole operating rate of the TI-ADC system [9].
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FIGURE 1. Block diagram of the TI-ADC system.

Therefore, post-calibration is essential in the design of
high-performance TI-ADCs. The process for timing skew
mismatch calibration can be divided into two steps: estima-
tion and correction. In relative terms, the estimation is more
important since it is a prerequisite for the correction. For
the correction of timing skew mismatches many useful solu-
tions have already been found, such as setting variable delay
lines (VDLs) or voltage adjustment circuits in the analog
domain [10]–[18], or digital correction filters in the digital
domain [22]–[24] [30], [31].

To extract timing skew mismatches, various estimation
techniques have been reported. In [10]–[12], several fore-
ground timing-skew calibration methods are presented. The
timing skew mismatches can be extracted by injecting a
test signal to the TI-ADC, but these techniques are unsuit-
able for real-time system since the ADC system cannot
resume normal operation until the calibration is complete.
To cope with the shortcoming of the foreground estimation
techniques, the timing skew mismatches estimation meth-
ods for operating in the background, i.e., without interrupt-
ing the normal conversion, have been reported [13]–[36].
There are several background estimation techniques pre-
sented in [13]–[16], that use an auxiliary ADC as a timing
reference. Two auxiliaryADCs are used in [13], for extracting
derivative information and as ideal reference channel, respec-
tively. In [14], the correlation between the output signal of
sub-ADCs and the reference ADC can be used to estimate the
timing skew mismatch. In [15], a sign-equality-based timing
skew estimation scheme is proposed with a dedicated ADC as
a virtual-timing-reference. Despite the effectiveness of this
type of approach, additional auxiliary ADCs can increase
hardware overhead and power consumption significantly.
In view of the drawback, a timing skew estimation method

without separate timing reference ADC is proposed in [16].
According to the structural characteristic of the Flash TISAR
ADC, the Flash ADC in its structure is used as a reference
to estimate the timing skew error. However, this method only
works for specific architectures and the first-level Flash ADC
limits the sampling rate of the overall TI-ADC. In order to
avoid the use of auxiliary ADCs, some simplified analog-
assisted-based timing skew estimation techniques are intro-
duced in [19]–[21]. In [19], a phase detection-based timing
skew estimation scheme is proposed which uses a comparator
to determine the phase relationship between the sampling
clock of sub-ADCs and the master clock to estimate the
timing skew. In [20] and [21], zero-crossing detection-based
estimation techniques are reported to address the timing
skew errors. By utilizing a comparator-based zero-crossing
window detection (WD) circuit and combining the variance
and mean absolute deviation (MAD) of sub-ADC’s outputs
in the digital domain, the timing skew mismatch is estimated.
In fact, for the methods based on a comparator in the analog
domain, its own non-ideal factors will reduce the accuracy
of the timing skew mismatch estimation. Additionally, the
estimation method with analog-assisted circuits is difficult to
track process, voltage and temperature (PVT) variations con-
tinuously. Therefore, dedicated circuits need to be designed to
resist the negative impact of caused by PVT. In addition, due
to the slew rate of the comparator, this method is not suitable
for ultra-high-rate TI-ADCs.

In the end, all-digital background timing skew estimation
techniques seems to be the most ideal approach [26]–[35].
It can compatible with various given processes and adapt
to changes in temperature and voltage, avoiding many
potential defects of the analog-assisted estimation method.
Correlation-based error estimation algorithms are one of
the most effective methods to solve the timing skew mis-
match problem [26]–[30]. In [26], a cross-correlation based
method is proposed to detect the timing skew mismatch, but
this method is only suitable for the case of two channels.
In [27], the authors utilized the similarity between frequency
response mismatch (FRM) and in-phase/quadrature-phase
(IQ) imbalance to calibrate the mismatch errors in a four-
channel TI-ADC. An estimation design for FRM adapting a
multitap version of a circularity-based algorithm for IQ signal
processing is proposed. However, for compliance with the
IQ method working on the complex baseband signal, have
to transform the real signal from the TIADC output into
an IQ type one, using Hilbert filtering and fs/2-modulation.
In addition, this method is only applicable to four-channel
TIADC. In view of the shortcomings of the limited number of
applicable channels, the cross-correlation-based estimation
techniques have been further developed for an arbitrary num-
ber of channels in [28]– [32]. In [28], it obtains the transfer
function of each channel by injecting a series of sinusoidal
signals with a priori information, and uses WLS theory to
design FIR correction filters to eliminate various mismatch
errors, thereby greatly improving the SFDR of TIADC. But
this method needs to work under certain prior information,
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and the filter bank needs to be designed. In [29], it regards the
TI-ADC output with channel mismatch as a linear periodic
time-varying (LPTV) model, and obtains two sets of LPTV
systems based on autocorrelation method to estimate the
parameters that cause the frequency response mismatch in
the model. However, its normal work needs to be established
under certain prerequisites, that is, the mismatch spurious and
effective signal must meet a specific frequency relationship.
For [30]–[32], all of those techniques involve complex matrix
calculations, which means many computational expensive
operations are required. In addition, a derivative filter is
needed to obtain the first-order derivative of the digital out-
puts, which further increases the hardware overhead. In [33],
timing-skew is estimated by a technique directly operates
on the probability density function (PDF). The timing skew
error can be extracted according to the difference between
the probability distribution of adjacent channels. Although it
is innovative and effective, the implementation structure is
relatively complicated and has a certain degree of sensitivity
on the probability distribution of the input signal. There is
also a pseudo-aliasing-generation-based algorithm, by means
of generated basis aliasing functions from the output of
TI-ADC intentionally, the timing skew mismatch can be
adaptively cancelled [34], [35]. However, in the work of [34],
the Hadamard transform is employed to generate the pseudo
aliasing signal, which limits the algorithm to be valid only for
TI-ADC systems with a specific number of channels (e.g., 2,
4, 8,. . . ). This limitation is addressed in [35] and achieved
significant effects. But it is invalid when the frequency of
input single-tone at 0.25fs and requires additional design
of Hilbert filters. Moreover, the implementation architecture
of such methods is complex and occupies hardware resources
severely. In summary, compared to the developed timing skew
mismatch correction methods the estimation methods still
have shortcoming to resolve.

In order to avoid the above limitations in the prior tech-
niques, this paper proposed an all-digital correlation-based
background timing skew estimation technique for TI-ADCs.
Compared with previous methods, its advantages are as
follows:

• Suitable for TI-ADCs with any number of channels.
• No need to inject any auxiliary pilot signals.
• No need to use any analog-assisted circuits or reference

ADC channels.

• No need to use any digital filters for the estimation
process.

• Wide range estimation of timing skew.
• Simple structure and low hardware resources.
• For convergence only a few samples are needed.

The remainder of this paper is organized as follows.
In Section II, the TI-ADC model with timing-skew mis-
match is described to facilitate understanding the proposed
method, which introduced in detail in Section III. Simula-
tion and experimental results are given in Section IV. The
impact of offset and gain mismatches on the estimation is

FIGURE 2. Schematic diagram of time signal with (a) ideal sampling and
(b) timing skewed sampling.

investigated in Section V, followed by the conclusion in
Section VI.

II. MISMATCH MODEL OF TI-ADCs
In order to facilitate the understanding of the proposed cal-
ibration algorithm in this paper, the mismatch model of
TI-ADC needs to be analyzed first. The schematic diagram
of TIADC sampling ideally for continuous time signal x(t) is
shown in Fig. 2 (a). The adjacent sampling instants are kept
at the same interval, i.e., the sampling period Ts. Fig. 2 (b)
demonstrates the sampling diagram of TIADC when there
are timing skew mismatches, where τi is defined as the tim-
ing skew of the corresponding Sub-ADC. Therefore, tim-
ing skew mismatch indicates that there is a difference in
timing skew between Sub-ADCs. In this paper, we define
the timing skew mismatch between adjacent Sub-ADCs as
follows

1τi = τmod(i+M−1,M ) − τi (2)

where i = 0, 1, 2, . . . ,M − 1.
Fig. 3 shows a mismatch model of an M-channel TIADC

with a sampling rate of fs = 1/Ts. For an ideal TI-ADC, the
offsets (osi) and the gains (gi) of each sub-ADC are identical,
i.e., osi = 0 and gi = 1, where i = 0, 1, 2, . . . ,M − 1.
Moreover, as shown in Fig. 2(a), the sampling instants ti of
each sub-ADC is

ti = (kM + i) · Ts (3)

Therefore, the digital output of i-th sub-ADC can be
expressed as

yi[k] = x ((kM + i) · Ts) (4)

The output of the TI-ADC is obtained by multiplexing the
output of each sub-ADC, such that

y[n] = ymod(n,M )

[ n
M

]
(5)

45732 VOLUME 9, 2021



X. Li et al.: Background Correlation-Based Timing Skew Estimation Method for Time-Interleaved ADCs

FIGURE 3. Mismatch model of TI-ADC systems.

FIGURE 4. System architecture of proposed calibration technique.

where d·e indicate ceiling operation. Unfortunately, each sub-
ADC is affected by different offset osi, gain gi, and timing-
skew τi, as shown in Fig. 3. Hence, yi[k] in equation (4) can
be rewritten as

yi[k] = gi · x ((kM + i) · Ts + τi)+ osi (6)

III. PROPOSED CALIBRATION METHOD
A. SYSTEM-LEVEL OVERVIEW
The calibration proposed in this paper belongs to an all-digital
background technique. The system-level architecture of the
proposed calibration method is depicted in Fig. 4. It is
assumed that there are no offset and gain mismatches. The
impact of offset and gain mismatches on the estimation is
investigated in the Section V. The entire calibration frame-
work is mainly composed of a corrector and an estimator,
which both work in the digital domain. The digital output
of the TI-ADC with timing skew mismatch y[n] is corrected
by the corrector to obtain a calibrated signal with reduced
timing skew mismatches ỹi[k]. The correction parameters C̃i
required by the corrector are provided by the estimator. The
adaptation algorithm adaptively adjusts the estimated timing
skew mismatch information so that it gradually converges to
the difference of timing skew between adjacent channels, and
finally eliminates the mismatches by the corrector to make
the timing skew value of each channel identical. The adaptive
update equation for the timing skewmismatch calibration can
be expressed as

C̃i[k + 1] = C̃i[k]− µ · Ci[k] (7)

where k = 0, 1, 2, 3, . . ., and µ is the iteration step factor
which usually between 0 and 1.

Once the correction parameters C̃i is known, a correc-
tor is needed to eliminate errors caused by timing skew
mismatch. Since this paper focuses on the estimation method,
for the corrector, we adopt a differentiator-multiplier-cascade
(DMC) based correction method [24]. However, this esti-
mation method can be adapted to many correction or com-
pensation methods. There are several ways to correct the
sampled input signal y[n]. In the analog domain, usually
by setting variable clock delay lines (VDLs) [10]– [17].
In the digital domain, digital filter banks are usually
used [22]– [25] [30], [31].

B. DIGITAL ESTIMATION METHOD
1) DERIVATION
For the sake of simplicity, we neglect offset and gain mis-
matches. Hence, the system model in (6) reduces to

yi[k] = x ((kM + i) · Ts + τi) (8)

First, we consider the products of adjacent channels and
calculate their expected value

Ai = E
(
ymod(i+M−1,M )[k] · yi[k]

)
= E (x ((kM + mod(i+M − 1,M )) · Ts
+ τmod(i+M−1,M )

)
· x ((kM + i) · Ts + τi)

)
= Rx

(
Ts + τmod(i+M−1,M ) − τi

)
= Rx (Ts +1τi) (9)

where i = 0, 1, 2, 3, . . . ,M − 1 and E(·) represents the
expectation value. Then we end up with the autocorrelation
function Rx . Second, we approximate the autocorrelation
function at Ts by the first order derivative, i.e.,

Ai ≈ Rx (Ts)+
(
τmod(i+M−1,M ) − τi

)
· Rx (Ts)

= Rx
(
Ts)+1τi · R′x (Ts) (10)

The second term of equation (10) represent the timing skew
mismatch information between adjacent channels. By adding
up allM expected values Ai, Rx(Ts) can be calculated by, (11)

Rx (Ts) =
1
M

M−1∑
i=0

Ai (11)

since the sum of all is zero by the definition (2).
Finally, the correction parameters of timing skewmismatch

can be obtained as

Ci = Ai+1 − Rx (Ts)

= Ai+1 −
1
M

M−1∑
i=0

Ai

= (τi − τi+1) · R′x (Ts)

= 1τi · R′x (Ts) (12)

where i = 0, 1, 2, 3, . . . ,M − 2 and R′x (Ts) < 0 because the
autocorrelation function is strictly decreasing for any (Ts) >
0. Consequently, the timing skew mismatches between adja-
cent channels can be detected by observing the sign of (14).
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FIGURE 5. Block diagram of (a) The proposed timing skew mismatch
estimator and (b) The DMC-based corrector.

If Ci < 0, then τi+1 < τi, and if Ci > 0, then τi+1 > τi.
Therefore, we can use (14) to obtain the sign of the timing
skew mismatch for each channel and use this information to
adaptively correct all mismatches.

Note that we use only M − 1 observations (C0,C1, . . . ,

CM−2) here instead of M. The proposed method focuses
on the timing skew mismatches between adjacent channels,
and accordingly M − 1 observations reflect the entire mis-
match information between all M channels. For example,
for a 4-channel TI-ADC, only three observations need to be
observed i.e.,

C0 = (τ0 − τ1) · R′x (Ts) (13)

C1 = (τ1 − τ2) · R′x (Ts) (14)

C2 = (τ2 − τ3) · R′x (Ts) (15)

2) IMPLEMENTATION
First, we assume that the output sequence of TIADC is a
wide-sense weakly stationary process [37]. The module-level
implementation of the proposed method applied to a four-
channel TI-ADC is shown in Fig. 5(a). It can be designed
through several multipliers, adders and averagers. The calcu-
lation of the expected value Ai is implemented as an average

TABLE 1. Parameters setting for TI-ADC model.

of L values of the time series

Ai ≈
1
L

L∑
l=1

ymod(i+3,4)[l] · yi[l] (16)

where L is the number of samples for each calculation of
the average. Therefore, a moving average can be employed
to obtain the expected value Ai. However, the conventional
moving average implementation requires dedicated memory.
In this paper, we use a more advanced moving average imple-
mentation instead, as shown in Fig. 5(a). The output of the
averagers can be expressed as

Ai[k] = Ai[k − 1]+
(Pi[k]− Ai[k − 1])

L
(17)

where Pi[k] is the product between the outputs of adjacent
channels.

The advantage of this way is that previous samples need
not be stored. Furthermore, due to L is an integer-power
of two number normally, the division can be achieved by a
simple shift operation, rendering avoiding the use of a divider.
Fig. 5(b) shows the DMC-based corrector we used, which
uses Taylor approximation to eliminate the high-order error of
the mismatch signal. The corrector consists of discrete-time
differentiators and time-varying multipliers. After the correc-
tion parameters Ci[k] are obtained by the estimator, they will
be sent to time-varying multipliers of the corrector for signal
reconstruction. A detailed description of this corrector can be
found in [24].

IV. EXPERIMENTAL RESULTS
A. SIMULATION RESULTS
To verify the effectiveness of the proposed estimation
method, a four-channel TI-ADC behavioral model described
in Table 1 has been performed and simulated in MATLAB.
Moreover, thermal noise is introduced into the simulated
TI-ADC, and its variance is the same as the quantization
noise. The differentiator-multiplier-cascade (DMC) based
correction method (with two stages) in [24] is employed to
correct the timing skew mismatch.

For a single-tone signal input at 0.347·fs, the output spectra
of the TI-ADC before and after calibration is shown in Fig. 6.
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FIGURE 6. Spectra of TI-ADC output before/after calibration for a single
tone input at 0.347fs.

FIGURE 7. Convergence curves of estimated timing skew coefficients.

FIGURE 8. Spectra of TI-ADC output before/after calibration for a
multitone input.

All timing skew induced spurs are well suppressed and the
SNDR and SFDR are improved from 29.5 dB and 31.3 dB to
74.0 dB and 96.3 dB, respectively. The estimated timing skew
convergence curve corresponding to Fig. 6 is shown in Fig. 7.
Compared with the preset value, the proposed estimation
method can accurately extract the timing mismatch error, and
the required number of samples is only about 4000. Fig. 8 and
Fig. 9 show the comparison of the spectrum of TIADC output
before and after calibration in the case of multi-tone and
random signal input, respectively. All spurs caused by timing
skew mismatch are well suppressed after calibration.

FIGURE 9. Spectra of TI-ADC output before/after calibration for a random
signal input.

FIGURE 10. SNDR and SFDR versus different input sinusoidal frequencies
without and with calibration.

FIGURE 11. SNDR and SFDR versus different timing skew mismatches
without and with calibration.

Fig. 10 demonstrates the SNDR and SFDR of TIADC
versus different input sinusoidal frequencies. For almost the
entire Nyquist domain, the proposed algorithm can maintain
an improvement of at least 20 dB. The attenuation at the
near Nyquist input is caused by the frequency response of
the filter in corrector [24]. The relationship between SNDR
and SFDR and different timing skewmismatches is illustrated
in Fig. 11. The proposed calibration method can achieve
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FIGURE 12. SNDR and SFDR versus different interleaving factors M
without and with calibration.

FIGURE 13. Block diagram of the measurement setup.

an improvement of 30dB for SNDR and 50dB for SFDR,
even in the case of serious timing skew mismatch. We also
simulated the proposed method under different number of
interleaving factor (M = 2, 3,. . . , 12, 16, 32, 64, 128) when
input frequency at 0.457 · fs, as shown in Fig. 12, and the
results show that the dynamic performances of TIADC in
each case has been greatly improved.

B. MEASUREMENT RESULTS
The proposed timing skew mismatch calibration method
is verified by employing a commercial 12-bit 3.6 GSPS
TI-ADC evaluation board (ADC12D1800RFRB), which pro-
duced by Texas Instruments [38]. The data sheet of this
evaluation board claims that it is a two-channel TIADC.
In fact, each channel consists of two Sub-ADCs, so it is
actually a four-channel TI-ADC. It has a Double Edge Sam-
pling (DES) mode, which can realize interleaved sampling of
the entire converter. Manual analog timing skew adjustment
can be performed on chip via a 7-bit control register. Our
experiment uses the DES-I mode and sets the timing skew
to the maximum mismatch (i.e., 7b’1111111). In addition,
the offset and gain mismatch are all completed by on-chip
calibration. The block diagram of the entire measurement
system is shown in Fig. 13, and Fig. 14 is a photograph
of the actual measurement environment. The input sig-
nal and sampling clock signal are generated by Keysight’s
N5182B and N5183B, respectively, and their frequencies are
1.442GHz and 3.6GHz. The TI-ADC chip is set to timing
skew mismatch mode through the control register in the

FIGURE 14. Laboratory measurement environment.

FIGURE 15. (a) Spectra of TI-ADC output before/after calibration for real
samples. (b) Convergence curves of TI-ADC’s ENOB.

control software. In this way, the digital outputs with timing
skewmismatch are sent to the computer for processing by the
proposed calibration method.

For the real sampling outputs of the TI-ADC evaluation
board, Fig. 15(a) and Fig. 15(b) show the comparison of
the output spectrum with and without calibration and the
improvement of the TI-ADC chip ENOB during calibra-
tion process, respectively. After calibration, both SNDR and
SFDR have been significantly improved. The effective num-
ber of bits (ENOB) has also been increased from 5.2 to around
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7.6 when L = 64, slightly lower than the 8 bits described
in the data sheet [38] due to the performance limitation
of the bandpass filters. Table 2 illustrates the performance
comparison between the proposed method and the other
state-of-the-art correlation-based estimation methods. The
proposed method shows better superiority in comprehensive
performance.

V. ASSESSMENT: EFFECTS OF OFFSET AND
GAIN MISMATCHES
The above is described on the premise of no offset and
gain mismatches. This subsection discusses their impact
on the proposed method separately. According to the
equations (8)-(12) in the section II,Ci in Fig. 5(a), when there
are offset (oi) and gain (1gi) mismatches, can be expressed
as

Ci,o = Ai+1 −
1
M

M−1∑
i=0

Ai

≈ Rx (Ts)+1τi · R′x (Ts)+ omod(i+M−1,M ) · oi

−Rx (Ts)−
1
M

M−1∑
i=0

omod(i+M−1,M ) · oi

= 1τi · R′x (Ts)+ omod(i+M−1,M ) · oi

−
1
M

M−1∑
i=0

omod(i+M−1,M ) · oi (18)

and

Ci,g = Ai+1 −
1
M

M−1∑
i=0

Ai

≈ (1+1G) ·
(
Rx (Ts)+1τi · R′x (Ts)

)
− Rx (Ts)

−
1
M

M−1∑
i=0

1G ·
(
Rx (Ts)+1τi · R′x (Ts)

)
= 1τi · R′x (Ts)+1G ·

(
Rx (Ts)+1τi · R′x (Ts)

)
−

1
M

M−1∑
i=0

1G ·
(
Rx (Ts)+1τi · R′x (Ts)

)
(19)

respectively, where

1G=1gi+1gmod(i+M−1,M )+1gi ·1gmod(i+M−1,M ) (20)

i = 0, 1, . . . ,M − 2 and 1gi = gi − 1. By comparing
with (12), both the offset and gain mismatch will intro-
duce some interference terms into the estimation process.
However, we want to know whether the estimation method
can still maintain good results under different degrees of
offset and gain mismatches. In this regard, we simulate the
proposed calibration method in the presence of offset and
gain mismatches, respectively. Offset mismatch is set to obey
a normal distribution with a mean value of zero, and the
standard deviation of the mismatch varies from 0.01 to 0.1.
The gain mismatch is set to follow a normal distribution
with a mean value of one, and the standard deviation of the

TABLE 2. Comparison of the state-of-the-art correlation-based
estimation methods.

FIGURE 16. (a) Offset and (b) gain mismatch versus the effect of the
proposed method.

mismatch varies from 0.005 to 0.05. The residual difference
between the estimated and actual timing skew values of
each channel is used to characterize the performance of the
proposed technique, and each difference is an average value
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FIGURE 17. (a) Offset and (b) gain mismatch versus the effect of the
proposed method.

of 100 simulation results (L = 64). The simulation result
is shown in Fig. 16, which shows the effect of the proposed
estimation method under different degrees of offset and gain
mismatch. It can be found that the estimated values of timing
skew still maintain high accuracy until the mismatch standard
deviations of offset and gain are greater than 0.03 and 0.01,
respectively. Unlike Offset, the gain mismatch directly affects
the correlation function itself, as shown in equation (19),
so the proposed estimation method is less tolerant to it than
the offset mismatch. This is also verified in Fig. 17, which
shows the SNDR and SFDR corresponding to Fig. 16. In the
case of slight mismatch, the impact of offset on SNDR and
SFDR is less than gain mismatch.

VI. CONCLUSION
In this paper, an all-digital background calibration method
for timing skew mismatch in TI-ADCs has been presented.
Correlation-based digital timing skew mismatch estimation
and differentiator-multiplier-cascade based correction are
combined to achieve accurate timing skewmismatch identifi-
cation and effective distortion tones suppression. It is suitable
for the case of any interleaved channels, and neither requires
pilot input signals nor additional auxiliary ADC channels.
Compared with the other correlation-based methods, it has a
simpler implementation framework and less hardware con-
sumption. The simulation results show that the proposed
method can effectively improve the performance of TI-ADC
for various types of input signals and various degrees of tim-
ing skew mismatch. The SFDR and SNDR are improved by
more than 40 dB and 20 dB at least, respectively. In addition,

even in the case where there is a certain degree of offset
and gain mismatch, the proposed method still maintains a
high estimation accuracy. The measurement results based on
a commercial TI-ADC evaluation board demonstrate that the
proposed method is also effective on real samples with timing
skew mismatch.
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