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SUMMARY A time-interleaved ADC system is an effective
way to implement a high-sampling-rate ADC with relatively slow
circuits. In the system, several channel ADCs operate at inter-
leaved sampling times as if they were effectively a single ADC
operating at a much higher sampling rate. Mismatches among
channel ADCs degrade SNR and SFDR of the ADC system as a
whole, and the effects of offset, gain and bandwidth mismatches
as well as timing skew of the clocks distributed to the channels
have been well investigated. This paper investigates the channel
linearity mismatch effects in the time-interleaved ADC system,
which are very important in practice but had not been inves-
tigated previously. We consider two cases: differential nonlin-
earity mismatch and integral nonlinearity mismatch cases. Our
numerical simulation shows distinct features of such mismatch es-
pecially in frequency domain. The derived results can be useful
for deriving calibration algorithms to compensate for the channel
mismatch effects.
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1. Introduction

Electronic devices are continuously getting faster and
accordingly the need for instruments such as digitizing
oscilloscopes and LSI testers to measure their perfor-
mance is growing. Analog-to-digital converters (ADCs)
incorporated in such instruments have to operate at
very high sampling rate [1], [2]. This paper studies
the theoretical issues of a time-interleaved ADC sys-
tem where several channel ADCs operate at interleaved
sampling times as if they were effectively a single ADC
operating at a much higher sampling rate [3]–[8]. Fig-
ure 1 shows such an ADC system where each of M chan-
nel ADCs (ADC1, ADC2, . . . , ADCM ) operates with
one of M phase clocks (CK1, CK2, . . . , CKM ) respec-
tively. The sampling rate of the ADC as a whole is
M times the channel sampling rate. Such a time-
interleaved ADC system is an effective way to imple-
ment a high-sampling-rate ADC with relatively slow
circuits, and is widely used. Ideally characteristics
of channel ADCs should be identical and clock skew
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should be zero. However, in reality there are mis-
matches such as offset, gain, bandwidth mismatches
among channel ADCs as well as timing skew of the
clocks distributed to them, which cause so-called pat-
tern noise and significantly degrade SNR (the number
of effective bits) and SFDR of the ADC system as a
whole. In practice, often calibration is required to en-
sure uniformity among the characteristics of the chan-
nels. It is important to clarify such issues which are in-
volved in the design of time-interleaved ADC systems.

In previous studies, the effects of offset, gain, tim-
ing and bandwidth mismatches have been intensively
investigated [9]–[14]. In this paper, we will investi-
gate the linearity mismatch effect. The significance and
complexity of linearity mismatch in practical applica-
tions was pointed out quite recently—during the 13th
Workshop on Circuits and Systems at Karuizawa in
April 2000—by a practicing engineer who actually de-
signs high-speed data acquisition systems using time-
interleaved ADCs.

We will consider two cases (i.e., differential nonlin-
earity (DNL) mismatch and integral nonlinearity (INL)
mismatch cases), and our numerical simulations show
interesting results especially in the frequency domain.
To the best of our knowledge, this is the first full paper
that discusses the linearity mismatch effects [15], [16].

Hereafter, we will use the following notations:
M : number of channel ADCs in the ADC system,
fin: input frequency applied to the ADC system,
fs: sampling frequency of the ADC system,

Fig. 1 Time-interleaved ADC system.
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(b)

(d)

(e)

(c)

Fig. 2 (a) Ideal ADC characteristics and DNL. (b) DNL mismatch example. (c) 8-
channel time-interleaved ADC system. (d) 8-channel interleaved ADC output for a sinu-
soidal input when its channel ADCs have DNL mismatches. (e) Power spectrum of 8-bit
8-channel interleaved ADC output when its channel ADCs have DNL mismatches.

fs/M : sampling frequency of each channel ADC.
Also we note that, for the DNL mismatch case,

channel DNL characteristics in Fig. 12 are used for all
simulations described here, while for the INL mismatch
case channel INL characteristics in Fig. 13 are used; for
example, in a 2-channel interleaved ADC system with
DNL mismatch, DNL characteristics of Figs. 12(a) and
(b) are used for channels 1 and 2 respectively.

2. DNL Mismatch Effects

Suppose that DNLs and INLs of all channel ADCs
are less than 0.5LSB and 1LSB respectively, but their

DNLs (and also INLs) have mismatches. We will call
this case DNL mismatch. Figure 2(a) explains DNL of a
nonideal ADC while Fig. 2(b) shows an example of DNL
mismatches. Figure 2(d) shows simulated 8-channel in-
terleaved ADC output (Fig. 2(c)) for a sinusoidal input
when channel ADCs have DNL mismatches. We ob-
serve so-called “1 LSB noise”. Figure 2(e) shows sim-
ulated power spectrum of 8-channel interleaved ADC
output when channel ADCs have DNL mismatches, and
there does not appear to be any distinct error power
spectrum due to DNL mismatches. However we will
characterize the error power spectrum due to DNL mis-
matches as the quantization noise power spectrum dis-



KUROSAWA et al.: CHANNEL LINEARITY MISMATCH EFFECTS IN TIME-INTERLEAVED ADC SYSTEMS
751

Fig. 3 ADC output waveform reconstruction for a sinusoidal
input (modulo time plot).

(a)

(b)

Fig. 4 (a) Power spectrum of an 8-bit interleaved ADC out-
put without DNL mismatches after modulo time plot. (b) Power
spectrum of an 8-bit interleaved ADC output with DNL mis-
matches after modulo time plot (8-channel case).

tribution.
For a sinusoidal input, we rearrange the ADC out-

put waveform to reconstruct a waveform of one period
using a modulo time plot [17] (which is a similar tech-
nique to equivalent-time sampling, see Fig. 3). Since
the output is reconstructed as a sine wave of one pe-

(a)

(c)

Fig. 5 (a) 4-channel time-interleaved ADC system. (b) Power
spectrum of an 8-bit interleaved ADC output with DNL mis-
matches after modulo time plot (4-channel case).

(a)

(b)

Fig. 6 (a) 2-channel time-interleaved ADC system. (b) Power
spectrum of an 8-bit interleaved ADC output with DNL mis-
matches after modulo time plot (2-channel case).

riod, after its DFT, the signal power spectrum has peak
at the frequency of the first bin (Fig. 4(a)). Also we
observe a power spectrum skirt of quantization noise
around the signal power spectrum as shown in Fig. 4(a).
We note that the quantization noise of even an ideal
ADC is not white for a sinusoidal input and has sim-
ilar power spectrum to Fig. 4(a); it can be analyzed
using Chebysev polynomials [18]. Now let us consider
the DNL mismatch case. Figure 4(b) shows simulated
power spectrum with DNL mismatches after modulo
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Fig. 7 Simulation results of SNR versus fin of an 8-bit 8-
channel interleaved ADC system with DNL mismatches. SNR
of the whole interleaved ADC is almost equal to the average of
channel SNRs (just 0.1 dB below).

(a)

(b)

Fig. 8 (a) Output waveform of a 2-channel interleaved ADC
with DNL mismatches for a DC input. (b) Output power spec-
trum of a 2-channel interleaved ADC with DNL mismatches for
a DC input.

time plot for an 8-channel interleaved ADC, and we can
recognize the quantization noise power peaks around 0,
fs/8, 2fs/8, 3fs/8 and 4fs/8. Figures 5 and 6 shows 4-

(a)

(b)

(c)

Fig. 9 (a) Ideal 8-bit ADC characteristics and INL. (b) INL
mismatch example. (c) 8-bit 8-channel interleaved ADC output
for a sinusoidal input when its channel ADCs have INL mis-
matches.

channel and 2-channel cases respectively. In general for
an M -channel interleaved ADC, the quantization noise
power has peaks around kfs/M , (k = 0, 1, . . . , M − 1);
we found that this is a frequency domain feature of a
time-interleaved ADC with DNL mismatches.
Remark (i) The relationship between the frequency
bins of k (before modulo time plot) and l (after mod-
ulo time plot) is given as k = modN (nl), where N
is the number of output points (DFT points) and
fin/fs = n/N . Then for the original signal (i.e., before
the applying modulo plot algorithm) the error power
peaks due to DNL mismatch are at kfs/M ± nfin

(k = 0, 1, 2, . . . , M − 1;n = 0, 1, 2, 3, . . .).
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 10 (a) Power spectrum of an 8-bit interleaved ADC output with INL but without
INL mismatches for a sinusoidal input. (b) The graph of Fig. 10(a) from 0 to (3/16)fs

of the horizontal axis is shown. (c) Power spectrum of an 8-bit interleaved ADC output
with INL mismatches (8-channel case). (d) The graph of Fig. 10(c) from 0 to (3/16)fs

of the horizontal axis is shown. (e) Power spectrum of an 8-bit interleaved ADC output
with INL mismatches (4-channel case). (f) Power spectrum of an 8-bit interleaved ADC
output with INL mismatches (2-channel case).

(ii) The fact that the quantization noise for the si-
nusoidal input is not white even for an ideal ADC, but
it has peaks at n-th order harmonics and they tend to
decrease as n increases can be intuitively interpreted
as follows: it is well-known that in general the output
power of a slightly nonlinear system for a sinusoidal
input has peaks at n-th order harmonics and they de-
crease as n increases. Since the quantization is slightly

nonlinear operation if DNL is not large, the similar ef-
fect is observed in this case.

(iii) Regarding the total SNR of a time-interleaved
ADC with DNL mismatches, our simulation results
show that SNR of the whole interleaved ADC is almost
equal to (slightly below) the average of channel SNRs
(see Fig. 7).

(iv) For a DC input, our simulation shows that
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pattern noise whose power spectrum are at kfs/M ,
(k = 0, 1, . . . , M − 1) is caused (see Fig. 8), and this
effect is similar to the offset mismatch case [9], [10].

(v) In this paper we only describe the simulation
results for DNL mismatches in Fig. 12. However, we
have tried extensive simulations for other DNL mis-
match cases, and we have found that the same argu-
ments above also hold in these cases.

3. INL Mismatch Effects

Next let us consider the case that channel ADCs have
considerable amount of INLs (not necessarily less than
0.5LSB) and also their INLs can be mismatched. We
will call this case INL mismatch. Figure 9(a) explains
INL of a nonideal ADC while Fig. 9(b) shows an ex-
ample of INL mismatches. Figure 9(c) shows simu-
lated 8-bit 8-channel interleaved ADC output for a si-
nusoidal input when its channel ADCs have INL mis-
matches, where pattern noise is observed. Figures 10(a)
and (b) show simulated power spectrum of an 8-bit
interleaved ADC output with INL (but without INL
mismatches), and we observe harmonic power bands at
kfin (k = 0, 2, 3, 4 . . .). On the other hand, Figs. 10(c)
and (d) show simulated power spectrum of an 8-bit 8-
channel interleaved ADC output with INL mismatches,
and we see that error power peaks are at frequen-
cies of kfs/8 ± nfin (k = 0, 1, 2, 3;n = 0, 1, 2, 3, . . .).
Figures 10(e) and (f) show 4-channel and 2-channel
cases respectively. Note that simulated power spec-
trum results in Fig. 10 are for ADC outputs without
modulo time plot processing. In general for an M -
channel interleaved ADC, the error power has peaks at
kfs/M ±nfin (k = 0, 1, 2, . . . , M − 1;n = 0, 1, 2, 3, . . .),
and for a given k, the power bands at kfs/M + nfin

Fig. 11 Simulation results of SNR versus fin of a 8-bit 8-
channel interleaved ADC system with INL mismatches. SNR
of the whole interleaved ADC is much worse than the average of
channel SNRs.

and kfs/M − nfin are equal. We found that these are
frequency domain features of a time-interleaved ADC
with INL mismatches.
Remark (i) For ADC outputs without modulo time
plot processing, the error peaks due to the INL mis-
match are at kfs/M±nfin (k = 0, 1, 2, . . . , M−1;n =
0, 1, 2, 3, . . .) and these are located at the same frequen-
cies as in the DNL mismatch case. These error power
frequencies can be considered as the result of the inter-
modulation between the input frequency fin and the

Fig. 12 DNL examples of an 8-bit ADC used for simulation.
(a) Channel 1. (b) Channel 2. (c) Channel 3. (d) Channel 4.
(e) Channel 5. (f) Channel 6. (g) Channel 7. (h) Channel 8.
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Fig. 13 INL examples of an 8-bit ADC used for simulation.
(a) Channel 1. (b) Channel 2. (c) Channel 3. (d) Channel 4.
(e) Channel 5. (f) Channel 6. (g) Channel 7. (h) Channel 8.

channel ADC sampling frequency fs/M .
(ii) Our simulation results for the total SNR of a

time-interleaved ADC with INL mismatches show that
SNR of the whole ADC is much worse than the average
of channel SNRs, but the average of channel SNRs is
better than the worst SNR of the channel ADCs (see
Fig. 11).

(iii) The fact that the SNR due to the DNL mis-
match is almost the average of channel SNRs while that
due to INL mismatch is far below their average can be

interpreted as follows; in the DNL mismatch case, we
assume that DNL and INL are less than 0.5LSB and
1LSB respectively, which results in small nonlinearity.
Thus the ADC system can be approximated as a linear
system and hence its SNR is almost the average (i.e., su-
perposition is almost valid). On the other hand, in the
INL mismatch case, we assume that each channel may
have large INL and hence the ADC system is strongly
nonlinear and its SNR is much worse than the average.

(iv) DNL mismatch is related to quantization,
while INL mismatch is not. INL mismatch is related
to interleaved sampling systems, so applies not only
to interleaved ADC systems but also to interleaved
track/hold circuits (see Fig. 12).

(v) In this paper we only describe the simulation
results for INL mismatches in Fig. 13. However, we
have tried extensive simulations for other INL mis-
match cases, and we have found that the same argu-
ments above hold also in these cases.

4. Conclusion

We have analyzed the channel linearity mismatch ef-
fects in the time-interleaved ADC system, which are
very important in practice but have not been inves-
tigated yet. We considered two cases: INL and DNL
mismatch cases. Our numerical simulation showed their
distinct features, especially in frequency domain as well
as SNR. Finally we note that we are investigating dig-
ital compensation algorithms for linearity mismatches
in the time-interleaved ADC system to improve its SNR
and SFDR as an on-going project.
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