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Abstract—Time-Interleaved Analog-to-Digital Con-
verter (TIADC) is a promising approach to meet the re-
quirement of high speed wireless communication systems.
However, mismatches between the channels of TIADCs
generate unwanted distortions at the output spectrum.
This paper demonstrates a fully digital background
calibration technique to identify and compensate three all
deviations which are offset, gain and timing mismatches
for TIADCs. In which, offset mismatch is corrected by
computing the average of the output samples of each
channel. The gain and timing mismatches are compen-
sated by using LMS algorithm and the modulation matrix
m [n]. The simulation results show that the performance
of the ADC is improved by 41.32 dB for SNDR and 64.6
dB for SFDR.

Index Terms—channel mismatches, TIADC, output
spectrum

I. INTRODUCTION

Wide-band applications require high speed and low

power Analog-to-Digital Converters (ADCs). To fulfill

this requirement, TIADC architecture is an efficient

solution to increase the overall system sample rate,

while keeping high accuracy [1]. A TIADC is a single

converter having higher sampling rate [2], [3], because

TIADC consists of M channel ADCs, these ADCs take

the sample at the same rate but interleaved time, as in

Fig. 1.

Regrettably, the performance of TIADC is sensitive

to channel mismatches, i.e., offset, gain and timing

mismatches [1] as in Fig. 2. These mismatches affect

the amplitude and frequency of the input signal, gen-

erate unwanted distortions in the output spectrum and

thus decrease the signal-to-noise and distortion ratio

(SNDR) and the spurious-free dynamic range (SFDR)

[4]. Currently, gain mismatch and timing mismatch

have been corrected [5]–[11]. Papers [5]–[7] analyzed

two-channel TIADC systems, [8]–[11] calibrated only

timing mismatch, [11] considered four-channel system

and corrected timing and gain mismatches but not

offset mismatch. In this paper, we propose a method

for correcting three deviations: offset, gain and timing
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Fig. 1. Structure and Timing diagram of TIADC with M channels.

Fig. 2. The channel mismatches in TIADC.

mismatches to improve the performance of TIADC M

channels.

The remainder of this paper is organized as follows.

In Section II, the TIADC model with offset, gain and

timing mismatches is reviewed. Section III demon-

strates a fully digital background calibration technique

for channanel mismatches. The simulation results are

given in Section IV. Finally, conclusion is included in

Section V.

II. SYSTEM MODEL

An M -channel TIADC with each sub-ADC being

characterized by the offsets om, the gains gm and the

relative timing deviation rmTs for m = 0, 1, ...,M−1,

as shown in Fig. 3. The offset mismatch arises because

of the addition of a different offset in each sub-ADC,

the gain mismatch is caused by the difference in
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Fig. 3. An M -channel TIADC with channel mismatches.

gain of the channels while timing mismatch is due to

imprecision of the sampling pulse between channels

that leads to uneven sampling.

The input signal is bandlimited X
(
jΩ

)
= 0, with

|Ω| ≥ B and B ≤ π
Ts

, TIADC here has M -channel,

the output can be written as

Y
(
ejω

)
=

M−1∑
k=o

(
αk

(
ej(ω−k 2∗π

M )
)
X

(
ej(ω−k 2∗π

M )
))
(1)

+
1

M

M−1∑
m=0

ome−jk 2∗π
M

where

ak
(
ejω

)
=

1

M

M−1∑
m=0

gmermHd(ejω)e−jk 2π
M

m (2)

and

Hd(e
jω) = jω, ω ∈ [−π;π] (3)

is the frequency response of an ideal discrete-time

differentiator [12]. If the TIADC is ideal, it means

TIADC has no mismatches, we have om = 0, gm = 1
and rm = 0. Because time offsets rm are small

compared with Ts, we can apply the Taylor expansion

for component ermHd(ejω), and ignore the high-order

component, we get

ermHd(ejω) ≈ 1 + rmHd

(
ejω

)
(4)

Getting (4) for (1) and taking the inverse discrete-

time Fourier transform of (1), the output y[n] can be

written as

y [n] = G0x [n] + e [n] (5)

where e [n] is the error which is given due to offset,

gain and timing mismatches.

III. PROPOSED METHOD

Error e [n] in (5) can be written as a vector

e [n] = cTg xg [n] + cTr xr [n] + om (6)

where om, cg and cr are the offset mismatch coef-

ficients vector, gain mismatch coefficients vector and

timing mismatch coefficients vector, respectively. The

proposed technique performs offset mismatch correc-

tion before gain and timing mismatches correction.

A. Offset calibration

Assume that ôi is the estimate of the offset oi of the

ith channel ADC, quantization values are small and

can be neglected. To calibrate the offset mismatch, the

offset ôi of the individual channel ADC is estimated.

Assume that the input signal is Wide-Sense-Stationary

(WSS), expected value of the input is approximately

zero, i.e.

1

N

N−1∑
k=0

(
1 + gi

)
x
((
kM + i

)
Ts + ri

)
≈ 0 (7)

By averaging the output of each sub-ADC over N

samples, the offset estimate of the ith sub-ADC is

given as

ôi =
1

N

N−1∑
k=0

yi
[
k
]

(8)

=
1

N

N−1∑
k=0

((
1 + gi

)
x
((
kM + i

)
Ts + ri

)
+ oi

)

=
1

N

N−1∑
k=0

(
1 + gi

)
x
((
kM + i

)
Ts + ri

)
︸ ︷︷ ︸

≈0

+oi ≈ oi

Here if N is small, the estimated value ôi does not

cling to oi , so N must be large enough in order to

ôi reach oi, resulting in the output being eliminated

offset mismatch, as shown in Figure 4. The value N

is large enough, depending on the type of input signal,

for example signal in IV requires N ≥ 26.

Once estimated offset is known, offset mismatch

induces error which is the second term of (1) can

be subtracted from the sub-ADC output to generate

the correct signal as shown in Fig. 4. Consequently,

the output of TIADC consist of gain and timing mis-

matches which will be calibrated, the detail is shown

in the follow part.
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Fig. 4. Offset mismatch calibration for each sub-ADC.

B. Analysis signal only consisting gain and timing

mismatches

The signal without offset mismatch is written as

Y
(
ejω

)
=

M−1∑
k=o

(
αk

(
ej(ω−k 2∗π

M )
)
X

(
ej(ω−k 2∗π

M )
))
(9)

Fig. 5 shows the facilitated model of discrete-time

system of an M -channel TIADC.

And (6) becomes

e [n] = cTg xg [n] + cTr xr [n] (10)

where cg and cr are written as (11) and (12)

cg =
(
�{G1} ,�{G1} , ...,�{G1} ,�{G1} , ...,

�
{
GM

2
−1

}
,�

{
GM

2
−1

}
, GM

2

)T
(11)

cr =
(
�{R1} ,�{R1} , ...,�{R1} ,�{R1} , ...,

�
{
RM

2
−1

}
,�

{
RM

2
−1

}
, RM

2

)T
(12)

where � (x) and � (x) are the real part and the

imaginary part of x, respectively.

Gk =
1

M

M−1∑
m=0

gme−jk 2∗π
M

m (13)

Rk =
1

M

M−1∑
m=0

gmrme−jk 2∗π
M

m (14)

whereas xg [n] and xr [n] are the modulated signal

vector and the modulated and differentiated signal

vector, respectively, as (15) and (16)

xg [n] = m [n]x [n] (15)

xr [n] = m [n]x [n] ∗ hd [n] (16)

m[n]
xg[n]

m[n]
xr[n]

hd[n]

x[n] y[n]

e[n]

cg

cr

G0

Fig. 5. The simplified model of discrete-time system.

with

m[n] =
(
2cos

(
1
2π

M
n
)
,−2sin

(
1
2π

M
n
)
, ...,

2cos
(
k
2π

M
n
)
,−2sin

(
k
2π

M
n
)
, ..., (17)

2cos
((M

2
− 1

)2π
M

n
)
,−2sin

((M
2

− 1
)2π
M

n
)
,

(−1)n
)T

and hd(n) is the impulse response of the ideal discrete-

time differentiator.

C. Structure of gain and timing mismatches calibra-

tion

In this part, the blind estimation structure using the

LMS algorithm [13] is shown in Fig. 6. As discussed

above, by estimating the gain and timing offset coeffi-

cients vector, cg and cr, respectively, the error vector

e [n] is estimated. This error is then subtracted so that

the input signal is restored according to the following

x̂ [n] = y [n]− ê [n] = G0x [n] + e [n]− ê [n] (18)

In the blind correction method, the input signal x(n)
is unknown, the output signal y(n) of TIADC is used

instead of x(n) in (10), (15) and (16) to estimate the

error signal.

Therefore, we have

ê [n] = ĉg [n] yg [n] + ĉr [n] yr [n] (19)

where
yg [n] = m [n] y [n]
yr [n] = m [n] y [n] ∗ hd [n]

(20)

The LMS algorithm minimizes the average squared

error function E
{
ε2 (n, ω)

}
where E represents the

mean, μ is the adaptive step factor and ε [n] is the

error after the signal passes through a high pass filter

as Fig. 6.
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m[n]

yg[n]

m[n]

yr[n]
hd[n]

y[n]=G0x[n]+e[n]

Mismatch Estimation 
using LMS
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[n]�rc

�[ ]e n

�[ ]x n

[ ]f n[ ]n�

Fig. 6. Gain and timing mismatches calibration structure.

The procedure to implement the LMS algorithm

1. Initialize: n = 0, ĉg [0] , ĉr [0] , μ
2. For n = 0 to L do

3. ê [n] = ĉTg [n] yg [n] + ĉTr [n] yr [n]
4. x̂ [n] = y [n]− ê [n]
5. ε [n] = x̂ [n] ∗ f [n]
6. ĉg [n] = ĉg [n− 1] + με [n] yg [n]

ĉr [n] = ĉr [n− 1] + με [n] yr [n]
7. End for

IV. SIMULATION RESULTS

To show the effectiveness of the proposed method,

the simulated results of an four-chanel TIADC with

the sampling frequency of 2.7GHz is shown, assuming

that channel 0 have no mismatches, is the reference

channel, is indicated in Table I. The input signal is

bandlimited with a variance σ = 1 and 220 sample and

using LMS algorithm with adaptive step μg = 2−10 ,

μr = 2−12 and a 33-tap fixed FIR filter. The signal-

to-noise ratio is calculated according to equation (21),

(22) for y [n] and x̂ [n] as [14]

SNRy = 10 log
10

( ∑N−1

n=0
|G0x [n]|

2∑N−1

n=0
|G0x [n]− y [n]|

2

)
(21)

TABLE I
THE TABLE OF CHANNEL MISMATCH VALUES

Sub Channel mismatches
ADC om gm rm
ADC0 0.026883 0 0

ADC1 0.091694 0.0037618 0.00098039Ts

ADC2 -0.11294 0.0082516 0.00007280Ts

ADC3 0.043109 0.0042512 -0.00090824Ts
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Fig. 7. Output spectrum of four-channel TIADC before and after
offset calibration.
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Fig. 8. Output spectrum of four-channel TIADC before and after
calibration in gain and timing.

SNRx̂ = 10 log
10

( ∑N−1

n=0
|G0x [n]|

2∑N−1

n=0
|G0x [n]− x̂ [n]|

2

)
(22)

The simulation results in Fig. 7 and Fig. 8 show that

the effect of mismatches in the output spectrum of the

TIADC with the proposed correction technique have

been eliminated. The SNDR after calibration is 60.56

dB, gives an enhancement of 41.32 dB compared to the

unrecompensed output which is 19.24 dB, this factor

is only 34.1dB improvement in [14]. The SFDR after

calibration is 84.79 dB, shows an increase of 64.6 dB

compared to the unrecompensed output which is 20.19

dB. Thus, the performance of TIADC is significantly

improved.

The convergence of the estimated offset coefficients

om, the estimated gain coefficients cg and the estimated

timing coefficients cr are shown in Fig. 9, Fig. 10 and

Fig. 11, respectively. As can be seen, after 26 samples,

213 samples and 214 samples, the offset coefficients

ôm, the gain coefficient ĉg and the timing coefficients

ĉr, respectively, have converged.
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ô1
ô2
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Fig. 9. The convergence of the offset mismatch coefficients ôm.
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Fig. 10. The convergence of the gain mismatch coefficients ĉg .
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Fig. 11. The convergence of the timing mismatch coefficients ĉr .

V. CONCLUSION

This paper presented an efficient method to calibrate

the offset, gain and timing mismatches in an M -

channel TIADC. Compared with the other papers, a

system to compensate three all channel mismatches

was proposed. The input signal is bandlimited WGN,

the results of an 4-channel TIADC that has demon-

strated a higher improvement in the SNDR and SFDR

were simulated.
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