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Abstract—Time-interleaved analog-to-digital converters
(TIADCs) are widely used in multi-Gigabit communication
systems due to their high conversion rates. In practice, the
offset, gain, and time-skew mismatch of TIADC significantly
degrade the performance of an OFDM-TIADC system. It is also
the case that the addition of channel coding can even degrade
the system further. In this brief, we analyze the modulation
error floor caused by mismatches and propose a two-stage
background joint mismatch calibration using Least-square
estimation to detect the offset and gain mismatches, and the
time-skew mismatches are estimated by golden-section search.
This method significantly reduces the bit error rate (BER) and
improves the reliability of the OFDM-TIADC system.

Index Terms—OFDM, time-interleaved analog-to-digital con-
verter (TIADC), mismatches estimation, background calibration.

I. INTRODUCTION

RTHOGONAL frequency division multiplexing
(OFDM) is widely used in wired and wireless broad-
band communication systems [1]. The authors in [2] state
that OFDM is a promising technology for optical commu-
nications, and the optical OFDM system increases the data
rate to 100Gb/s and beyond; thus, it requires a high-speed
analog-to-digital converter (ADC) at the receiving end.
Time-interleaved analog-to-digital Converter (TIADC) is
widely used in the OFDM systems due to its high conversion
rates, e.g., [3]-[5]. However, the TIADC is sensitive to offset,
gain, and time-skew mismatches due to the process, voltage,
and temperature (PVT) variations [6]. The performance
of OFDM-TIADC system is usually limited by these mis-
matches. The effect of these mismatches on the bit error rate
(BER) of the OFDM-TIADC system is analyzed in [5], [7].
Some mismatch calibration algorithm is proposed to relax the
TIADC limitation in [8]-[12].
In communication modulation, the convolutional code is
usually used to correct the bit error in a bit stream for the
OFDM system [13], [14]. In theory, it can correct the bit error
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caused by the TIADC mismatches, but these convolution cod-
ing techniques are designed to tolerate the expected worst-case
BER and fail to work at all or make the BER curve worse if
the BER is above the threshold. Therefore, the existence of
the TIADC mismatches may make the convolutional code fail
to work or make the worse results.

In this brief, we analyze the error floor as a function of
offset, gain and time-skew mismatch standard deviation sep-
arately allowing us to set correction targets for each of these
imperfections. This tolerable mismatch level can serve as a
guideline for circuit designers to do the digital signal process-
ing and hardware design. We use the (2, 1, 7) convolution code
as per the IEEE 802.11a standard [15] for the modulation and
find the expected worst-case of BER is approximately 0.09.
The mismatches may make the BER higher than the threshold,
which makes the performance of the OFDM system worse due
to the coded system.

We propose a two-stage digital background calibration
to estimate the mismatches from TIADC. The estimation
algorithm is divided into offset and gain estimation and
time-skew estimation. We ignore the time-skew mismatch to
estimate the offset and gain mismatches using the Least-
square estimation, which implies that the decision feedback
mechanism and channel estimation. After compensating off-
set and gain errors, the time-skew mismatch is explored by
a gold-section search. In the correction block, the offset and
gain mismatch is corrected by the addition and multiplication
operations. The time-skew mismatch is corrected by variable
delay lines (VDLs) [8], [9]. The digital background calibra-
tion significantly reduces the BER of the OFDM system,
and it also ensures the BER is below the threshold of the
coded system to improve the reliability of the communication
system.

This brief is organized as follows: the OFDM-TIADC
system math model is introduced in Section II. Section III
proposes the digital estimation algorithm for offset, gain, and
time-skew mismatches. The correction structure is mentioned
in Section IV. The simulation result on the MATLAB is
presented in Section V. Finally, the conclusion is shown in
Section VI.

II. OFDM & TIADC MODEL

Fig. 1 shows a block diagram of an OFDM system using
an M-channel TIADC at the receiving end [4].
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Fig. 1. Block diagram of an OFDM-TIADC system with decision feedback

mechanism and channel estimation techniques [4].

The transmitting signal, x[r], can be expressed as following:
N—1

J2mkn
x[n] = —

Xie V- 1
k=0

where the X is the bit stream with quadrature modulation,
e.g., PSK and QAM. The N is the number of subcarriers.

In Fig. 1, assuming the impulse response of cascading the
transmit filter, channel, and receiver filter is A(#) in this system.
We define the sampling rate of TIADC is T, and n(¢) is inde-
pendently and identically distributed (i.i.d.) AWGN noise with
noise spectral density Ny caused by the communication chan-
nel. When the receiver gets the signal, the signal, r(f), can be
written as:

N—1
r(t) = Y x(t)h(t — nT) + (1)
n=0
1 V= N— ,
J2mnk
= Z Z h(t —nT)e N + (1)
k=0 n=0
j2m kt kt n
_ ke’m Z h(t — nTye~ % 4 3(1)
k 0 n=0
N—1
1 Pkt
=% XiHie NT + n(1) (2
k=0

Then the signal goes into an M-channel TIADC with offset,
gain, and time-skew mismatches, and the output of the TTADC
can be expressed as:

r[n] =

1+ Nl 2k(nttm)
J2k(n+t,
Ng” 3" XeHie ™ W + 0y + nln] 3)
k=0

where

A
On = Om(modM)

&m(modM)

> 1>

Tm(modM)

Observing (3), the interference caused by offset mismatch is
independent of r[n], which is easy to estimate using the Least-
square estimation and corrected by the addition operation.
The gain and time-skew mismatches cause signal-dependent
interference that complicates the receiver signal and jointly
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affect the signal result. We propose a digital background
calibration by addressing the gain and time-skew mismatches
separately in Section III.

III. MISMATCH ESTIMATION

In this section, we propose a two-stage digital mismatch
estimation algorithm. The first stage is offset and gain estima-
tion using the Least-square estimation and the second stage is
using golden-section search to detect the time-skew mismatch.

A. Offset and Gain Mismatches

We define s[n] = y Zk 01 Xy Hye . If the s[n] were
know we could compute the following set of values:

2rk(nt1tn)
N

¢[n] £ rlnl/sln] )

These relate to the gain and offset errors as follows:
¢lnl =14 g+ on/sinl + 1'[n] (%)
where we redefined the noise term as n'[n] = nln] /s[n]

which can be considered to be another i.i.d. additive noise
contribution.
This can be written as the following matrix equation:

1 g+1 ,
d A 6
lag{ []} M 0 }’L" ©

where g and o are vectorized! versions of gn, and o, respec-
tively and A is the N x M matrix defined as:

z-|a

Initial estimates g and o for g and o respectfully can be
obtained via a pseudo inverse of (6) provided the s[n] are
known. Specifically we compute the estimates as follows:

17

where the s[n] are the s[n] computed using prior knowledge
of the X and the Hj and by letting the 7, = 0. This implies
the use of a decision feedback mechanism and a channel esti-
mation block. The Z is Z computed with 5[n] rather than s[n]
as previously defined. Final estimates of g, 0, and t,, will be
computed in a later processing step.

(1 e
dlag{ m }A] Y/ @)

B. Time-Skew Mismatch

For time-skew mismatch estimation, we compensate the off-
set and gain mismatch at first; thus, the (3) for m'™ sub-ADC
can be rewritten as:

A H[nM 4+ m] — oy
1 + &m
N—

Z

k=0

™ [n]

jan( (nM+m)+rm)

7™ [n]

IUnless otherwise stated, all vectors are column vectors.
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Algorithm 1: The Golden-Section Search to Find the 7,
That Minimizes a Real Value Function f(7,,)

1 Let: L and U be Lower and Upper possible values of 7,
resp., and let x; = L+ (1 — §)(U — L), and
X =L+8(U — L) where § = ¥3=L.
do
if f(x1) < f(xp) then
U=x
X2 = X1
x1=L+({1-8)U-L)
else
L= X1
X1 = X2
x»=L+48U—-L)
end
while U — L > ¢ & k < max iterations;
if f(x1) < f(x2) then
‘ =

Tn = X1

e e NN R W N

—
>

e
W N -

else
‘ T = X2
end

e
N S W

N-l J2rktm (m)
=Y auime ¥ +1"n] (®)
k=0

27 k((nM+m))
where &, k,m) £ I%Xkaej N .
Rrkim 5
We define s™[n] £ Zivz_ol oz(n,k,m)ej ~ . The %, can be
obtained by a minimum squared error (MSE) approach as

follows: [4]

N—1
2
T, = argmin Z ‘r(’”) [n] — s"[n] )

Tm n=0

We propose the use of a golden-section search to efficiently
obtain the solution of this MSE problem statement (9). The
golden-section search algorithm is described in Algorithm 1
where the parameters L and U are initial lower and upper
bounds for each 1,,. For example, if the time-skew has a stan-
dard deviation of 10% then we would set L = —0.3 and
U = 0.3 to obtain a 3-sigma solution. € is the termination
condition when the interval is less than it. Fig. 2 demonstrates
the convergence of the error to zero where 1000’s of ran-
domly generated time skews errors were simulated. For a value
of € = 107% we found that typically the algorithm requires
approximately 36 iterations. For this simulation we used an
OFDM system with 256 sub-carriers each containing 16-QAM
and the SNR is 25 dB.

IV. MISMATCH CORRECTION

For the mismatch correction, the addition and multiplication
operations easily correct the offset and gain mismatches. In
some TIADC calibration methods, e.g., [8], [9], variable delay
lines (VDLs) can introduce small timing delay to the clock
path to compensate the time-skew mismatch. Adjusting the
configurations of these VDLs based on time-skew estimation
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Fig. 2. The evaluated error during the iterations for 8-channel TIADC with
10% time-skew mismatch under 25 dB SNR AWGN.
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Fig. 3. The M-channel TIADC system with adjusting VDL to compensate
the time-skew mismatch.

values to keep all sub-ADCs have the same timing delay. The
complete TIADC correction structure is depicted in Fig. 3.

Note that the VDLs are only capable to correct the time-
skew mismatch in their dynamic correction range. If the t,, lies
the outside of the correction range, the VDLs’ performance
will degrade. The authors in [16] propose the selection of
time-reference affects the time-skew correction range. Usually,
many applications use the one of the sub-ADC as time refer-
ence, e.g., [11], [12], and the authors in [16] proposes a time
reference, which can minimize the time-skew correction range
for every sub-ADC, and it is expressed as:

N Max, ({tin}) — Ming, ({Ty})
B 2

We define the dynamic correction range of VDL is A and the
target yield is 1, which can be written as:

r

(10)

N2 P(tm—rl <A YO <m< M) (11)

Fig. 4 depicts the statistic model of the two time reference
selections. The detail of analysis statistic is introduced in [16].
Assuming the correction range of VDL is 0.027;, using the
proposed time reference in (10) making the target yield are
more than 95%; however, using the any one sub-ADC as time
reference can only reach 60%.

V. SIMULATION RESULT

The simulation results are carried out using an OFDM-
TIADC system with each sub-carrier having independent
channel gain drawn from a Rayleigh fading random process
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Fig. 5. The error floor versus the standard deviation of offset, gain, and
time-skew mismatch.

having unity average gain. This independent sub-carrier gain
assumption is not realistic but, as we are also assuming perfect
channel-state-information (CSI) in the receiver, it allows us to
perform comprehensive simulations relatively quickly rather
that having to perform each simulation over the very long time
windows that would be required to average out the effects of
correlated fading. In the golden-section search algorithm, we
set the € = 10~% and the maximum number of iterations is 36.

Our experiment includes three parts; firstly, we plot the error
floor as a function of offset, gain and time-skew mismatch
standard deviation separately allowing us to set correction
targets for each of these imperfections. Next we test the
performance of the calibration algorithm for different-order
QAM constellation sizes (on each sub-carrier) using a typical
values of offset, gain and time-skew mismatch standard devia-
tion. Finally, we analyze the impact of the proposed calibration
algorithm on convolutional coded system.

A. Error Floor

Fig. 5 depicts the effect of offset, gain, and time-skew mis-
match on the BER of the OFDM system. The error floor versus
mismatches standard deviation (std) is based on an 8-channel
TIADC. From Fig. 5, we argue that the system can tolerate
the std of offset mismatch is below 0.01, the std of gain mis-
match is below 0.07, and the std of time-skew mismatch is
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system with FFT size is 256 employing 4-QAM, 16-QAM, 32-QAM, and
64-QAM constellation.
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Fig. 7. The BER with/without calibration in 8-channel TIADC for OFDM
system with FFT size is 1024 employing 4-QAM, 16-QAM, 32-QAM, and
64-QAM.

below 0.02. Thus, we set the std of offset, gain and time-
skew mismatches are 0.05, 0.15, and 0.1, respectively, for the
following simulations.

B. Calibration Test

Fig. 6 depicts the performance of the proposed algorithm in
an 8-channel TIADC for the OFDM system with the FFT size
is 256 employing 4-QAM, 16-QAM, 32-QAM, and 64-QAM
constellation. The digital calibration algorithm significantly
reduces the BER for the system and removes the error floor
caused by mismatches. Fig. 7 repeats the same experiment
with Fig. 6 but different FFT size. It is clear that the digital
calibration still has a good result that reduces the BER for the
OFDM-TIADC system suffering from mismatches.

C. Coded Systems

To mitigate various channel and/or implementation errors
communication systems employ channel coding prior to the
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guide the circuit design. This calibration technique is veri-
fied by an OFDM-TIADC system with each sub-carrier having
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Fig. 8. The BER with/without calibration in 8-channel TIADC for OFDM

system with/without convolutional coding.

modulation. To access the impact of this in the presence of
gain, offset and timing errors in the receiver we perform the
BER simulations using a convolutional code at the transmitter.
The code used was a (2, 1, 7) convolution code as per the IEEE
802.11a standard [15].

Fig. 8 illustrates the BER for an 8-channel TIADC and the
FFT size is 1024 under different-order QAM constellation. It
is clear that the OFDM system with mismatch calibration and
convolutional decoding techniques has the best performance in
different-order QAM. From Fig. 8(a) and (b), we argue that
the (2, 1, 7) convolution code can tolerate the expected worst-
case bit error rate is approximately 0.09. The convolutional
decoding works well in the 4-QAM constellation; however,
for the higher-order QAM constellation, if we do not correct
the mismatches, the BER will be above the threshold, the con-
volutional decoding fails to work or even worse in Fig. 8(c)
and (d).

VI. CONCLUSION

This brief proposed a background joint mismatch calibra-
tion algorithm in an OFDM-TIADC system. A two-stage
digital estimation method was introduced based on a deci-
sion feedback mechanism and channel estimation. We used
Least-square estimation to estimate the offset and gain mis-
match in the first stage. The time-skew mismatch is then
estimated using a golden-section search in the second stage.
We preseneted an error floor analysis for the OFDM-TIADC
system to help us set the mismatch correction targets and to

independent channel gain drawn from a Rayleigh fading ran-
dom process. It significantly improves the OFDM system’s
performance and reduces the BER to ensure the reliability of

the convolution coded system.
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