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Abstract—For the extremely high sampling rate and high
resolution required for Terahertz (THz) communication, time-
interleaved analog-to-digital converters (TI-ADCs) are being con-
sidered. However, in practice, mismatches between the parallel
sub-ADCs degrade the system performance. In this extended
abstract, we provide an overview of the effects of TI-ADC offset,
gain and timing mismatches on the bit error rate (BER) of
orthogonal frequency division multiplexing (OFDM) system.

Index Terms—TI-ADC, BER, OFDM, offset mismatch, gain
mismatch, timing mismatch.

I. INTRODUCTION

Known for its high spectral efficiency and tolerance against
channel dispersion, orthogonal frequency division multiplex-
ing (OFDM) is used in many wired and wireless broadband
communication systems. The use of OFDM in Terahertz (THz)
communication has recently attracted increasing interest. In
such systems, the receiver requires analog-to-digital converters
(ADCs) operating at an extremely high sampling rate. To over-
come the physical constraints of a conventional ADC, which
cannot meet that demand, a time-interleaved (TI) structure
of L identical parallel ADCs is often used as a practical
alternative. However, mismatches between the parallel sub-
ADCs, such as offset, gain and timing mismatch, degrade
the OFDM system performance. The derivation of analytical
expressions for the bit error rate (BER) in OFDM systems
affected by such mismatches is not trivial, but it is important
because it can significantly contribute to a better understanding
of the TI-ADC design trade-offs. In this extended abstract, we
provide an overview of our related work.

II. SYSTEM MODEL

Fig. 1 illustrates a block diagram of the considered OFDM
system. The transmitted data vector X consists of N complex-
valued symbols, i.e., X = (Xo,Xl,...,XN,l)T, which are
taken from a unit-energy M2-square QAM constellation. At
the transmitter, bit-to-symbol mapping is performed by map-
ping sequences of 2log, M bits onto the constellation points
using the binary reflected Gray code (BRGC) rule for both
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Fig. 1. Block diagram of an OFDM system with a TI-ADC at the receiver.

in-phase (/) and quadrature (()) dimensions. The vector X
is applied to an inverse discrete Fourier transform (IDFT)
of size N. The resulting time-domain samples are extended
with a cyclic prefix (CP), which protects the received OFDM
symbol against inter-symbol interference (ISI). Before trans-
mission over the channel, the samples sy are passed through
a digital-to-analog converter (DAC) and a transmit filter. At
the receiver, we assume perfect timing synchronization and
matched filtering. After passing through the receive filter, the
receive waveform is sampled at the Nyquist rate % by a TI-
ADC with L sub-ADCs. As, in practice, the offset do;, gain
dg; and timing dt; mismatch values of the sub-ADCs in a
TI-ADC vary only very slowly with time, we model them as
constants over an OFDM symbol period. The receiver removes
the CP and converts the remaining /N samples to the frequency
domain using a discrete Fourier transform (DFT). Before data
detection, the receiver employs a zero-forcing (ZF) equalizer
to compensate for the channel. The n-th output of the equalizer
can be approximated by

R, ~ /E,DGT) ., X, + \/Es%, n=0,1,..,N—1.
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th lt}gnsmitted data symbol, H, is the channel frequency
response, p;, = mod(n—i%,N) denotes the remain-
der after division of n — z% by N, W, denotes addi-
tive white Gaussian noise (AWGN) samples, and f(z) =
% if N/L is non-integer and f(z) = 0d(z) if

N/L is integer with d(z) the dirac function. Further,
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IIT. MAIN RESULTS

Throughout this work, equation (1) has served as the basis
to derive (semi-) analytical BER expressions. Having such
expressions at our disposal allows for a much more efficient
performance analysis than with purely simulation-based meth-
ods. Moreover, the expressions have shown their value in the
derivation of practical design guidelines for TI-ADCs. Below,
we briefly review our main accomplishments and conclusions.
To simplify the analysis, we have considered the influence of
each mismatch separately.

Offset Mismatch: In [1], exact BER expressions, as well
as simplified BER expressions that hold for high signal-to-
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noise ratios (SNRs) and large offset mismatch values, have
been derived in the presence of offset mismatch only. From
the obtained exact BER expressions, an offset mismatch level
threshold was established above which the BER performance
shows an error floor at high SNRs. Numerical results showed
that if we keep the offset mismatch level below 25% of this
threshold, there is essentially no BER performance degradation
as compared to the offset-mismatch free case. Our analysis
further evinced that the tolerable level of the offset mismatch
is proportional to the square-root of the number of sub-ADCs,
indicating that as opposed to what might be expected, the off-
set mismatch level that can be tolerated actually increases with
the number of sub-ADCs. Moreover, in [2], to estimate and
compensate the offset mismatch, we have proposed two simple
offset-mismatch calibration methods based on the least-squares
(LS) and the linear minimum mean-square-error (LMMSE)
principles. The effectiveness of our proposed methods has been
confirmed by BER simulation results.

Gain Mismatch: In [3,4,5], we have focused solely on the
effect of gain mismatch. We have derived an approximate BER
expression, based on a Gaussian approximation of the induced
inter-carrier interference (ICI) term. It was found that in the
case of small L, the derived BER expression is less accurate
for fixed channels. To avoid this issue, we have proposed an
efficient semi-analytic approach to evaluate the BER exactly
(without approximation). Further, from the approximate BER
expressions, a threshold is established on the gain mismatch
level at which an error floor caused by the gain mismatch is
below a given BER value at high SNRs. Numerical results
have shown that if and only if we keep the gain mismatch
below 25% of this threshold, there is essentially no BER
performance degradation compared with the mismatch-free
case. We have also analytically evaluated BERs for OFDM
systems that are impaired by both TI-ADC gain mismatch and
channel estimation errors of a zero-forcing equalizer.

Timing Mismatch: The effect of timing mismatch in TI-
ADCs has been studied in [6]. From (1), it follows that a
TI-ADC with timing mismatch (i.e., do; = dg; = 0) causes
a phase rotation of the desired symbols and generates ICI.
Building on this result, we have derived an approximate
closed-form BER expression assuming an AWGN channel
(i.e., H, = 1). Numerical results have been provided to
demonstrate the accuracy of the presented formula. Currently,
we are extending this work to multi-path fading channels.

As an example to illustrate the accuracy of the derived
BER expressions in [1, 3-6], Fig. 2 shows the empirical and
theoretical BER results for 16 QAM, N = 2048 and L = 256.
As can be seen, the theoretical curves closely approach to the
simulated curves.
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Fig. 2. BER curves with offset mismatch, gain mismatch and timing

mismatch: (a) in an AWGN channel, (b) in a Rayleigh channel.
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