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Abstract—Analog-to-digital converters (ADCs) with high sam-
pling rates and output resolution are required for the design
of mostly digital transceivers in emerging multi-Gigabit com-
munication systems. A promising approach is to use a time-
interleaved (TI) architecture with slower sub-ADCs in parallel,
but mismatch among the sub-ADCs, if left uncompensated,
can cause error floors in receiver performance. Conventional
mismatch compensation schemes typically have complexity (in
terms of number of multiplications) that increases with the
desired resolution at the output of the TI-ADC. In this paper,
we investigate an alternative approach, in which mismatch and
channel dispersion are compensated jointly, with the performance
metric being overall link reliability rather than ADC perfor-
mance. For an OFDM system, we characterize the structure
of mismatch-induced interference, and demonstrate the efficacy
of a frequency-domain interference suppression scheme whose
complexity is independent of constellation size (which determines
the desired resolution). Numerical results from computer simu-
lation and from experiments on a hardware prototype show that
the performance with the proposed joint mismatch and channel
compensation technique is close to that without mismatch. While
the proposed technique works with offline estimates of mismatch
parameters, we provide an iterative, online method for joint
estimation of mismatch and channel parameters which leverages
the training overhead already available in communication signals.

Index Terms—Multi-gigabit, analog-to-digital converter, time-
interleaved A/D converter, OFDM, mismatch.

I. INTRODUCTION

OSTLY digital transceiver architectures have been key

to the economies of scale for cellular and wireless
local area networks. By deriving most of its functionality
from a digital-signal processor (DSP) core, a mostly digital
transceiver can exploit “Moore’s law”, or the exponential
downscaling of the per transistor size to realize fast, low-cost
hardware for the transceiver [1]. However, a major bottleneck
in extending this advantage to future multi-Gigabit systems
is that the analog-to-digital converters (ADCs) required prior
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Fig. 1. A time-interleaved ADC formed by interleaving four sub-ADCs (d
= integer, T, = sampling period).

to the baseband DSP core are either unavailable, or are too
costly and power hungry [2]. For example, systems operating
over the 3.1-10.6 GHz band [28] or the unlicensed 60 GHz
band (57-64 GHz in US) [29] require ADCs with sampling
rates of the order of GHz. Furthermore, mostly digital receiver
processing for large constellations, dispersive channels, or
multiple antennas requires relatively high resolution (e.g., 6-
10 bits). The Flash ADC [2] is conventionally the architecture
of choice for high sampling rates, but its power consumption
scales exponentially with resolution, and it is difficult to obtain
more than 5-6 bits of resolution at multi-GHz sampling rates.
In this paper, we explore time-interleaved (TI) ADCs, which
provide an attractive alternative for achieving both high speed
and high resolution at reasonable power consumption. The
idea is to use power-efficient ADC architectures, such as
the pipelined or the successive approximation architecture, to
obtain high-resolution ADCs at relatively low speeds (e.g., 50
MHz in [3], [4]), and to use them in parallel to synthesize
a high-rate ADC, as shown in Fig. 1. We refer to each
constituent low-rate ADC as a sub-ADC.

A major bottleneck in realizing a TI-ADC is mismatch
among the sub-ADCs; Fig. 2 depicts, for example, mismatches
in gain, timing and voltage offset. Causes of mismatch
include imperfect clock distribution, variation of transistor
size, signal path differences, and parasitic effects. Mismatch
compensation for general-purpose TI-ADCs has received
significant attention [5]. In this paper, we ask whether there
are simpler alternatives to the standard techniques of explicit
mismatch estimation and compensation for the specific
application to communication receivers.
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A. Contributions

Our approach differs from conventional TI-ADC mismatch
compensation, in that the TI-ADC is viewed as part of the
overall communication link, and our goal is to jointly compen-
sate for mismatch and channel dispersion. Our performance
metric is overall link reliability rather than the performance of
the ADC as an isolated component, with the main goal being
to simplify the task of mismatch compensation. In addition,
our approach, while being compatible with offline mismatch
estimation, offers the advantage that it becomes possible to
leverage the training inherent in communication signals for
online mismatch estimation.

We illustrate our ideas for an orthogonal frequency division
multiplexing (OFDM) receiver, where the TI-ADCs employed
may have gain, timing and voltage offset mismatches among
the sub-ADCs. Our main contributions are as follows:

o Since we are interested in demodulating constellation
points in the frequency domain, we model the effect
of mismatch in the frequency domain, after the discrete
Fourier transform performed by the OFDM receiver. The
interference due to voltage offset mismatch is signal-
independent, but the interference due to gain and timing
mismatch is signal-dependent, and is shown to cause
inter-subcarrier interference between nominally orthogo-
nal OFDM subcarriers. If left uncompensated, this leads
to an error floor in the bit error rate (BER), which we
quantify through numerical experiments.

o For the special case when the number of sub-ADCs
divides the number of subcarriers, the subcarriers form
interference groups, such that only subcarriers within
a group interfere with each other. This reduces the
complexity of interference suppression, since the size of
the interference group is at most 2L, where L denotes
the number of the sub-ADCs in each of the TI-ADCs
employed for sampling the in-phase (/) and quadrature-
phase (Q) channels.

e We show that zero-forcing interference suppression
within an interference group, which requires 4L real-
valued coefficients, is effective for joint mismatch com-
pensation and demodulation, regardless of the desired
resolution (the latter depends on the size of the constel-
lations we wish to support). In contrast, the complexity
(in terms of the number of multiplications) of the conven-
tional time-domain mismatch compensation for TI-ADCs
increases with the desired resolution.

o« We show that it is possible to estimate mismatch and
channel parameters jointly using an iterative technique,
using training sequences provided for channel estimation.
This involves estimating mismatch parameters and chan-
nel parameters alternately. Simulation results show that
a near-optimal solution is obtained in as few as three
iterations for the examples considered. These estimates
are shown to be effective when plugged into our joint
mismatch compensation and demodulation scheme, yield-
ing a performance that is close to that without mismatch.

e« We report on results from an experimental prototype
built by interleaving four commercially available ADCs,
each sampling at 100 MSa/s with 14 bits of nominal
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resolution. (The ADC parameters for the prototype are
dictated by what was easily available off-the-shelf; for
the multiGigabit applications that motivate this paper,
integrated circuit realizations of the sub-ADCs would
probably employ higher sampling rates and have lower
resolution). The resultant TI-ADC is fed with a typical
OFDM received (baseband) signal. The mismatches in
the assembled ADC are estimated using the proposed
iterative algorithm and compensated jointly with the
demodulation. The experimental results demonstrate the
efficacy of the proposed mismatch and channel com-
pensation technique, and show excellent agreement with
theoretical predictions.

Example application: The proposed approach is most attrac-
tive when the number of sub-ADCs (and hence the size of
the interference group) is moderate. For example, consider a
mostly digital receiver for a multi-Gigabit system operating
in the mm-wave band [29]. For 16-QAM modulation on each
subcarrier, OFDM transmission (with no excess bandwidth)
using 1 GHz of the spectrum results in a raw bit rate of 4
Gbps. Numerical results indicate that the two TI-ADCs (each
sampling at a rate of 1 GHz), one for each of the I and @)
channels, should have a minimum of 8 bits of resolution for
the digital output. When we use a time-interleaved architecture
with eight sub-ADCs, the sampling rate is 125 MHz for
each sub-ADC, which is slow enough that we can use power
efficient successive-approximation or pipelined architectures
to implement the sub-ADCs [3], [4]. The complexity of the
frequency-domain equalizer (32 real-valued multiplications
per sample) is independent of the resolution: we can increase
sub-ADC resolution as we scale up the constellation (e.g., to
256-QAM, instead of the 16-QAM constellation considered
in our examples here), but the complexity of the zero-forcing
equalizer would remain the same.

B. Prior work

The time-interleaving architecture has attracted much
attention [6]-[27] due to its potential for realizing high-speed,
high-resolution converters with reduced power dissipation.
A number of mismatch models have been proposed, ranging
from simpler models including gain, timing and voltage
offset mismatches, to more general models of mismatched
frequency responses [11], [12], [15], [17].

Some recently proposed designs use efficient clocking

schemes and redundant elements as a means of overcoming
mismatch [6], [7], [8]. The scalability of such approaches to
higher speeds and resolution requires further investigation.
Other than these references, prior approaches typically
consist of first estimating the mismatch parameters, and then
compensating the output of the ADC.
Mismatch estimation: Mismatch estimation can be performed
blindly by comparing the statistics of the digital output be-
tween the mismatched and the ideal TI-ADCs [14], [17], [18],
[19]. However, reliable blind estimation needs a large sam-
ple size. Training-based schemes are faster, but for general-
purpose ADCs where the input can be arbitrary, they require
the additional expense of separate hardware for test sequence
generation [13], [15].
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Mismatch compensation: Once the mismatch parameters are
estimated, the compensation scheme depends on the type of
mismatch. Voltage-offset and gain mismatches can be compen-
sated using a simple subtraction and scalar gain respectively.
On the other hand, timing mismatch, or more generally,
frequency response mismatches, need a set of parallel finite-
impulse response (FIR) filters for compensation [15]-[23]. In
addition to such digital compensation schemes, a number of
analog techniques have also been proposed [13], [14].

As already discussed, our approach differs from the litera-
ture in two respects: we compensate for mismatch and channel
dispersion jointly, and we are able to leverage the training
overhead in communication for the estimation of mismatch
parameters. We note that there have indeed been prior attempts
in utilizing communication training sequences for mismatch
compensation [24], but these are restricted to estimating and
subtracting the signal-independent interference due to voltage
offset mismatch. Prior work on characterizing the effect of
gain, timing and voltage offset mismatches on a singlecarrier
communication system includes [25].

A radically different approach to overcome the ADC bot-
tleneck at high sampling rates is to use an extremely low
resolution ADC (1-4 bits). But this introduces a significant
non-linearity at the start of the receiver and hence, demands a
complete redesign of the entire transceiver [26], [27]. While
such an approach might be appropriate for some applications
(e.g., a small constellation used over a line-of-sight channel),
the TI-ADC approach is applicable more generally, especially
to settings that require a larger dynamic range.

C. Notation

Bold-faced symbols are used for vectors and matrices.
For example, an M x 1 column vector X equals
(X[0],---, X[M — 1])!, where the superscript ¢ denotes
transpose. We use the notation X to represent a vector/matrix
obtained by taking the complex conjugates of all the individual
elements in X. We use R[] and J[-] to represent the real
and imaginary parts of a vector/matrix. The concatenation of
the real and imaginary parts of a vector X, that is the vector
(R[X]* S[X])!, is denoted by X.

D. Organization

In Section II, we describe the system model, including
the TI-ADC with mismatch, and the OFDM transceiver. The
mismatch-induced interference is characterized in Section III,
and our proposed frequency-domain joint mismatch compen-
sation and demodulation scheme is described in Section IV.
An iterative scheme for mismatch and channel estimation is
presented in Section V. Numerical results from simulation
and hardware experiments are presented in Section VI, while
Section VII contains our conclusions.

II. SYSTEM MODEL

In this section, we first give a model for the TI-ADC with
gain, timing and voltage offset mismatches. Next, we give
details about the received signal in OFDM transmission, which
would serve as the analog input for the TI-ADC.
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Fig. 2. Effect of TI-ADC mismatch on the sampling of the input analog
signal: the four consecutive samples (from left to right) experience gain,
timing, voltage offset and no mismatches respectively. The samples obtained
by the TI-ADC with mismatches, indicated by e, are compared with the “o”
samples; the latter being obtained when there are no mismatches.

A. TI-ADC Mismatch Model

In Fig. 2, we illustrate the effect of mismatch on the sam-
pling of the input analog signal 7(¢). Gain and voltage offset
mismatches result in memoryless effects on the ideal samples
(simple multiplicative and additive effects, respectively). On
the other hand, the effect of timing mismatch depends on the
actual signal (or specifically, on the values it takes between
the ideal sampling instants). Letting T%, denote the nominal
sampling rate, the output of the TI-ADC can be written as

[11]
r[m] = (1 + 9m mod L)T((m + Om mod L)To) + tm moa . (1)

where r[m] denotes the mth sample, sampled by the sub-
ADC with index m mod L, where L denotes the number
of sub-ADCs and mod denotes the modulo operation. The
gain, timing and voltage offset mismatches of the sub-ADC
with index m mod L are denoted by ¢., mod Ls Om mod L, and
Ibm mod L Tespectively, where the timing mismatches d,,, mod L
have been normalized with respect to 7,. In the settings of
interest to us [15], [16], [21] mismatch-induced interference
and receiver thermal noise dominate quantization noise (which
is small for a moderately high sub-ADC resolution), hence we
neglect the latter from our analysis. Since drift in mismatch
parameters occurs over durations of hours, we can neglect it
in our framework. We therefore model the mismatch param-
eters as constant between successive training phases. In what
follows, we omit explicitly writing “mod L” in the subscripts
in order to simplify notation.

B. OFDM Model

We briefly review the standard OFDM  transceiver
operating over a dispersive channel, as shown in Fig. 3 [30].
Information-bearing symbols (drawn from a constellation
such as QPSK) are encoded onto M subcarriers by using the
inverse of the Fast Fourier transform (IFFT) operation (of
size M) at the transmitter. The IFFT output (M time-domain
symbols) constitutes one OFDM frame, and a cyclic prefix
is conventionally added before each frame to convert the
linear convolution between the communication channel and
the time-domain symbols into a circular one. This converts
the vector channel equalization to a scalar problem. After
downconversion, the receiver performs FFT on the Nyquist-
sampled received baseband signal, and then performs scalar
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Fig. 3. (a) OFDM Transmitter (DAC = Digital-to-Analog Converter) (b)
OFDM Receiver (c) Baseband signal model (time-domain)

equalization and demodulation of the constellation symbols
separately for each subcarrier.

We denote the Nyquist sample period by 7', so that the
baseband signal (assuming no excess bandwidth) occupies
the band [—55, 5. To simplify notation, we use the band
[O, %] for analysis. We refer to this as the signal band.
The transmit and receive filters in Fig. 3 are assumed to be
ideal lowpass filters in the signal band. The receiver input
noise, w(t), is assumed to be proper, complex, zero-mean,
white, Gaussian process with a power spectral density N,.
The noise at the output of the receive-filter, n(t), follows the
same statistics but with a non-zero power spectral density
(equal to N,) only in the signal band. The impulse response
of the cascade of the transmitter, channel and receive filters
is denoted by h(t). We assume that h(t) is zero outside
[0, NT], where N < M is a measure of the delay-spread of
the communication channel. The length of the cyclic prefix
(in Nyquist rate samples) should be at least N, in order to
maintain the orthogonality of the subcarriers after the FFT.

III. THE STRUCTURE OF MISMATCH-INDUCED
INTERFERENCE

Assuming a long enough cyclic prefix, we ignore the effect
of samples from adjacent frames on the current OFDM frame,
and consider an isolated frame for analysis. The input to
the TI-ADC is then given in terms of time-domain symbols

{b[m]} as
M-1
r(t)= Y blmmod MIh(t —mT)+ n(t)
m=—N

@)

Since the information-bearing symbols are encoded onto fre-
quency domain subcarriers, we rewrite the time-domain sym-
bols {b[m]} in terms of the frequency domain symbols { B[y|}

(which are related by the energy-preserving FFT operation):
M—1 M—1 _
> h(t—=mT)e®™mMopn(t) (3)

m=—N

1
r(t):\/—M;B
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Since h(t) = 0 outside [0, NT1, all the significant samples of
h (at rate T~1) lie in [0, NT], and it can be readily observed
from (3) that the summation over m accounts for all these
significant samples, as long as ¢ is restricted to lie in [0, (M —
1)T). Hence, we can convert the finite summation over m in
(3) to an infinite summation,

M-1 0o
=N B0 3 - mne E e g
y=0 m=—o0

: “)
where ¢, (t) = ﬁejzz\%t. Let H(f) denote the Fourier
transform of h(¢). Since the transmit filter is bandlimited to
the signal band, H(f) is also bandlimited, hence we can apply
the Poisson’s summation formula for the summation over m
in (4) to obtain,

M—-1

ZH

where H[y] = 51+ H (5%5) or alternately, {H[y]} are related
to the sequence of the symbol-rate channel taps in the time-
domain, {h[m] = h(mT)}, by the discrete Fourier transform
of size M. We can rewrite the signal part of (5) in terms
of the In-Phase (1) and Quadrature-Phase ((J) components as
follows:

y(t) + n(t) ®)

M—1 M—1
r(t) = Rl N+37 > SISy ()] (6
y=0 y=0

where Sly] = HJy]Bly]. Now, we perform Nyquist rate
sampling of I and ) waveforms using two different TI-
ADCs with mismatch parameter sets {(grm,0r.m,M1I.m)}
and {(9Q,m,0Q,m,qQ,m)} respectively. Using (1) in (6)
with T, = T, the ordered pair of the samples of I and @
components is given as,

M 1
(1 + g1, m i2my(m+3r )
rim] = ~—=—=== Z R|S[yle M + prm
vM s
M—1 )
14+ m i2my(m+3g m)
ratm] = E28m) 37 o s1)e = g, )

y=0

We now obtain the complex-valued samples r = {r;[m] +
jrelml} as

r= Ar+AQ)S+(A;-Ay)S | +u,

2 \/— {( I Q) (A o) w, (3
where 0 = {prm + juom}, and we have S = {S[y|}
following the bold-faced notation in Section I-C. The (m, y)th
element of the matrix A; (and AQ) is given as

Ar(m,y) = 7o)

Ag(m,y) = )]
In (9), the indices m and y take integer values between 0

and M — 1. We now take the (energy-preserving) FFT of the
complex samples r in (8) to obtain

1
R2M

(1 +9Q m) R

L(m+3q,m)

[ (A1 +AQ)S+F(A; —ALS |+ (10)
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where F' denotes the standard FFT matrix of size M, and the
vectors R and Y represent the (energy-preserving) FFT of the
vectors r and p respectively.

It is worth checking that the model in (10) reduces to an
OFDM system with no mismatch by setting A; = Ag = F
and Y = 0. This gives R = S, since the product FF~ equals
M times the identity matrix. Estimates for the information-
bearing symbols B can be obtained by correlating with the
corresponding channel gains, followed by the demodulation
of constellation symbols.

With mismatch, however, the model for R is more compli-
cated, and we observe from (10) the effect of different types
of mismatch. Voltage offset mismatch adds signal-independent
interference to the subcarriers, and can be compensated by
simple subtraction. Gain and timing mismatches cause inter-
subcarrier interference, and require an equalizer for compen-
sation. A simpler approach to compensate gain mismatch is
to apply time-varying gains to the time domain samples in
(7), but timing mismatch cannot be compensated for in such
a simple fashion in either the time or frequency domain, and
requires an equalizer. We combine the tasks of gain and timing
mismatch compensation, since the complexity is not reduced
by addressing gain mismatch separately.

IV. FREQUENCY DOMAIN JOINT MISMATCH
COMPENSATION AND DEMODULATION

In this section, we design zero-forcing equalizers to com-
pensate for the signal-dependent interference induced by the
gain and timing mismatches following the model given in
(10). Towards the end of the section, we provide a heuristic
argument that indicates that the noise enhancement from such
a scheme should be minimal. Since the equalizer operates on
the FFT outputs R, we refer to it as a frequency-domain zero-
forcing equalizer.

For the model in (10), we first note that S and S™* are
dependent. In order to formulate an unconstrained problem,
we rewrite (10) in terms of the real and imaginary components
of S as

R=AS+7Y (11)
The matrix A in (11) is defined as
— A =_ ( RIF] —S[F]
A:=FA, where F' = ( S[F]  R[F| )
A RIA] —S[A[]
wi A= Sa0) wag ) 0

If the matrix A is invertible, we obtain a zero-forcing
equalizer for S as follows:
S=A"YR-T) (13)
When A is not invertible, we can still obtain an equalizer
using the Moore-Penrose pseudo-inverse of A. In this case,
there would be some residual mismatch-induced interference
at the equalizer output which would lead to an error floor.
In all of our numerical experiments, we have found that A
is invertible, in which case perfect zero-forcing equalization
is possible. While we have not been able to find general
analytical conditions for invertibility, we provide insight into
what such conditions might look like by considering the
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special case in which the I and @ channel TI-ADCs have
the same mismatch parameters; that is, A; = Ag. In this
case, we are able to show (see Appendix A) that the matrix
A is invertible as long as the gains are non-zero and the
(normalized) timing mismatches have absolute values less
than 1. Deriving conditions for the more general scenario of
Ay # Ag is left as an open problem.

The complexity of the zero-forcing solution in (13) depends
on the number of non-zero entries in A~! which, in general,
can be as large as 4M?2. This results in 4M? real multipli-
cations, which can be excessive for large M. Fortunately, the
complexity (in terms of the number of real multiplications) is
significantly smaller when the number of interleaved ADCs,
L, divides the number of OFDM subcarriers M, as discussed
next.

A. Interference structure when L divides M

When L divides M, we prove in the Appendix B that the
set {0,---,2M-1}, which can be used to index the rows
(columns) of A, can be partitioned into disjoint groups such
that A(k,y) is non-zero only when the row and column
indices, k and y, belong to the same group. Hence, we can
divide the system in (11) into parallel systems of interfering
constellation symbols. Also, we observe from (25) that
whenever the parallel system contains the real part of the
constellation symbol encoded on a particular subcarrier, it also
contains the corresponding imaginary part. We refer to these
groups of subcarriers as “interference groups.” Equalization
is performed separately for each interference group. We show
that the total complexity, summed over all interference groups
is bounded by 8 M L or equivalently, the average complexity
per sample is less than 4L real-valued multiplications. When
L <« M, this is a significant reduction in complexity, since
in general, the average complexity can be as high as 2M
real-valued multiplications per sample. Thus, it makes sense
to restrict attention to the special case when L divides M in
system design. We note that the complexity of our interference
suppression scheme does not scale up with the desired
resolution, and is fixed at 4L real-valued multiplications per
sample. We return to this observation in Section VI, where
we provide explicit comparisons with other available options.

B. Noise Enhancement

In order to obtain an understanding of the noise enhance-
ment caused by our linear interference suppression scheme, we
first derive the approximate structure for the noise in (5) after
it is sampled at Nyquist rate using the I and Q TI-ADCs. The
bandlimited noise process in (5) can be represented as a “sinc”
function interpolation (in a mean-squared sense) of its Nyquist
rate samples [31]. We then consider the timelimited noise
waveform within the OFDM frame interval of [0, (M — 1)T7,
and approximate it as an interpolation of samples within that
window (neglecting edge effects, assuming large frame sizes).
This yields

M-1
n(t) ~ Y n[mlsinc(t — mT),

m=0

tel0,(M—1)T]
(14)
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Now, we replace the time-domain noise samples, {n[m]}, in
(14) by their (energy-preserving) FFT coefficients, { N[y]}, to
obtain

| Mo M-1 o

n(t) ~ T yz:; Ny mZ::o sinc(t — mT)e” ™

Since the noise samples {n[m] = n(mT)} are zero-mean,
i.i.d complex Gaussian random variables, {N[y]} also have
the same statistics. Assuming small side-lobes for the “sinc”
function, we can approximate the summation over m given in
(15) by an infinite summation, which in turn can be simplified
using the Poisson’s summation formula,

15)

M—1
n(t) = > Nlyley(t) (16)
y=0
where ¢, (t) = LMejiﬁt . Substituting (16) into the received
signal model (5), we obtain
M-1
r(t) = Y (H[y)Bly + Nly]) ¢,(t) (17)
y=0

Noting the similarity in the structure of (17) and (5), it
can be shown that the frequency-domain model (10) holds
even when thermal noise is added at the ADC input, but with
Sly] = H[y]Bly]+ N[y]. When we assume perfect knowledge
of the mismatch parameters, this implies that the presence of
noise does not degrade the estimates of S, or equivalently
there is no noise enhancement for the proposed zero-forcing
equalizer. Although this claim is obtained as an approximation,
the simulation results presented in Section VI, which do not
use the approximations in (14) and (16), are consistent with
the claim, since they show only a small degradation from the
performance without mismatch.

V. JOINT MISMATCH AND CHANNEL ESTIMATION

In this section, we estimate the mismatch parameters jointly
with the communication channel parameters by using the
channel estimation training sequences. We use the model
in (10) to obtain the estimates, and include the effect of
thermal noise by taking S[y] = H|[y|Bly] + Nly]. Since
an approximate model is used for the noise samples, the
obtained estimates are suboptimal. The channel taps in the
frequency domain are correlated (the number of subcarriers,
M, is much larger than the number of symbol-rate taps in the
time domain channel N 4 1), and neglecting these correlations
in frequency domain channel estimation would lead to perfor-
mance degradation. We therefore adopt the simpler strategy
of estimating the channel taps in the time domain. As shown
in [32], frequency domain correlations can be easily extracted
from such time-domain estimates.

We first rewrite (11) in terms of the time-domain channel

taps, denoted by h, as follows:
R=ADh+N)+7Y (18)

where the matrix D, that depends on the training sequence,

is given as
jFle
_.jFN+1

D= % ( diag(B)  diag(B")
(19)

—j diag(B) j diag(B")

Fyia
Fyiq
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where Fy; denotes the matrix formed by the first N + 1
columns of the FFT matrix of size M and “diag(B)” denotes
the diagonal matrix formed by placing all the frequency-
domain symbols of the training sequence B along the diago-
nal.

We observe from (18) that the unknown parameters A (a
matrix with 4M? entries) and Y (a vector with 2M entries)
actually depend on the mismatch parameters, a collection of
6L independent unknowns. In order to obtain an unconditioned
problem formulation, we estimate the mismatch parameters
instead of the entries of A and Y. Direct joint estimation
of the channel taps and the mismatch parameters is compli-
cated, hence we resort to an iterative optimization strategy in
which we alternately optimize over the channel taps and the
mismatch parameters, while keeping the other fixed. Next, we
discuss the alternating steps in the iterative optimization.

A. Channel estimation given mismatch estimates

Given the estimates of A and Y after the (k— 1)th iteration,
denoted by A%~ and Y1) we can use (18) to obtain the
least-squares (LS) estimates of the channel taps in the ith
iteration,

~ -1 . ~
R® = (DD)' D" (A*D) T (R-TEY)  (0)

where D denotes the complex conjugate transpose of D.
We note that the LS estimates obtained in (20) are also the
ML estimates because the noise vector IV in (18) has all its
entries as independent, Gaussian random variables.

B. Mismatch estimation given channel estimates

For mismatch estimation, we use time-domain samples from
(7) because any time-domain sample contains information
about the mismatch parameters corresponding to one and only
one sub-ADC. Thus, we consider the the samples of the
lth sub-ADC of the I-channel, denoted by 77, to calculate
the corresponding mismatch parameters (g; 1, 1 4, fo1,1). Using
(7)-(9), given the channel estimates at the 1 iteration as R,
we obtain the ML estimates of the gain, timing and voltage
offset mismatches as,

k) k) k)
(9571 ’5571 7#9,1)
= argminHrU — %[A[J(g[’l,(s[’l)s(k)] — ,[L[JH2(21)

where A7, a function of g7 ; and 7, represents the matrix
formed by the rows of A with indices of the form 1+1+dL
(integer d). In (21), the vector S*) has entries H*)[m]B[m].
We note that H %), the estimate (in kth iteration) of the vector
of frequency domain channel taps, can be obtained in terms
of h(®).

The norm in (21) should ideally take into account the
correlation among the noise samples. By considering the
standard Euclidean norm, we are implicitly assuming that
the noise samples are uncorrelated. This holds when there is
no mismatch, but need not be true with mismatch. However,
our numerical results in Section VI show that ignoring the
noise correlations leads to little degradation in estimation
performance for the mismatch levels considered.
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TABLE I
SYSTEM PARAMETERS FOR SIMULATIONS AND EXPERIMENTAL
PROTOTYPE
Variable (symbol) Value
OFDM subcarriers (M) | 128
Modulation 16-QAM
Channel taps
Real (hy) 0.5,-1.8,1.7,-06,1.0,0.2,04,-0.6, 0.3

Imaginary (hg) -0.1,-1.8,38,18,-02,15,06,-0.1,0.0

Mismatch parameters

I-component Relative mismatch in %

33,-14,-95,-71,5.7,9.3,-49, 1.1
4.6, -9.6, -1.3, -0.5, 2.9, 6.9, -04, -5.1
3.6,52,49,-22, 3.1, -6.6, 4.1, -94

Gain (gy)
Timing (67)
Voltage offset (ter)

With the Euclidean norm, if we fix the timing mismatch, the
objective function in (21) is quadratic in the gain and voltage
offset mismatches, hence we can obtain closed-form expres-
sions for the optimal estimates of these mismatch parameters
and plug them in. It remains to estimate the timing mismatch
parameters, which we do with a one-dimensional numerical
search for each sub-ADC. In the latter, we assume that the
normalized timing mismatch is bounded to within an interval
(e.g., [-0.1,0.1] corresponds to 10% mismatch).

We perform the optimization in (21) for [ in {0,--- ,L—1}
to estimate the mismatches for all the sub-ADCs in the I-
channel TI-ADC. Exactly the same approach holds for the @
channel as well; the corresponding expressions are obtained
by replacing I in (21) with Q.

An important design issue is the number of iterations
required. In this paper, we fix the number of iterations. An
alternative, data-dependent criterion might be to stop when the
change from the prior iteration is “small enough”. We do not
consider this here, since as few as three iterations are found to
work well in the settings we have considered. We also leave as
an open problem the issue of whether our iterative algorithm
can be proven to converge to a global optimum.

VI. ILLUSTRATIONS

In this section, we consider example scenarios that illus-
trate the structure of the mismatch-induced interference in
an OFDM system. We provide simulation and experimental
results to evaluate the performance of our mismatch estimation
and compensation schemes. The relevant system parameters
are given in Table I. We consider OFDM-based transmission
with 128 subcarriers, each of which is modulated by symbols
drawn from the 16-QAM constellation. The channel taps are
obtained from an instance of CM 1, the LOS channel model
defined in the UWB standardization process [28]. In Table
I, we give mismatch parameters corresponding to a level of
10%, for a TI-ADC with eight interleaved ADCs. By 10%
mismatches, we mean that the values of gain, timing and
voltage offset mismatches are chosen uniformly in [—0.1,0.1],
[—%, {—8} and [—%, %] respectively. Here, T}, and A indicate
the sampling period and the root-mean-square (rms) value of
the ADC input signal’s amplitude. The mismatch parameters
given in Table I correspond to the TI-ADC for the I-channel,
and we obtain the parameters for the ()-channel TI-ADC by
circularly shifting the I-channel parameters by one element.
We now provide simulation results to understand the effect,
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——10% mismatch

——5% mismatch

-9- 1% mismatch

—=—No mismatch

15 25 30
Eb/No (in dB)

Fig. 4. Effect of mismatches in a TI-ADC (with 8 sub-ADCs) for OFDM
transmission employing 16-QAM constellation. Perfect channel knowledge is
assumed.

structure and suppression of the mismatch-induced interfer-
ence.

A. Mismatch-induced Error Floors

The signal-dependent interference seen at any subcarrier
due to mismatch, left uncorrected, is a sum of scaled versions
of the constellation symbols from other subcarriers, modeled
as independent random variables. Applying the central
limit theorem, we can model the total mismatch-induced
interference at any subcarrier as Gaussian, where the mean is
determined by the voltage offset mismatches and the variance
can be obtained in terms of gain and timing mismatch
parameters using (10). This Gaussian approximation is
validated by simulation results for the 16-QAM constellation
in Fig. 4, where we show the performance for eight interleaved
ADC:s in three different mismatch settings of 10%, 5% and
1%. For the 1% and 5% mismatch levels, the mismatch
parameters are the scaled versions (by 0.1 and 0.5 respectively)
of the parameters for the 10% level given in Table I. The
analysis predicts an error floor due to mismatch as E,/N,
gets large, and this is borne out by simulations. For mismatch
levels of 10% and 5%, we observe error floors of 10~2 and
1073, respectively. For 1% mismatch, we do not observe an
error floor for BER up to 10~*. For a given mismatch level,
larger constellations see more severe error floors: while 1%
mismatch does not give an error floor for 16-QAM, there is
an error floor at 1073 for a 256-QAM constellation.

B. Structure of Mismatch-induced Interference

We consider two settings to illustrate how crucially the
structure of the interference depends on whether the number of
interleaved sub-ADCs L divides the number of subcarriers M
(we have M = 128): L = 6 (in which L does not divide M)
and L = 8 (in which L divides M). The mismatch parameters
for L = 6 are taken as the first 6 entries of the parameters
given for L = 8 in Table 1. Consider the real part of the first
subcarrier’s constellation symbol as the signal of interest. The
SNR without mismatch is fixed at 26 dB, which corresponds
to E,/N, of 20dB for 16-QAM. From Fig. 5, we observe that
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values of “L” in the legend indicate the number of sub-ADCs interleaved.
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Fig. 6. BER after estimation and correction of 10% mismatches in a TI-
ADC (with 8 sub-ADCs) used for OFDM signal reception employing 16
QAM constellation. The number of iterations of the estimation algorithm is
shown in the legend.

the gain and timing mismatches are the dominant sources of
interference in both settings. For L = 8, only constellation
symbols corresponding to seven other subcarriers and the
imaginary part of the first subcarrier’s constellation symbol
interfere with the signal of interest. In contrast, for L = 6,
for which L does not divide M, all other subcarriers interfere
with the signal of interest.

C. Suppression of Mismatch-induced interference

We now illustrate the mismatch compensation and esti-
mation algorithms proposed in Sections IV and V for eight
interleaved ADCs with a mismatch level of 10%. For training,
we use six repetitions of a Pseudo Noise (PN) sequence
with 128 QPSK symbols, which was originally proposed for
channel estimation during the UWB standardization process
[28].

Fig. 6 shows that the BER falls rapidly with an increasing
number of iterations, and that we can obtain performance com-

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 58, NO. 8, AUGUST 2010

BER

——No correction
-B-Truncated ZF solution (24 taps)
107} -%-Truncated ZF solution (48 taps)
-©-MMSE solution (48 taps)

-6 -Full ZF solution (256 taps)
—£—No mismatch

8 10 12 14 16 18 20
Eb/No (in dB)

Fig. 7. BER after estimation and correction of 10% mismatches in a TI-
ADC (with L=6 sub-ADCs) used for OFDM signal reception employing
16 QAM constellation. The complexity (in terms of number of real-valued
multiplications per sample) is indicated in the legend and the number of
iterations of the estimation algorithm is fixed at 3.

parable to that without mismatch in only three iterations. The
proposed mismatch compensation scheme has a complexity of
32 real-valued multiplications per sample.

In Fig. 7, we show the performance of the proposed
algorithms for a TI-ADC with L = 6 sub-ADCs. From the
discussion in Section IV-A, the complexity can be as large as
2M = 256 real-valued multiplications per sample. Fig. 7 illus-
trates the performance for the 256-tap, zero-forcing equalizer,
as well as for suboptimal equalizers with fewer taps, chosen
by keeping coefficients of the zero-forcing equalizer with large
absolute values. We refer to these sub-optimal equalizers as
truncated zero-forcing equalizers. While the full-complexity
equalizer does eliminate mismatch-induced interference, sub-
optimal equalizers with fewer than 256 taps incur error floors
due to residual interference. We also optimized the coefficients
of the sub-optimal equalizer (with 48 taps) for minimizing
the residual interference power using the MMSE criterion,
but obtained an insignificant performance improvement. We
conclude that L dividing M is a superior design choice from
the point of view of performance-complexity tradeoffs.

D. Experimental results using hardware TI-ADC prototype

The results from computer simulation are supplemented
with experimental results from a hardware prototype, which
is obtained by modifying the experimental set-up in [15] to
handle communication signals. The prototype, shown in Fig.
8, employs a TI-ADC sampling at 400MSa/s, assembled by
interleaving four commercially available ADCs from Analog
Devices, Inc., each sampling at 100 MSa/s with 14 bits of
resolution. We note the low sampling rate of the prototype
(compared to GHz sampling rates required for the multi-
Gigabit systems in [28], [29]), chosen on account of the ease of
availability of the commercial ICs, and we refer the reader to
[6], [7], where TI-ADCs with GHz sampling rates are realized.
A 100MHz clock, after bandpass filtering to eliminate wide-
band white noise, feeds a clock distribution board that provides
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Fig. 8.
assume that 7, = 2.5ns and that d takes integral values.

timing for the interleaved ADCs. The distribution board uses
a 1-to-4 power splitter and delay lines to create four I00MHz
clocks with nominal phase offsets of 0°,90°,180° and 270°.
Each clock path has a voltage-controlled phase shifter using
a varactor. For our experiments, however, this fine-tuning
knob is disabled. Sampling time mismatches of the prototype
TI-ADC are mainly due to relative phase errors in the 1-to-4
power splitter and the voltage-controlled phase shifters.

We now explain the signal flow through the prototype.
We assume the baseband signal to be limited to [—200, 200]
MHz. The digital version of the received (baseband) signal,
for both the I and @) channels, is generated using MATLAB
at twice the Nyquist rate (800 MSamples/sec). The signals
corresponding to the I and ) channels are separated by a fixed
white space so that they can be sampled by the same TI-ADC;
the data for the individual channels can then be obtained by de-
serializing the TI-ADC output. Using an Arbitrary Waveform
Generator (AWGS520 from Sony/Tektronix) as a D/A converter,
the MATLAB output is converted into an analog signal. The
signal is then lowpass filtered to 200 MHz and fed to the TI-
ADC. The Nyquist sampled (400 Msamples/sec) digital output
from the ADC is collected at the Logic Analyzer (Tektronix),
which has a routine for subtracting the running-average mean
from the sub-ADC output to eliminate voltage offsets. We can
therefore ignore voltage offset mismatch. We use MATLAB
to process the data obtained from the Logic Analyzer.

Using the joint estimation algorithm of Section V, we
obtained gain mismatch estimates of {0.19,0.08, 0.40,0.25}%
and timing mismatch estimates of {—8.0,5.0,—5.7,8.5}%.
We note that these parameters correspond to both [ and @)
channels since the same TI-ADC is used to sample both
channels. We can compare the complexity of the proposed
scheme with a standard time-domain compensation scheme
in [15], where four sub-ADCs are interleaved and only the I-
channel is present. The scheme in [15] uses 21 multiplications
per sample for a required resolution of 14 bits, while the
proposed scheme, independent of the required resolution, has

TI-ADC experimental prototype with four interleaved ADCs. D/A and LPF refer to digital-to-analog converter and low pass filter respectively. We

——No correction
——After correction
—=No mismatch (Theoretical)

P 10 12 14 1 18
Eb/No (in dB)

Fig. 9. Experimental results from the prototype confirm the efficacy of the
proposed mismatch estimation and equalization scheme.

a significantly smaller complexity of 8 multiplications per
sample'.

Fig. 9 depicts the BER performance. We observe an er-
ror floor when the mismatches are left uncorrected, but we
obtain a performance close to that without mismatch after
zero-forcing equalization, thus verifying the efficacy of the
proposed algorithms in a realistic setting. For the Spurious-
Free-Dynamic-Range (SFDR) or the Effective-Number-Of-
Bits (ENOB) metrics, we refer the reader to [15], where
the same experimental set-up is used for realizing a general-
purpose TI-ADC.

VII. CONCLUSIONS

The results in this paper demonstrate that low-complexity
frequency-domain equalization strategy is a promising

IThe complexity of the proposed scheme is smaller than the upper bound
(of 4L = 16 multiplications/sample) given in Section IV-A, because the I and
@ channel TI-ADCs have the same mismatch parameters in the experimental
set-up.
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approach for joint mismatch compensation and demodulation
in multiGigabit OFDM systems. The approach is most
effective when the number of sub-ADCs is moderate, and
gives the best performance-complexity tradeoff when the
number of sub-ADCs divides the number of subcarriers.
Potential applications include analog-to-digital conversion
at Gigahertz rates or higher, prior to baseband digital
signal processing in multiGigabit transceivers for emerging
applications in UWB and millimeter wave communication.

There are a number of open issues that deserve further
investigation. We would like to determine whether the iterative
algorithm for joint mismatch and channel estimation is guar-
anteed to converge to a good (or, even better, an optimal) so-
lution. It would be useful to devise low-complexity techniques
for updating the mismatch estimates (rather than estimate them
afresh for each packet). Finally, a fundamental issue is the
design of alternative mismatch compensation schemes that
scale well as the number of sub-ADCs becomes large (the
complexity of the proposed frequency-domain equalization
scheme, which scales linearly with the number of sub-ADCs,
may become prohibitive in this regime).

APPENDIX A
INVERTIBILITY OF A

From the definition in (12), A is invertible whenever F
and A are invertible. Clearly, Fis invertible; this is because,
whenever F& = 0, it implies that F'x = 0, and hence we
can extend the invertibility of F' to F. We now assume that
Ar=Ag=A, when we have AF = Az, and hence A is
invertible whenever A is invertible. Using (9), we can write
A as a product of a diagonal matrix D and a Vandermonde-
matrix Va, which are defined as,

1+ gm; Da(m,y) =0, for m # y;
6J2;;Iry(m+6 )7 22)

Da(m,m) =
VA(m’ y) =

where m and y take integral values between 0 and M — 1,
and where we dispense with the subscripts I and (@), since
A; = Ag. The diagonal matrix DA is invertible when all of
its diagonal elements 1 + g,,, which correspond to the sub-
ADC gains, are non-zero. The Vandermonde matrix Va is
invertible when all its parameters {e’3 A (metom )} are distinct.
Clearly, when m varies over integer values between O and
M — 1, the Vandermonde parameters are all distinct, as long
as |0,,| < 1 for all m (i.e., the normalized timing mismatches
are bounded by one). Under these conditions, therefore, the
matrix A is invertible.

APPENDIX B
STRUCTURE OF THE MATRIX A WHEN L DIVIDES M

We first consider the structure of the matrix Ay when L

divides M. We write the (k, y)th element of the matrix F'A;
as follows:

(FA[ (k) = Z 1+g ]Qﬂy(?[’l/lbl Z 67j27rm(k7y)/1b1
1=0

meM;

(23)
where M, denotes the set of all m for which m mod L = .
Evaluating the summation over m in (23), we have that
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(FA[)(k,y) is non-zero only for a set of L indices y €
where ) is given by

Ve={y:0<y<M-1lymod (M/L)=k} (24

From (24), we observe that ), = ), for any integer y € V.
This readily implies that the set of indices ¢ = {0,--- , M —1}
can be partitioned into M /L disjoint groups, which are the
sets Yy, for k = {0,---, % — 1}, such that (FA[),y)
is nonzero only when k£ and y belong to the same group.
Since no information about the exact mismatch parameters
is utilized during the proof, the result directly extends for the
matrix F'Ag. We can repeat the analysis between (23)-(24)
for the matrix F~ A; to understand that its (k, y)th element
is non-zero only when y € V_.

Now, we understand that all the M x M sub-matrices of A,
that appear in the definition of A given in (12), can be written
in terms of FA;, F' A; and their conjugates F*A; and
FA;. Hence, we extend the results derived for the structure
of these matrices to infer that the index set {0,--- ,2M — 1}
can be partitioned into disjoint groups such that A(k,y) is
non-zero only when k and y belong to the same group. When
M/ L is even, the disjoint groups can be obtained as

Ve UV UM+ V) U(M +Y-y), 1<k<__1

Gr = Vi U(M + Vi), ke{O

’ 2L
(25)
where M + X denotes the addition of M to all the elements
of the set X. From (25), we have two groups of size 2L and
(% — 1) groups of size 4L. The complexity of zero-forcing
equalization, given in (13), for a group of size X is at most
X2, Hence, we can obtain the total complexity to be at most
8M L —8L?. We can perform a similar analysis for odd M/L
to obtain an equalization complexity of 8M L — 4L2.
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