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ABSTRACT

NALOG-to-digital-conversion enables utilization of digital signal processing (DSP) in
many applications today such as wireless communication, radar and electronic war-

fare. DSP is the favored choice for processing information over analog signal processing
(ASP) because it can typically offer more flexibility, computational power, reproducibil-
ity, speed and accuracy when processing and extracting information. Software defined
radio (SDR) receiver is one clear example of this, where radio frequency waveforms are
converted into digital form as close to the antenna as possible and all the processing of
the information contained in the received signal is extracted in a configurable manner
using DSP. In order to achieve such goals, the information collected from the real world
signals, which are commonly analog in their nature, must be converted into digital
form before it can be processed using DSP in the respective systems. The common
trend in these systems is to not only process ever larger bandwidths of data but also to
process data in digital format at ever higher processing speeds with sufficient conversion
accuracy. So the analog-to-digital-converter (ADC), which converts real world analog
waveforms into digital form, is one of the most important cornerstones in these systems.
The ADC must perform data conversion at higher and higher rates and digitize
ever-increasing bandwidths of data. In accordance with the Nyquist-Shannon theorem,
the conversion rate of the ADC must be sufficient to accomodate the BW of the signal to
be digitized, in order to avoid aliasing. The conversion rate of the ADC can in general be
increased by using parallel ADCs with each ADC performing the sampling at mutually
different points in time. Interleaving the outputs of each of the individual ADCs provides
then a higher digitization output rate. Such ADCs are referred to as TI-ADC. However,
the mismatches between the ADCs cause unwanted spurious artifacts in the TI-ADC’s

spectrum, ultimately leading to a loss in accuracy in the TI-ADC compared to the
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individual ADCs. Therefore, the removal or correction of these unwanted spurious
artifacts is essential in having a high performance TI-ADC system.

In order to remove the unwanted interleaving artifacts, a model that describes the
behavior of the spurious distortion products is of the utmost importance as it can then
facilitate the development of efficient digital post-processing schemes. One major contri-
bution of this thesis consists of the novel and comprehensive modeling of the spurious
interleaving mismatches in different TI-ADC scenarios. This novel and comprehensive
modeling is then utilized in developing digital estimation and correction methods to
remove the mismatch induced spurious artifacts in the TI-ADC’s spectrum and recov-
ering its lost accuracy. Novel and first of its kind digital estimation and correction
methods are developed and tested to suppress the frequency dependent mismatch spurs
found in the TI-ADCs. The developed methods, in terms of the estimation of the
unknown mismatches, build on statistical I/Q signal processing principles, applicable
without specifically tailored calibration signals or waveforms. Techniques to increase
the analog BW of the ADC are also analyzed and novel solutions are presented. The
interesting combination of utilizing I/Q downconversion in conjunction with TI-ADC is
examined, which not only extends the TI-ADC’s analog BW but also provides flexibility
in accessing the radio spectrum. Unwanted spurious components created during the
ADC’s bandwidth extension process are also analyzed and digital correction methods
are developed to remove these spurs from the spectrum. The developed correction
techniques for the removal of the undesired interleaving mismatch artifacts are validated
and tested using various HW platforms, with up to 1 GHz instantaneous bandwidth.
Comprehensive test scenarios are created using measurement data obtained from HW
platforms, which are used to test and evaluate the performance of the developed inter-
leaving mismatch estimation and correction schemes, evidencing excellent performance
in all studied scenarios.

The findings and results presented in this thesis contribute towards increasing the
analog BW and conversion rate of ADC systems without losing conversion accuracy.
Overall, these developments pave the way towards fulfilling the ever growing demands

on the ADCs in terms of higher conversion BW, accuracy and speed.
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CHAPTER 1

INTRODUCTION

1.1 Background and Research Motivation
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Figure 1.1: Converting an analog signal into digital form.

HE analog-to-digital-converter(ADC) is a device which measures an analog value,
T e.g. the voltage value of a signal, and outputs a digital value, consisting of 1’s and
0’s, to represent the result of the measurement. Measuring and quantizing an analog
quantity into a digital value is the raison d’étere of ADCs. The ADCs act as a bridge
between natural world around us, which is analog in its nature, with the digital world.
An analog signal is typically of continuous-time (CT) nature, i.e., the analog signal
can have any given value which changes continuously w.r.t. time. The ADC quantizes
the analog value of the CT in both time and value, i.e., it rounds-off at discrete time
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intervals and so the digitized signal is a discrete-time (DT) version of the original analog
one with discrete values [24,54,57]. The world around us is analog in its nature and
transmitting information from one point to another, e.g. in communication systems, is
commonly done using analog signals which consists of electromagnetic waves in case of
radio communications. On the receiver side of this transmission, there are typically two
options to process the received signal. The first option is to process the information
contained in the signal in its analog form, known as analog signal processing (ASP),
using analog circuitries. The second option is to convert the signal into the digital form,
via the ADC, and then process it further with digital signal processing (DSP) using
digital circuitry. Processing a signal after digitizing it using DSP offers some distinct
advantages over processing it in analog form using ASP. Information in digital form can
be processed using, e.g., processors and field programmable gate arrays (FPGA), which
offer powerful computing platforms with the flexibility of defining the desired signal
processing operations via software. The required computation precision in the digital
domain can be arbitrarily adjusted by selecting an appropriate number of bits [24,54,57].

Another benefit of digital circuitry over its analog counterpart can be seen w.r.t.
integrated circuits (ICs), which are of great interest when fabricating electronic circuits
due to their small form factor, high power efficiency and suitability for high integration
density of electronic components. The semiconductor process technology, utilized for
the manufacturing of the ICs, is scaling downwards with each new process generation
[7,28,99]. As a consequence of technology down-scaling, the size of the transistors,
the elementary building blocks of circuits, is continuously decreasing. Therefore, a
bigger number of circuitries can be constructed per unit area, e.g., the digital logic on a
processor chip. Furthermore, the smaller transistor size leads to a smaller supply voltage.
Digital circuitries benefit directly from this process technology scaling. Consequently,
digital circuits are also becoming cheaper, have higher logic density and have less
power consumption per unit operation. This is a strong driving factor for processing
information using digital circuitry [7,28,99]. Unlike their digital counterparts, whose
circuit functionalities remain relatively unchanged after the migration to the smaller
transistor size, the functionalities of analog circuits can be effected by the transition
to a smaller process technology. Smaller transistor size typically means that there
is a higher degree of mismatches between the components due to the manufacturing
process variations, which can affect the functionality and performance of analog circuits.
Furthermore, a lower supply voltage of the transistor, due to technology down-scaling,
can also affect the performance of the analog circuitry as it becomes more susceptible to
noise [28,99]. Digital circuits are clearly more robust not only against process variations
but also against temperature changes, which affects the analog circuitry’s functionality.

Due to the aforementioned advantages, processing information using DSP is many times



1.1 Background and Research Motivation

favored over ASP as the former is more robust, precise, flexible and powerful signal
processing tool. Therefore, the ADC is an important key element in electronic systems

that desire to process information digitally [2,7,28].

Many electronic systems today are demanding higher data rates, larger processing
bandwidth (BW) and higher resolution. This creates increasing demands on the ADC
that it has to digitize a larger BW, i.e., a larger set of frequencies, and a provide a higher
resolution, i.e., digitize the signal with higher number of bits and therefore digitize the
signal with a higher accuracy [2,7,28]. Typically, an ADC has either a large digitization
BW, known as its digital BW, or a high resolution with either one obtained at the cost
of the other. Digitizing a larger signal BW requires that the ADC digitizes each analog
sample value of the signal faster, meaning that the time window available to digitize one
analog value becomes smaller. On the other hand, a longer conversion time is typically
required if a more accurate digitization of the analog value is desired. This is because
the ADC has to resolve the analog value of the signal from a higher number of more
closely spaced quantization levels. Hence, the ADC’s digital BW, determined by its
operating speed, and the ADC’s resolution are the bottleneck factors which restrict the
performance of the electronic information processing systems which rely on DSP [2,7,28].

One way to overcome the dilemma of sacrificing either high conversion BW or
resolution of the ADC is to utilize multiple ADCs operating in parallel. Each ADC can
operate at a slower conversion rate and can therefore have the conversion time required
for the targeted resolution. However, each ADC is tasked to perform the conversion
at a different point in time and so each ADC provides the digitized sample value of
the signal at mutually different time instants. The output of these ADCs can then be
rearranged or interleaved, according to the order in which each ADC has sampled the
signal, to produce a higher output data rate. This concept is known as a time interleaved
analog-to-digital-converter (TI-ADC) and was first implemented in [8]. However, each
of the ADCs, operating in parallel, will have a mismatch in its characteristics compared
to the other ADCs. This is unavoidable due to inevitable analog circuit fabrication
mismatches. These mismatches between the ADCs cause a loss in the TI-ADC'’s effective
resolution, which may severely compromise the original goal of time interleaving the
ADCs. Hence, these mismatches must be removed or mitigated to recover the TI-
ADC’s effective resolution, e.g., via mismatch correction techniques. So techniques and
algorithms that are able to detect and correct the mismatches between the interleaved
ADCs are of great interest [65,97].

Also, each ADC has a limited analog BW, due to its analog circuitry, and the analog
signal to be digitized must be located within this analog BW as the ADC’s digitization
performance typically degrades outside this range, i.e, the digitized value starts to deviate

considerably from the original analog value. In general, time interleaving of the ADCs
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only allows for increasing the total conversion BW for a certain targeted resolution as
long as the total BW remains within each individual ADC’s limited analog BW. Thus,
during the reception of high frequency signals, transmitted, e.g., for communication
purposes, frequency translation is typically carried out down to the ADC analog BW
range by a receiver circuit before it can be digitized by the ADC [55,58]. Therefore,
some analog processing of the signal is typically required, depending on the used center-
frequencies, to downconvert the signal into the ADC’s analog BW. Hence, it is also of
interest to find cost, space and power efficient methods to increase the ADC’s analog
BW as this will increase the overall BW of the signal that can be digitized by the ADC
as well as simplify the downconversion stage. This tendency is also well in-line with the
software defined radio (SDR) paradigm, where the goal is to digitize the analog signal as
early as possible in the receiver chain and define and implement the rest of the receiver
functionalities in DSP Software (SW) [2,7,28].

Hence, the importance of developing techniques to push the boundaries of the ADC'’s
performance beyond its analog circuitry limitations is clearly evident with the ADC being

a key component in the digital information processing age.

1.2 Thesis Scope and Objectives

The primary scope of this thesis is related to the frequency response mismatches (FRMs)
in TI-ADCs, which were at the early stages of the thesis work one of the most critical
open research challenges in the field of TI-ADCs, in particular when it comes to blind
online estimation. The aim of the research work carried out in this thesis is to find
suitable methods to identify and correct the TI-ADC’s FRM in an adaptive and blind
manner, i.e., without using known training signals and interrupting the operation of
the TI-ADC. Therefore, the behavior of the TI-ADC’s FRM is thoroughly studied and
modeled to facilitate the achievement of this goal. Digital FRM estimation and correction
algorithms are then developed, based on this modeling, to remove the FRM induced
spur components and recover the TI-ADC'’s lost effective resolution. The work covers
different kinds of TI-ADCs, namely 2-channel and 4-channel TI-ADCs with real-valued
input signals as well as I/Q TI-ADCs with parallel I and Q signals. The performance
and proper operation of all developed estimation and correction methods are evaluated
and verified through TI-ADC hardware measurements, including also very challenging
case of input waveforms with close to 1GHz instantaneous BW. The secondary scope of
this thesis is to contribute to the extension of the TI-ADC’s analog bandwidth.

It is also highlighted that the mitigation techniques for TI-ADCs mismatch spurs is

a research topic with high industrial interest as can be seen from [13, 77, 85].
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1.3 Outline and Main Results of the Thesis

The first main contribution of this thesis includes the finding that TI-ADC mismatch
parameters can be identified by utilizing the mirror frequency interference techniques,
which are classically encountered in the in-phase/quadrature (I/Q) direct-downconversion
(DDC) transmitters and receivers. This resulted in, to the authors’ best knowledge,
first of its kind methods in the technical literature for solving the more challenging
open challenges in the field of TI-ADCs’ mismatch mitigation, i.e., the FRM correction.
Firstly, it led to a new breed of solutions that allow efficient and comprehensive blind
and adaptive identification of frequency dependent FRMs in the 2-channel TI-ADC case
using I/Q mismatch correction solutions. Secondly, it led to the development of blind
and adaptive identification of frequency dependent FRMs beyond the 2-channel TI-ADC
case, e.g., the 4-channel TI-ADC case. Contributions w.r.t. this topic are listed and

elaborated more specifically below.

1. Complex modeling and analysis of FRM in real-valued TI-ADCs [P1], [P2]. The
complex modeling of the TI-ADC mismatch facilitates better understanding of the
creation process and nature of the mismatch spurs due to FRM, particularly for
higher order TI-ADCs. The complex model of the TI-ADC is easily mapped to
the real valued TI-ADC.

2. I/Q downconversion and 2-channel TI-ADC relationship [P2],[P5],[P8]. It is shown
in conjunction with the complex modeling mentioned above that a 2-channel TI-
ADC spectrum and the I/Q DDC spectrum are connected via a lowpass bandpass

transformation. Prior to this, no link was systematically established between the
2-channel TI-ADC and I/Q DDC field of work.

3. 2-channel TI-ADC frequency response mismatch correction [P2],[P8]. The first
known examples of blind adaptive FRM correction algorithms for 2- channel TI-
ADCs are developed which are able to estimate and correct the FRM within the
band of use without any specific calibration signals or waveforms.

4. 4-channel TI-ADC frequency response mismatch correction [P1],[P6],[P7]. The
first known examples of blind adaptive FRM correction algorithms for 4-channel
TI-ADCs are developed which are able to estimate and correct the FRM within
the band of use without any specific calibration signals or waveforms.

The second main contribution of this thesis is w.r.t. increasing the TI-ADC’s analog
BW. Here, the focus is specifically placed on the effects of FRM in wideband I/Q
downconversion circuitry which utilizes TI-ADCs in its analog I and Q branches. This
is followed by the estimation and correction of these FRM mismatches. Contributions

w.r.t. this topic are listed and elaborated more specifically below.
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5. Modeling of wideband I/Q) downconversion circuitry with 2-channel TI-ADC fre-
quency response mismatches [P4]. Here the interactions between the frequency
response mismatches in the various analog stages, i.e., in the analog 1/Q down-
conversion and TI-ADCs circuitry, are shown and analyzed and the nature of the
resulting spur components is studied. This behavior was previously not systemati-
cally studied in the existing literature.

6. Digital estimation and correction of frequency response mismatches in wideband
I/Q downconversion circuitry with 2-channel TI-ADC' [P3]. Here the identification
and compensation of the FRM spurs in the analog I/Q downconversion and the 2-
channel TI-ADCs circuitry is performed. These are, to the author’s best knowledge,
the first known published methods and results which explicitly offers solutions to
the mitigation of FRM spurs in the 2-channel I/Q TI-ADC.

7. Relationship between 4-channel TI-ADC and I/Q downconversion circuitry with
2-channel TI-ADC [P1]. Here it is shown that the 2-channel I/Q TI-ADC’s spec-
trum, with its corresponding mismatches components, share a lowpass-bandpass
relationship with a 4-channel TI-ADC and its corresponding FRM spurs.

1.4 Author’s Contributions to the Publications

This thesis work was started in collaboration between Airbus Defence and Space GmbH
and Tampere University of Technology under the scope of digitally assisted analog. The
findings presented in [P1]-[P8] were developed by the author. Valuable feedback and
constructive criticism were given by Prof. Dr. Mikko Valkama, Michael Epp, Dr. Lauri
Antilla and Dr. Wolfgang Schlecker during the vigorous discussions and examination
of the proposed FRM spurs analysis and the corresponding FRM spurs estimation
and correction solutions. The findings and results of the work established a strong
connection between TI-ADCs and I/Q downconversion. This allowed utilizing previously
developed statistical based algorithms in the I/Q downconversion framework by Dr.
Lauri Antilla and Prof. Dr. Mikko Valkama also for the TI-ADC mismatch estimation.
The publications in [P1]-[P8] were vastly written by the author and Prof. Dr. Mikko
Valkama contributed towards the structuring, revision as well as the final appearance
of the publications. Support and proof-reading for the publications were also given by
Michael Epp, Dr. Lauri Antilla and Dr. Wolfgang Schlecker.
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Figure 1.2: Respective spectra of continuous-time signal, discrete-time signal and discrete
sequence.

1.5 Used Mathematical Notations and Basic Model-

ing of the Sampling Process

A time domain signal is denoted using lower case, e.g., x(t) with ¢ being the time
variable and its frequency domain equivalent is denoted using upper case, e.g., X (512)
with 2= 27 f being the angular frequency variable, f being the frequency variable in
Hz and j = v/—1. Re{.} denotes taking the real part of a complex signal and Im{.}
denotes taking the imaginary part of the signal, i.e., Re{z(t) + jzg(t)} = z;(t) and
Im{z;(t) + jzg(t)} = zg(t). The Hilbert Transform (HT) based operation on a signal,
e.g., z(t), is defined here as z(t) + jhgr(t) * 2(t) with hgr(t) being the Hilbert filter.
Such HT based operation produces a complex valued analytical signal out of z(t), as
elaborated further in Chapter 3. Notice that in this notation, an anti-causal (zero delay)
HT is assumed, thus in practice a corresponding delay needs to be imposed accordingly
in the respective branches. In the frequency domain, X (5£2) and X*(—7(2) form a mirror
frequency pair, which corresponds in time domain to the signal pair z(t) and x*(t).

A Fourier Transform (FT) pair between time domain and frequency domain represen-
tations is denoted using z(t) and X (j{2). Performing the FT on a time domain signal,
e.g., on z(t) to obtain X (j{2), enables analyzing x(t)’s frequency or spectral content as

well as the location of the spectral content as depicted in Fig. 1.2(a). Alternatively, a
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time domain signal, e.g., 2(t), can be synthesized from its spectral contents, i.e., X (j12).
The FT relationship between z(t) & X (jf2) can be expressed in the form of a synthesis

equation as

a(t) = %/_Oo X (jQ)exp(j2t)d12, (1.1)

and in the form of an analysis equation as

X(j0) = / 2 (t)exp(—j28)dt. (1.2)
The periodically sampled version of z(t), denoted by x1(t), can be expressed or modeled
mathematically as

oo

() =a(t) Y 6t -KL) = 3 a(kTI~ AT.). (13)

k=—o0 k=—oc0

with k being the running integer index, T being the sampling interval and (¢t — kT)
being the Dirac impulse occurring at timepoint kTs. The FT of z;(t), denoted by
X1(4£2), can be expressed as

oo

X1(j02) = > x(kTy) exp(—j2KTy). (1.4)

k=—oc0

Let a sequence z[k] be defined representing the samples of the signal z(t) sampled at
intervals of kT, i.e., z[k] = x(kTs). The discrete-time FT of z[k], X (e?“), can be written

as
0o

X(e*) = " a[k]exp(—jwk). (1.5)
k=—oc0
From (1.4) and (1.5), the relationship X;(j§2) = X(e/7s) = X(e/¥)|,—01. can be
established. X (j£2) can also be expressed as

XG0 = 5o xG0)+ (53 s -k0)) = £ Y XGlo-k2). (19

% k=—o00 k=—00

with * denoting convolution, Fy = 1/Ts and 2, = 2xF;. The shorthand Qm—
[£2 — nf2s/m] will be used in upcoming equations to denote translated or shifted fre-
quencies. The shorthand p™ (t)= exp(j2n[n2s/m]t), denotes a complex exponential
oscillating at n{2s/m. The sampling process of the CT signal z(t) is modeled using the
periodically repeating Dirac pulses, in intervals of T, as in (1.3) and this corresponds to

the convolution between X (j(2) and the FT of the Dirac pulses in the frequency domain.
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Therefore, the spectral components in X (j{2) periodically repeat in intervals of {2, in
X1(j2) as depicted in Fig. 1.2(b). Similarly, X (e/*) can also be expressed as

X(e™)=Fs Y X(jlw—k(2m)]/T.) (L.7)

k=—o0

and as is seen in Fig. 1.2(c) the only difference with the spectrum of X;(j£2) is the
notion of normalized angular frequencies scaled by 1/Ts and the spectral components
repeat in intervals of 27.

In this thesis, the modeling of the TI-ADCs is carried out using the DT impulse
function based signal models as in (1.3) along with its FT, X;(5£2), as in (1.6). The
FT pair notations, e.g., z1(t) and X;(j(2), are used interchangeably depending on the
convenience during the analysis to switch between time domain and frequency domain.
Furthermore, the quantization stage and process in all the developments is neglected,
and thus the focus is fully on the issues related to the sampling in terms of discretization
of the time axis. In the analysis and modeling, a real-valued CT signal is frequently
utilized, e.g., x(t), whose spectral content is located between —(2,/2 < 2 < (24/2,
which is then separated into its two analytical counterparts , i.e., z.(t) and z}(t), whose
spectral content lies between 0 < 2 < 2,/2 and —(2,/2 < {2 < 0 respectively, as
depicted in Fig. 1.2(a). Also, due to the spectral replication in the sampled signal, only
the region —2,/2 < 2 < 2,/2 is considered.






CHAPTER 2

BAsic CONCEPTS AND
STATE-OF-THE-ART OF HIGH
SPEED ADCS

HIS chapter gives an overview of the architectures of high speed ADCs followed

by an introduction into the time interleaving of ADCs in combination with the
frequency downconversion circuitry, e.g., Heterodyne and Homodyne downconversion
circuitries. This forms the basis for the TI-ADC modelling carried out in chapter 3.
An overview of existing TI-ADC mismatch correction methods is also provided which
highlights the open challenges in the field of TI-ADCs mismatch correction and provides
motivation for the new TI-ADC FRM estimation and correction methods in chapter 4.

2.1 An Overview of High Speed ADC Architectures

The two major types of ADCs are Nyquist ADCs and oversampling ADCs. In Nyquist
ADCs, the sampling frequency must be more than twice the signal BW, in accordance
with the Nyquist-Shannon theorem. In oversampling ADC, e.g., delta sigma ADC,
the ADC’s sampling frequency is typically much higher than the signal’'s BW, e.g.,
16, 32 or 64 times higher [45]. The high oversampling is necessary to enable the
quantization noise shaping mechanism which is followed by filtering of the quatization
noise and decimation [45]. Nyquist ADCs are typically best suited in the construction
of TI-ADCs [49]. Nyquist ADCs typically consist of a track & hold (T&H) stage and
quantization stage. The T&H tracks the analog input and holds the analog value of

the signal at a specific point in time. The quantizer then quantizes this analog value
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Figure 2.1: Nyquist BW and analog BW of an ADC.

and provides its digitized representation with finite accuracy. The T&H operates on the
analog signal and the highest input signal frequency, for which it can capture the analog
value without a 3 dB attenuation, determines the ADC’s full power bandwidth (FPBW)
as depicted in Fig. 2.1 [88,89]. (Note that occasionally the terms FPBW and analog
BW will be used interchangeably hereafter.) Typically, the T&H is able to operate
much faster than the quantizer, i.e., the time needed by the T&H to capture the analog
value of the signal is much shorter than the time needed by the quantizer to perform its
quantization operation. The T&H’s BW, i.e., the frequency range for which T&H can
accurately hold the value of the analog signal without degrading the signal to noise and
distortion ratio (SINAD) exceeding 3 dB, is referred to as the ADC’s effective resolution
bandwidth (ERBW). The ERBW is typically smaller than the FPBW as depicted in
Fig. 2.1 [88,89]. However, for simplicity in the discussions that follow, it is assumed
that the FPBW equals the ERBW and the two terms will be used interchangeably.
Most ADC architectures typically differ in their quantizer architecture, which clearly
impacts the quality of the amplitude quantization and therefore the ADC’s effective
resolution [12,43,49,78]. Currently, the ADC architectures used in high speed ADCs
with resolutions ranging from 10 — 16 bits include folding-interpolating, successive
approximation register (SAR), pipeline architecture as well as hybrid versions of the
aforementioned architectures [1,11,12,49,75,78]. The basic work principle of these
ADC architectures are explained briefly below. The folding-interpolating architecture is

built upon the flash ADC architecture where one flash ADC is used to perform coarse
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Figure 2.3: SAR ADC architecture operating principle.

quantization and another flash ADC is used to perform a finer quantization [22, 34, 91].
The coarse quantization gives the most significant bits (MSBs) and the fine quantization
provides the least significant bits (LSBs) as shown in Fig. 2.2. The coarse quantization
path consists simply of a typical flash ADC architecture. The fine quantization path
consist of a folding circuitry which folds the analog input signal into the smallest
quantization level of the coarse quantization ADC, which is then interpolated before
being fed into the flash ADC [22,34,91].

Then, there is the SAR ADC architecture which consists generally of a T&H, a
comparator, SAR logic and a digital-to-analog-converter (DAC) as seen in Fig. 2.3
[33,78,79]. The analog value held by the T&H is compared with the analog value
generated by the DAC using the comparator. The output of the comparator is recorded
by the SAR logic. The SAR logic controls the DAC to generate various analog voltages,
starting with ADC’s MSB followed by the next significant bit and this is repeated until
the ADC’s LSB is reached. The comparator output information is used by the SAR
logic to determine if the DAC generated analog value is above or below the input value
and the goal is to find which voltage level is the closest. If the voltage value of the DAC
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Figure 2.4: Pipeline ADC architecture operating principle.

exceeds the analog input value, then the current bit is set to 0 in the next cycle, where
the next significant bit is set to 1. The SAR ADC conversion process is depicted in
Fig. 2.3.

Next, the pipeline ADC architecture is explored. The pipeline ADC employs multiple
cascaded pipeline stages consisting of a flash ADC, a DAC and a differential operational
amplifier [1,11,25,38,43,53,75]. In the first stage, the signal is quantized using a low
resolution flash ADC and then this quantized digital signal is converted back into an
analog signal via the DAC. The analog value generated by the DAC is subtracted from the
original signal to produce the quantization error in the analog form. Subsequent pipeline
stages only process the quantization error in its analog form. The analog quantization
error is amplified, quantized and then divided before being added to the original quantized
signal. Each consecutive pipeline stage further minimizes the quantization error which
allows constructing a high precision ADC with a low quantization error.

It can be partially seen through the operating principle of the ADC architectures that
in order to achieve high ADC resolution with minimal quantization error, a sufficient
time window must be allocated during the conversion of each analog sample value.
For example, the comparator circuitry requires sufficient regeneration time to reduce
its metastability error and the operational amplifier requires sufficient settling time
during its amplification stage [43]. There is also a large increase in the ADC’s power
consumption, e.g. due to the amplifier and comparator, whose power consumption
increases in a non-linear fashion as their operating speed approaches the limit of the
given technology [12,43,78]. Therefore, the conversion rate of the ADC, for a certain

target accuracy and reasonable power consumption, is limited.
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2.2 Time Interleaving of ADCs

High conversion speed and high resolution are typically contradictory requirements in
an ADC, i.e., one requirement is obtained at the price of sacrificing the other [49].
High conversion speed leads to a higher Nyquist BW but achieving a more accurate
quantization generally requires allocating more time for conversion. Since the conversion
time for accurate quantization bottlenecks the achievable conversion speed, one way
to increase the conversion output rate would be to have multiple ADCs operating in
parallel with each ADC performing the conversion process at the same rate but at a
different point in time. The outputs of each ADC are then arranged in accordance with
the sampling sequence of the respective ADCs to produce a higher output rate. This
concept is known as the time interleaving of ADCs [8,79].

If a single ADC is able to achieve the required sampling rate, with the desired
conversion accuracy and power efficiency, then it would be the sensible to only utilize
a single ADC for sampling the desired signal as shown in Fig. 2.5 a). If a single ADC
cannot achieve this sample rate, then two ADCs can be time interleaved to achieve the
desired sample rate, as depicted in Fig. 2.5 b) [61,79]. Unfortunately, the mismatches
between the two interleaved ADCs cause spurious components to appear in the spectrum,
as seen in Fig. 2.5 b), and this leads to a loss in the effective resolution of the ADC.
These mismatches between the ADCs can severely reduce the benefit of interleaving the
ADCs [65,97]. The linear mismatches in TI-ADCs can be separated into the channel
offset mismatch and the FRM, which consist of frequency dependent gain and phase
mismatch. These mismatches cause a deviation of sample value from the original value
as shown in Fig. 2.6 [37]. The modeling of the FRMs and their effects on the TI-ADCs
is done in chapter 3.

2.3 Downconversion Circuitry and TI-ADCs

Although time interleaving the ADCs increases the ADC’s Nyquist BW, the spectrum
to be sampled by the ADC must be located within the ADC’s analog BW as shown in
Fig. 2.5. In most cases, however, the signal to be digitized is located at higher frequencies
outside the FPBW of the TI-ADC. Therefore, downconversion circuitries are required to
translate the frequency band of interest into a lower frequency range, within the ADC’s
analog BW.

2.3.1 Real Sampling TI-ADCs

The Heterodyne receiver architecture is one option to downconvert the signal to be

digitized into the ADC analog BW. With the emergence of radio frequency (RF) sampling
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TI-ADCs, e.g. [3,80,82], signals located up to ~ 3 GHz can be sampled directly without

the need of any downconversion circuitry. However, digitization of any frequency band

located higher than the ADC’s analog BW will require downconversion circuitry. In
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Figure 2.7: Downconversion circuitry with time interleaved ADCs.

this configuration, only a single real-valued TI-ADC output stream is produced as
depicted in Fig. 2.7 a). The Heterodyne architecture requires high performance RF
image rejection filters and it is challenging to implement as an IC solution [7,89]. After
the real downconversion, the signal is sampled in real-valued form and the final complex
down-conversion to baseband, i.e., I/Q generation is done digitally. The total BW of
the downconverted signal must be be less than the ERBW of the ADC [89], i.e. the
signal’s BW must be less than the ADC’s ERBW angular frequency, 2grpw, as seen
in Fig. 2.7 a).

2.3.2 1I/Q Sampling TI-ADCs

As an alternative to the real valued Heterodyne downconversion, I/Q downconversion
may be used via the Homodyne circuitry, which results in a quadrature pair output
stream as seen in Fig. 2.7 b). The Homodyne architecture consist of more simple
analog components with less stringent analog performance requirements, especially in
terms of RF image rejection filtering, compared to the heterodyne downconversion
circuitry [7,86,89]. However, it suffers from the mirror frequency interference due to
finite matching of its I and Q branch [7,86,89]. Utilizing the 1/Q downconversion
provides also the benefit of removing the mirror frequency component, which leads to
the doubling of the ADC’s ERBW compared to the same ADC used injunction with a

Heterodyne receiver, as seen in Fig. 2.7 a).
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2.4 An Overview of existing TI-ADC Mismatch Cor-
rection Methods

The potential of TI-ADCs has fueled much research efforts in their development from
the circuit designer community [12,27,43,78]. Similarly, the TI-ADC’s performance
enhancement via the mitigation of the unavoidable analog mismatches has equally
received a lot of attention [17,19, 35, 44, 48, 50, 59, 61, 62, 65, 90, 96, 100-102]. The
individual types of mismatches that occur in the TI-ADC, i.e., gain, timing and offset
mismatches, have been discussed and analyzed extensively in, e.g., [18,37,92]. This
section aims to survey the available background TI-ADC mismatch correction techniques,
capable of mitigating the mismatches beyond the 2-channel TI-ADC case. The two
current mainstream mismatch correction solutions researched are mixed-signal domain
solutions and all-digital domain solutions. Both of these approaches perform interleaving
mismatch detection in the digital domain using DSP. Due to DSP’s mismatch detection
accuracy and robustness against variation effects it achieves good mismatch parameter
identification results. Once the mismatch detection is done, the mismatch correction
can then be done either in the analog domain, e.g. via circuit parameter tuning for the
mixed domain solutions, or in the digital domain e.g. via the digital correction filter.
Many mismatch calibration techniques developed focused on static gain, timing and
offset mismatch correction [17,19, 35,44, 50,59, 61, 62,90, 96, 100-102]. For mediocre
resolution TI-ADC, e.g. 8-10 bits, it is sufficent to correct these frequency independent
mismatches [29]. Global frequency independent mismatch parameter detection is gen-
erally easier compared to frequency dependent mismatches [50]. Static gain and offset
mismatch parameters are the easiest to detect and correct [50]. The timing mismatch’s
detection is more difficult and its correction more challenging due to the frequency
dependent linear phase mismatch caused by the sample time offset mismatch [50,94].
Frequency dependent mismatches’ detection is more challenging than the aforementioned
mismatches as it involves detecting frequency dependent gain and phase mismatch. Fre-
quency dependent mismatches are the main research topic of this thesis work, and have
been earlier identified as the main research challenge in the TI-ADC field in [50,93,94].

2.4.1 Mixed-signal Correction Methods

Mixed-signal domain correction methods focus mainly on the timing mismatch detection
and correction [16,60,61,74,78]. In these methods, first the timing mismatch parameter
identification is done in the digital domain followed by fine-tuning of the ADC sample
clock phase in the analog domain to minimize the sample time offset [15,16,43, 60,61,
74,78]. Background timing mismatch estimation is done e.g. by utilizing statistical
properties of the signal [43, 60, 74] and the ADC clock phase is then fine-tuned to
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remove the sample time offset. This enables a power efficient correction method with
low complexity, in contrast to digital correction filters. It tackles the timing mismatch
problem at its source and allows for a timing mismatch correction throughout the full
Nyquist zone, an advantage over digital correction filters which typically require some
oversampling [74]. It can be easily scaled to an arbitrary number of ADC channels,
provided however that the individual ADC timing mismatch parameter values have been
extracted. It does, however, come with an analog circuit challenge to design a variable
delay line which does not increase the ADC’s aperture jitter for a target sampling
frequency causing a degradation to its signal-noise-ratio (SNR) [16,50,61,74,78]. This
needs to be redesigned if a technology migration is made. The method in [74] relies on
the wide-sense-stationary (WSS) property of the TI-ADC output signal and attempts
to restore the assumed shift-invariance of the auto-correlation function by iteratively
searching for the timing mismatch value in a 4-channel TI-ADC case and also include
the static gain mismatch correction.

The non-blind correction methods involve deploying certain specific reference signals
obtained via additional hardware e.g. from an auxiliary ADC channel that operates in
parallel. Using a reference channel, a non-blind method in [16] estimates the timing
mismatch by measuring the cross-correlation between the reference channel to the
respective ADC branches. A different non-blind calibration technique is presented
in [78], which also uses a reference ADC channel to obtain the sample value deviation
and then uses the least-mean-square (LMS) algorithm to estimate the sample time offset.
A timing mismatch detection algorithm for the 2-channel TI-ADC case is presented
in [60,61]. By summing up the multiplication product between the time shifted output
samples of the two ADC, a DC term is generated in the presence of a timing mismatch
which is used as reference for the ADC clock phase adjustment. The techniques listed
above have been mostly tested using a single tone CW signal and shown to require
multiple iteration cycles before reaching convergence (e.g. [74] required 300 search
iterations and [61] required 12 x 8k clock cycles). In summary, correction in the analog
domain typically involves only the global mismatches (gain, timing and offset mismatch)
and the effects of the frequency specific mismatches are tried to be minimized through

design and monolithic implementation [48,78].

2.4.2 All-Digital Correction Methods

The all-digital domain solutions utilize DSP algorithms for both detection and mitigation
of the TI-ADC mismatches. The mitigation of ADC non-idealities in the digital domain
is an idea that dates back to the early days of data converters [48]. All digital correction
algorithms are independent of the ADC’s semiconductor technology, are not effected by

process variations and benefits from technology down-scaling [48,94]. One of the first
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example was published in [25,26] which involved extracting the static gain and timing
mismatch parameters before performing the correction in the digital domain for the
2-channel TI-ADC case. The basic idea is to align interleaving spur with the input signal
and measure the correlation between the two in order to estimate the static gain and
timing mismatch parameters. These parameters were extracted separately as the gain
and timing mismatch component are mutually orthogonal [25,26]. This method was
later extended to the 4-channel TI-ADC case in [38]. An early attempt in the combined
estimation of the static gain and timing mismatch was probably first done in [73] for 2
TI-ADCs which is based on restoring the assumed WSS property of the TI-ADC output.
It uses a parametrized filter banks to make the auto-correlation function shift-invariant
by iteratively adjusting the static gain and timing mismatch in each channel. The same
principle of WSS restoration is applied to the 4-channel TI-ADC mixed-signal domain
mismatch correction solution in [74]. In [46,47], a mismatch compensation technique is
presented which aims to correct M-channel TI-ADC’s static gain and timing mismatch.
It generates M — 1 pseudo aliases and then performs the frequency alignment followed by
measuring the correlation for estimating the static gain and timing mismatch separately.
Another scalable structure for the correction of static gain and timing mismatch is
presented in [96]. It requires some degree of oversampling to allocate a region where the
interleaving mismatch components are present separately from the desired signal. The
desired signal must also have interleaving spurs which fall into this allocated region to

obtain a reference for the mismatch parameter identification.

A 4-channel TI-ADC timing offset correction is presented in [23] which also uses
oversampling and adaptive null steering filter bank to estimate the timing mismatch.
An M-channel TI-ADC timing mismatch identification using oversampling was proposed
in [69]. Another strategy involves using tone injection to identify the interleaving
mismatch parameter in a semi-blind way. Such methods requires allocating two regions
in the spectrum; one region where the test tone can be injected and the other region
where its interleaving spur is positioned. The method proposed in [20,21] uses tone
injection to estimate the static gain and timing mismatch. Tone injection methods
for the TI-ADC mismatch identification have complications when going beyond the 2
TI-ADC case, e.g., for the 4 TI-ADC case where the other two interleaving FRM spurs
fall into different regions of the spectrum. These regions have to be kept free for this
reason and causes the usable spectrum to become fragmented, which in some applications
can easily be undesirable or unacceptable. Correcting only the TI-ADC’s static gain and
linear phase mismatch (from timing mismatch) causes a residual frequency dependent
gain and phase mismatch to remain. This restricts the post correction improvement
of the interleaving mismatches, which naturally limits the effective resolution in higher
resolution TI-ADCs [29].
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Up until around 2007, known blind mismatch identification techniques focused on
extracting static gain and timing mismatch parameters only. Then, the question on
how to estimate the frequency dependent mismatches in TI-ADC was opened [71]. In
an offline procedure with a dedicated measurement setup, CW single tone calibration
signals can be injected sequentially to characterize the individual ADC’s FRM followed
by a filter design to compensate the FRMs [72]. Such a method, however, is susceptible
to mismatch variations that occur over time which led to the mentioned performance
degradation of the designed filter in [72]. Recalibration would be required and this
would mean interrupting the system’s operation. Online calibration methods are thus
of interest as these methods run in the background and do not interrupt the system’s
operation. However, online blind identification of the TI-ADC’s FRM is also the most
challenging to do. A semi-blind method which tackles the relative bandwidth mismatch
detection between the T&H’s of two interleaved ADC is described in [66,67]. It models
the T&H as a first-order RC circuit and the relative mismatch between the T&Hs is

extracted using the mismatch spur information of the injected tone.

A proposal for using polynomial based mismatch modeling was made in [70,71] and
was equally adopted by solutions developed further in [29,64]. Static gain and timing
mismatches correspond to the 1st order polynomial approximation of the FRM [64]. The
method in [73] is extended for correcting frequency dependent gain and phase mismatch
in 2 TI-ADC using polynomial modeling by the investigations carried out in [70,71].The
mismatch correction principle was illustrated with a second-order polynomial mismatch
model, which required about 500 search iterations on a 105 sample data set to estimate
the mismatch parameters that restore the assumed WSS property in the TI-ADC’s
output signal using 61-tap filters. It is stated that the proposed method requires the
condition that the desired signal and interleaving spur component do not overlap and
such a multitone CW scenario was used in the verification of the proposed method.
The method’s suitability for real-time mismatch identification needs to be validated
as well as showing its extendability beyond the 2-channel case. Also, the actual TI-
ADC mismatches will need a higher order polynomial to be corrected [29,64]. The
method in [64] relies on oversampling to have a region in the spectrum where only
the interleaving mismatch spurs are present. This is used as reference to adaptively
identify the polynomial coefficients needed to reconstruct an estimate of the spur
component before subtracting it from the TI-ADC output signal, thus suppressing
the spur components. One limitation here is that since the reference for the adaptation
only comes from a small portion of the bandwidth, sufficient information on the FRMs
inside the band-of-use may not be obtained. A similar polynomial-based compensation
structure is presented in [29], which showcases efficient mismatch correction results

assuming the mismatch parameter identification has already been done. It is briefly
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mention that the required parameter identification could be done via monitoring a cost
function similar to e.g. in [70], which required multiple search iterations and was only
shown for the 2-channel TI-ADC case. The methods mentioned above have used a
predetermined FRM model. In practice, however, analog front-end circuit mismatch
behavior is application-specific and its characteristics can be different from the assumed
model [70].

As can be concluded from [42,93] suitable online blind identification methods are
of interest that can operate in the background and provide the TI-ADC mismatch
parameters in the form that can directly be used in the mismatch compensation step.
For efficient mitigation of the TILADC FRMs, estimates must come from within the
band of use because relying on a mismatch reference obtained via oversampling may not
be sufficient. Also, it is desirable to have correction methods which are not restricted
by specific model-based assumption of the mismatch’s characteristics. For example,
having a fixed second-order polynomial model [70] or assuming a simplified model
such as a first-order RC circuit BW mismatch in the S/H [66] might not be sufficient.
This is because the analog front-end mismatch characteristics may differ from the
assumed model [70]. Methods have been proposed to handle the mismatch correction
process without these restriction assuming, however, that the mismatch parameters
are known [29, 31, 32,39, 72,95]. Alternatively, an additional ADC can be used as
reference for detecting the sample value deviation in estimating the frequency response
mismatches e.g. [63]. The simulation shown required 22* samples to converge and exhibits
a trade-off between the reference ADC’s resolution and the achievable improvement.
In 2014, 2 proposals were made towards non-blind FRM identification in 4-channel TI-
ADC [42,84]. In [84], by feeding a known signal into the ADC, the mismatch estimation
and compensation is done using variable digital filter which builds upon the Gauss-Seidl
iteration method. Similarly, [42] uses an internal reference signal consisting of a band-
limited pseudo-random noise sequence. Least-mean-square algorithm based adaptive
filters are then designed to minimize the error between the known ideal reference and
the collected TI-ADC’s output. The method of [84] partially interrupts the TI-ADC’s
operation to inject a calibration signal. Therefore, the missing samples of the operational
signal must be recovered via additional signal processing operations, which leads to

additional complexity and higher computational resources consumption [56,84].

Lately, a new breed of algorithms have been emerging for tackling TI-ADC mismatch
identification and compensation process, where the TI-ADC’s mismatch identification
problem is converted into an I/Q mismatch identification problem. First known examples
of these types of algorithms, which map the 2-channel TI-ADC problem into an I/Q
mismatch problem are [76],[P8]. This mapping allows using powerful complex signal

processing based techniques that measure the mirror frequency correlation. The spectrum
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of a 2-channel TI-ADC with its mismatch spurs can be directly converted into an I/Q
downconversion spectrum with mirror frequency interference spurs, i.e., the two are
connected via a lowpass-bandpass transformation. This relationship was presented and
studied in [30] and [P5] independently. [30] also examined performing I/Q mismatch
correction after converting it into a 2-channel TI-ADC mismatch problem. It will be
highlighted in the framework of this thesis that correcting the TI-ADC mismatches in
cases beyond the classical 2-channel TI-ADC requires novel methods which goes beyond
the lowpass-bandpass transformation as shown in [30] and [P5]. It will also be shown
that a Hilbert transformation, e.g., as utilized in [30] and [P5], can be bypassed when
converting the TI-ADC mismatch identification problem into an I/Q mismatch problem.

It is also interesting to note that very recently other types of methods have also been
presented for the 2-channel and 4-channel TI-ADC FRM correction which also utilize
complex signal processing correlation techniques [9,10]. Complex valued signals are
generated out of the real-valued TI-ADC outputs such that the desired signals’ spectral
component are aligned with the interleaving spur components. Once the alignment is
done, the correlation is measured between the desired signal and the interleaving spur
components in the process of reconstructing and removing the TI-ADC mismatch spur
components. Calculating the correlation between the desired signal and spur component
after the frequency component alignment is the main difference of these methods as
opposed to the mirror frequency correlation based techniques used in the I/Q mismatch
corrrection methods. As stated in [9,10], it is required that the desired signal and

interleaving spur components do not overlap for the proposed method to work.
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CHAPTER 3

MODELING OF FREQUENCY
RESPONSE MISMATCHES IN
TI-ADCs

HIS chapter touches upon the modeling of the FRMs in TI-ADCs and in I/Q TI-
ADCs. The modeling of the FRMs in real valued TI-ADCs is carried out using
a complex valued CT analog signal z.(t), whose FT X.(j{2) is depicted in Fig. 3.1 a).
x.(t) is the analytical version of the actual real-valued TI-ADC input signal z(t), i.e.,
x(t) = Re{z.(t)} and z.(t) = x(t) + jhgr(t) * (t). Therefore, the spectral content of
X (742) contains also the mirror frequency components as shown in Fig. 3.1 b) as opposed
to X.(742). The TI-ADC’s FRM modeling is done using the complex valued signal x.(t)
and is then mapped to the real-valued signal z(t). This works in tandem with the FRM
identification process in chapter 4 which generates a complex valued signal from the
real valued TI-ADC output and uses complex signal processing techniques for blindly
identifying the FRM. The modeling of the I/Q TI-ADCs is, in turn, carried out using
v(t), which is simply z.(t) frequency shifted by —f2;/4. This naturally corresponds to
the case where parallel TI-ADCs are used to sample the analog I and Q components
which are already generated through analog 1/Q downconversion and filtering. Offset
mismatches are neglected in the analysis as they can be assumed to be independent of
the input signal and since methods already exist for their compensation [29,50].

The modeling reported in this chapter builds primarily on the thesis publications
[P1], [P2] and[P4]. In the literature, real valued FRM modeling related to TI-ADCs has
also been reported, e.g., in [65] and also in [97], which utilizes non-linear hybrid filter
banks in the TI-ADC’s non-idealities. In this chapter, complex valued FRM modeling of
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the TI-ADCs is done which facilitates the study of the nature of the FRM spurs in the
TI-ADCs and also in performing the identification of the FRM spur parameters using

complex valued mirror frequency interference techniques.

B, (0<Q<Qs/2) : 2B, (-Qs/2<Q<Qs/2) : B, (-Qs/4<Q<Qs/4)
a) Xe(j2) i b) X(GQ) ) V()
i A : A H A
EQs=2’l’t/Ts : e i E [~
: " X(HQ) | X(jQ)
002 -0 0 Q4 Q2 Q; 092 0d 0 Q4 Q2 Q i Q. 0 Q4 Q

Figure 3.1: Basic illustration of complex-valued analytic (a) and ordinary real-valued (b)
signal spectra. In (c), the corresponding baseband I/Q signal spectrum is shown.

3.1 FRM Modeling of 2 TI-ADC

A first Nyquist IF-sampling case is considered, with z.(t) having its spectral content
located between 0 < 2 < §2,/2, as shown in Fig. 3.2 a). When z.(t) is sampled using
a complex sampling ADC, which samples at intervals of 2T, the spectrum of X.(j2)
is periodically repeating at integer multiples of (2,/2, as is illustrated for Xi.(j{2)
in Fig. 3.2 b). When Re{x1.(t)} is taken, i.e., to reflect a real sampling ADC, this
introduces the mirror frequency components and can be viewed as the unfolding of the

spectrum X;.(j£2), as shown in Fig. 3.2 ¢), causing aliasing of the spectral content.

In order to avoid aliasing, the spacing between the periodically repeating spectral
replicas in X;.(j2) can be doubled by interleaving 2 ADCs. The time interleaving of
these 2 ADCs is expressed as

Dac(t) = go(t) * ze(t) > 0(t—k2T) + gi(t) # ae(t) > 6(t— k2T = Ts), (3.1)

k=—00 k=—c0

with both ADCs sampling the signal z.(t) at the same interval 2T but with a relative
time shift T;. The ADC impulse responses are denoted using ¢, (t), where m = 0,1. For
modeling convenience, G, (j{2) is defined as having a non-zero frequency response only
in the region where the spectral content of x.(t) is located, i.e., for the first Nyquist
sampling case Gy, (7§2) is zero outside 0 < 2 < (2,/2. When the output of the two

ADCs are multiplexed, i.e., interleaved, an effective sample rate of T is achieved. The
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Figure 3.2: Various spectra in the two-channel TI-ADC modeling. Subfigure e) depicts the
resulting spectrum of a real TI-ADC with frequency response mismatch and its FRM spurs.

frequency domain equivalent of (3.1) can be easily shown to read

XQC(] Q)

(3 autle - ko210 - k0./2)
k=—o0 (3.2)

GG — k22 Xo (G102 ms/m)exp(jms/mkm).

2T

The effect of interleaving the time-domain signals can be studied in the frequency
domain using (3.2). By simplifying the term exp(—j[£2s/2]kT}) into (—1)* it can be seen
that, for values of k£ mod 2 = 0, the periodically repeating spectral replicas of both ADCs
sum up coherently. On the other hand, for values of £ mod 2 = 1, they are subtracted
from one another. In the ideal case of the 2 ADCs having identical frequency responses,
i.e., when Go(jf2) = G1(j1?2) for k mod 2 = 1, the periodic replicas then cancel out each
other completely and it is this replica cancellation that increases the Nyquist BW of the
ADC. However, the inevitable mismatch between Go(j£2) and G1(jf2) in practice leads
to incomplete replica cancellation as is depicted in Fig. 3.2 d). To reflect this remaining
spectral residue resulting from the incomplete spectral cancellation, (3.2) can now be

re-expressed as
Xoc(j82) = Ka0c(j92) + K2,1.(1$2) (3.3)

27



MODELING OF FREQUENCY RESPONSE MISMATCHES IN TI-ADCS
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Figure 3.3: Illustration of finite RRR, of real-valued two-channel TI-ADC spectrum.

with
Kooelj2) = o S Haolj12 — k2DX.(I2 — k), (3.4)
S k=—o0
K210(j12) = = Z Hay (50 = k) X (1027 = k12,)), (3.5)
$ k=—c0
Hy0(j2) = [Go(jR2) + G1(j )] /2. (3.6)
H:1(j02) = [Go(j2) — G1(j2)]/2. (3.7)

The mapping of the modeling to the actual real 2 TI-ADC case is obtained by simply
taking Re{wa.(t)} which results in z2(t) with the corresponding frequency domain

expression of the form

[K2,00(512) +2K§,0c(—j9)] n [K2,1c(512) +2K§k,1c(—j9)] . (3.8)

Xo(j02) =

This is depicted in Fig. 3.2 e), where also the replica or spurious component structure is

shown. This will be explored in more detail in subsection 3.1.1.

3.1.1 Quantifying Replica Rejection Ratio in 2 TI-ADC

The TI-ADC’s FRM causes incomplete replica cancellation and the resulting spurs limit
TI-ADC’s SFDR. These FRM spurs can be quantified using the replica rejection ratio
(RRR). The RRR, stemming directly from (3.4) and (3.5), can be expressed as

[Ha,0(12))]
RRR($2) = 20log,q ——Fr— dB]. 3.9
( ) 10 |H21(]Q))| [ } ( )
The illustration given in Fig. 3.3 includes also an example of a single CW tone at §2,. The
deviations of the ADC’s frequency response from the nominal values can be divided into
the frequency-dependent gain response deviation, A.({2), and the frequency-dependent

phase response deviation, ¢.(§2). The complex branch frequency response can first be
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Figure 3.4: A conceptual 4 TI-ADC structure with different branch responses.

rewritten in the polar form as

Gm(j02)=(1+ Ae,m(Q))exp(j%a,m(ﬂ))- (3.10)

with m = 0,1. By combining (3.10) with (3.6) and (3.7), the RRR expression can be
approximated as

RRRy1(£2) ~ —101log,, ((AAZ(”)Y + (A“’;(Q)f) [dB], (3.11)

with AA(2) = A, 0(2) — A 1(2) and Ap(2) = e 0(£2) — ¢-1(82). For 1% gain
mismatch and 1 ° phase mismatch between the two branches in a 2 TI-ADC, the resulting
RRR can be shown to be ~ 40 dB using (3.10). To achieve a RRR in the order of
~ 80 dB, a 0.01% gain and 0.01 ° phase matching is already required [87]. Such level of
ADC frequency response matching is extremely challenging to achieve via careful analog
matching alone.

3.2 FRM Modeling of 4 TI-ADC

The conceptual structure of a real-sampling 4-channel TI-ADC is shown in Fig. 3.4,
depicting its operating principle and different frequency responses of the parallel ADCs.
In the modeling of FRMs in 4 TI-ADC the analytical signal z.(t), with an angular BW
B and non-zero spectral content only within 0 < 2 < (2,/2 as shown in Fig. 3.5 a),
is considered. In the 4-channel TI-ADC, 4 parallel ADCs are utilized to achieve the
desired aggregate sample rate of 1/Ts, where each ADC samples at rate 1/(47) but with
different time-shifts. When z.(¢) is sampled using a single ADC with rate 1/(47%), this
results in the spectrum of X,.(j£2), periodically repeating at integer multiples of (£25/4)
as illustrated for X1.(j2) in Fig. 3.5 b). It is seen in Fig. 3.5 b), that each individual

29



MODELING OF FREQUENCY RESPONSE MISMATCHES IN TI-ADCS
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Figure 3.5: Various spectra in the 4 TI-ADC modeling. Subfigure d) shows the resulting
spectrum of a real 4 TI-ADC with the response mismatch spurs.

ADC undergoes aliasing due to insufficient sampling rate. Only after interleaving the
4 TI-ADCs does the insufficient spacing between the periodically repeating spectral
replicas in X1.(j42) increase four fold. To see this, the interleaved time-domain signal is

first expressed as

Ta0(t 23: (gm s ot Z 5(t — kAT, — mT, )> (3.12)

k=—o0

In general, each ADC samples the signal at the same intervals of 47 however with
relative time shifts mT,, m = 0,1,2,3. A different frequency response is present in each
ADC branch as denoted here with the impulse responses g, (t), or the corresponding
frequency responses G,,(j2). When all ADC outputs are multiplexed together a four
times higher output rate is produced, i.e., interleaving the output samples gives an

effective sampling interval of T as shown in (3.12).

The frequency domain equivalent of (3.12) can then be expressed as

3
X4 (j02) = 41TS (k;oo m([02 — k2, /4) X (]2 — k2, /4]) exp {— ijImD
1 o Xe,gm(J102 = k025 /4) ([=4]™)"
nE (% i l)
(3.13)
with
Xc7gm(j~(2) = Gm(.jQ)XC(jQ)' (3'14)

The term exp [ — jkZTm] can be simplified into ([—j]™)* as in (3.13) and shares close
similarity to discrete Fourier transform (DFT). The term ([—j]™)* leads to a complex

phasor summation of the spectral replicas and it is of particular interest as it plays the
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Figure 3.6: Cyclic summation and cancellation of periodically repeating replicas due to the
complex phasor term in (3.15).

pivotal role in eliminating the aliasing replicas upon interleaving the constituent ADC

signals. (3.13) can be expanded next into

oo

Xuulif) = - P> 1 (Ke L2 = KDWF + Ko G162 — k21"

(3.15)
+X g2 (592 = k2 /A) (1) + X g3(5[12 - k93/4})(j)’“),

Based on (3.15), it can be seen that there are 4 distinct replica rotation and summation
patterns that lead to 4 distinct replica components, all of which repeat at intervals of
4 w.r.t. the summation index k. For values of k mod 4 = 0, these rotating periodic
replicas add up. For values of £k mod 4 = 1,2, 3 the rotating replicas intend to cancel

each other out in the configuration depicted in Fig. 3.6. By re-expressing (3.15) as

3
X4e(i92) = Y Kime(if2). (3.16)
m=0
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with

Kime(j2) = = Z [H4m G J—kns})Xc(j[nii]—krzs})}

3
Hinli) = 1 3 Gali) -0,
n=0

the periodically repeating and rotating replicas are separated into Ky .(j42), for m =
0,1,2,3, which represent the sum spectrum component for each value of £ mod 4 = m
It is shown in Fig. 3.6 that for values of k mod 4 = 0, the spectral replicas of all ADCs
are coherently summing up. For values of k mod 4 = 1,2, 3, the spectral replicas are
positioned in a configuration to cancel out one another. In the special case of identical
constituent ADC frequency responses, i.e., Go(j§2) = G1(j2) = G2(j2) = G3(j2), the
periodic replicas therefore completely cancel out each other. However, the inevitable
differences between the ADCs’ responses that occur in practice lead to incomplete replica
cancellation as depicted in Fig. 3.5 ¢). This provides a spectral illustration of the most

fundamental structure and nature of the mismatch spurs.

Then, the actual real-valued 4 TI-ADC signal x4(t) can be characterized by taking
Re{x4.(t)}, which introduces the mirror-frequency contents in all spectral components in
T4c(t). The mirror-frequency components of Ky mc(j{2) are in the form of K}, .(—j2),
whose creation can be viewed as the unfolding of the spectrum X4.(j{2) as illustrated in

Fig. 3.5 d). Next, (3.16) can be re-expressed to reflect the unfolding of the spectrum as

X,(j02) = [X4C(j!2)+X4C Z Kam(512))

(3.18)

3
m=0

Km(512)

The spectral content of X,(j2) illustrated in Fig. 3.5 d) is decomposed and depicted
separately in Fig. 3.6, where the spectral components K4 ,,(j§2) are depicted separately
for better visualization and insight. If no FRM between the constituent ADC was present,
only the fundamental component Ky o(jf2) would be present. The spur component
K, 2(742) has in fact the same structure as in the 2-channel TI-ADC case [P1],[P2]. The
other 2 spur components, Ky 1(jf2) and K4 3(j{2), are additional spurious components
present in the 4-channel TI-ADC case. It can also be seen in Fig. 3.6 b) and Fig. 3.6
d) that if no mismatches existed between ADCO & ADC?2 and between ADC1 &
ADCS3, then the spur components K4 1(7§2) and K4 3(j(2) are not present and it would
correspond to the 2 TI-ADC case of subsection 3.1. It can also be inferred from Fig. 3.6
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Figure 3.7: Decomposed spectral components of a real-valued 4-channel TI-ADC output
spectrum.

c), that the spur Ky 2(jf?) exists when either ADCO or ADC?2 has a mismatch with
ADC1 or ADCS.

3.2.1 Quantifying Replica Rejection Ratio in 4 TI-ADC

Similar to subsection 3.1.1, the RRR in the 4 TI-ADC case refers to the ratio between the
fundamental component Ky (j42) and the FRM spur components K4 1(j2), K4,2(j2),
K4 3(j$2). Stemming from (3.17), the RRR which quantifies the TI-ADC’s SFDR from
a particular spur point of view can then be expressed as the logarithmic ratio between
H, 0(742) and a specific Hy ,, (j§2), written as

|Hy0(j£2))

RRR4’m(Q) =20 logw m

[dB], (3.19)

form=1,2,3.

3.3 FRM Modeling in I/Q Downconversion TI-ADCs

3.3.1 I/Q Downconversion Stage Mismatch Modeling

In the upcoming downconversion and sampling modeling, an arbitrary RF signal vgp(¢)

with an angular bandwidth By, is used, as depicted in Fig. 3.8 a) and can be written as

vrr(t) = 2Re{v(t) exp{j2rot}}, (3.20)

with 21,0 = 2nF 0, Fro being carrier center frequency. During the analog processing in
the T and Q branches, vgr(t) is subject to different frequency responses. The RF impulse
response already, e.g., in the I branch is denoted by g rr(t), and the corresponding
baseband response is labeled by g1, pp(t) as seen in Fig. 3.8. The I branch downconverted
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Figure 3.8: Analog Homodyne downversion stage employing 2 TI-ADCs in both the I and
Q branches with spectral illustrations, before the TI-ADC sampling, of a) Real-valued signal
vrr(t) at RF, b) Real-valued symmetrical signal v;(t) at baseband (BB), c) Real-valued
anti-symmetrical signal vg(¢) at BB and d) Complex-valued signal vpg(t) at BB with I/Q
mismatch.

and filtered signal v;(t), whose FT is depicted in Fig. 3.8 b), is expressed as

lg10(t) * v(?) zgll(t) * v ()] : (3.21)

U[(t) =

while the corresponding Q branch signal vg(t), whose FT is depicted in Fig. 3.8 ¢), is

expressed as

t t) — t *(t
2j
In the equations above, the impulse responses gro(t), 911(t), 9go(t) and ggi1(t) denote
the effective joint impulse responses and incorporate both the influences of RF and BB

mismatches and their corresponding frequency responses can be expressed as

G10(j92) = Gr,BB(192)G1,RF(J[12 + 210]), (3.23)
Gn(j92) = Grep(iR)G] rr(—jl2 — 210)), (3:24)
Gqo(j2) = Gq.BB(j12)Gq.rF(J[2 + 2r0]), (3.25)

GQl(jQ) = GQ,BB(jQ)GZ),RF(_j[Q - QLOD~ (3-26)

The downconverted signal vgp(t), shaped by the RF and BB frequency response

mismatches, is expressed as
vpp(t) = vr(t) + jug(t) = ho(t) * v(t) + ha(t) * v*(t), (327)
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Figure 3.9: Spectral illustrations of A) Real-valued I branch signal v;(t) sampled at 1/(275),
B) Real-valued Q branch signal vg(t) sampled at 1/(275), C) Real-valued I branch interleaved
signal vo7(t) and D) Real-valued Q branch interleaved signal vaq(t).

and its FT Vpp(t) can be expressed as
Vep(j$2) = Ho(j2)V(j12) + Hi(j2)V"(=3592), (3.28)

with Ho(502)V(j£2) being the linearly distorted version of V(j§2), Hy(j2)V*(—j2)
corresponding to the filtered mirror-frequency component and the responses H(j(2)
and H;(j£2) being of the form

Ho(j92) = [G10(j12) + Gqo(792)]/2, (3.29)

Hi(j02) = [Gn(i2) — Go1(j92)]/2. (3.30)

The mirror-frequency component V*(—j{2) is only partially suppressed because of
the FRM, i.e., Gr1(j§2) # Gg1(jf2), and can result in severely reduced SFDR in vgg(t),
as illustrated in Fig. 3.8 d). The signal vpp(t) can be described using a widely linear
signal model as shown in (3.28), which consists of filtering the ideal complex signal
v(t) and its conjugate v*(¢) [6]. Traditionally, the ADCs in the I and Q branches of
Homodyne receiver must have sample rate of 1/(27%), when sampling a signal with a
BW of 2,/2, to avoid aliasing of its periodically repeating spectrum. However, if the
single ADC cannot achieve this sample rate, the TI-ADCs can be used in the I and
Q branches to increase the sample rate. This, however, leads to further FRM-induced
spur components in the complex spectrum. The modeling of these additional spurious

components will be done in subsection 3.3.2 next.

3.3.2 Time Interleaved ADC Stage Mismatch Modeling

In the following modeling, it is assumed that the required I/Q ADC sample rate is
1/(2T) in the I and Q branches. A sampling rate of 1/(2T}) is achieved using 2 TI-ADC,
with each constituent ADC having a sample rate of 1/(47), in the I and Q branches
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respectively. As shown in Fig. 3.8, the I branch utilizes ADC 0 and ADC 1 while the
Q branch utilizes ADC 2 and ADC 3. In the I-branch, a low sample rate of 1/(4T%)
per individual ADC leads to the periodically repeating spectrum of v;(t) with a BW
of £2,/2 incorporated in vy o(t) and vy 1(t) to repeat at intervals of (25/4 and causes
aliasing, as shown in Fig. 3.9 a). Similarly, aliasing also occurs in the Q branch, as
shown in Fig. 3.9 b). In accordance with the 2 TI-ADC sampling architecture, e.g., in
the I branch, ADC' 1 samples vy(t) with a time shift 27 relative to ADC 0 and its time

interleaved signal vor(t) can be expressed as

var(t) = go(t) * vr(t) Z 0t — kATg) + g1(t) x vy (t Z §(t — kdTs — 2Ty),

vr,0(t) h=eo vr,1(t) b=
(3.31)
with go(t) denoting the impulse response of ADC 0 and g;(t) denoting the impulse

response of ADC 1. The frequency domain equivalent of (3.31) can be expressed as

Var(j12) =

J(2 = k2 /4)]) + Via([(92 — k2 /4)])exp(—j[£2: /4]2KT).

4T et

(3.32)
with Vio(j2) = Go(j2)Vi(j2) and Vi1(32) = G1(j2)Vi(§£2). The relative time
shift 2T, in ADC 1’s sampling intervals creates the term exp(—j[f2,/4]2kTs) which
simplifies into (—1)¥. Therefore, for values of k£ mod 2 = 0, the periodic spectral replicas
of ADC 0 and ADC' 1 add up coherently. For values of k mod 2 = 1, however, the
spectral replica are 180° out of phase from one another. Therefore, in the ideal case
where Go(702) = G1(j£2), for k mod 2 = 1 the periodic replicas then cancel out each
other completely. However, in practice, the inevitable dissimilarity between Go(j£2) and
G1(j£2) leads to an incomplete replica cancellation. This can be quantified by rewriting
(3.32) as

Var(j82) = Vi mo(392) + Vi,u1(j12), (3.33)

with V7 mo(j£2) being the resulting spectrum for £ mod 2 = 0 and it can be described by

Vimo(j2) = Z Hio(j[02 — k2,/2) Vi (§[2 — k£2,/2]), (3.34)

k=—o0

2T

and V7 g1(j£2) is then the spectrum for k¥ mod 2 = 1 as expressed in

b 3 (e ko)) s

Vimi(j2) =
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with
Hio(j2) = [Go(§92) + G1(§92)]/2, (3.36)

Hp(j02) = [Go(j12) — G1(j2)]/2. (3.37)

Both the individual spectra of Vi go(562) and Vi g1(562) contained in Var(j62) are
shown in Fig. 3.9 ¢). The Q branch signal vy (t) can be expressed in a similar way
as v2r(j92) in (3.31). The FT of vag(t), Vag(j£2), can be expressed similar to (3.32)
using Vg 2(j92) = Vo(502)G2(j2) and Vo 3(j2) = Vo(§2)G3(512). Vag(j2), can also
be expressed in a similar fashion to (3.33) as

Va@(i92) = Va,ro(j2) + Vo,m (), (3.38)
where Vi mo(j12) is the resulting spectrum from k mod 2 =0 as in

1

o 2 Hooll2 = k2 /A)Va (il — k82:/2)), (3.39)

k=—o0

Vo,m0(j$2) =

and Vg g1(j£2) is the resulting spectrum from & mod 2 =1 as given by

Voun(2) = gre S Han (3[4 ~ k2.2 Vo (5[ - ke22] ), (3.00)
S k=—o00
with ) )
Hao(j2) = 22U ; Gali) (3.41)
Hoy(j2) = 2209 o Gali®) (3.42)

The respective spectra of Vg mo(j£2) and Vg m1(j2) contained in Vo (j(2) are shown
in Fig. 3.9 d).

3.3.3 Combined Effect of All Frequency Response Mismatches
The 2 I/Q TI-ADC output spectrum Va(jf2) can be expressed using Vaor(j£2) and

Vag(if2) as

Va(j92) = Var (£2) + jVaq(j12)

(3.43)
= Vr,u0(392) + Vi, m1(j2) + i (VQ,un0(j2) + Vo,m1(192)).

In the I/Q downconversion without TI-ADCs, only the frequency components Vi o (j(2)
and Vg mo(j{2) are present. If 2-channel TI-ADCs are deployed, then additional spurious

components V7 g1(j(2) and Vg 11(j2) are introduced due to the interleaving mismatches.
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Therefore (3.43) is rewritten in terms of V(j2), V*(—j12), V(jQ?]) and V*(fjﬂ?]) as

V(i) = g S Hrolil2 — k2./2)V (2 ~ k2./2)
S b — oo
V2,0 (592)
Ly | [ ol
+5r; 3 B (i[ 2l — k2. /2] )V (5[ 2l ~ ke2.s2])
e (3.44)
* 221& k;w Hro(§[82 = kQs 2DV (=][92 — kL25/2])
V2,10(i02)
1 > [ 4] y T
+ o7 k_z_:ooHTs(y [!21 —st/2DV (_j {914 B MZS/ZD,
Va, 11 (582)

with 2% = 2 — 2,/4 and
Hro(j2) = [Go(j12) + G1(j02)]|Gro(92) /4 + [G2(i2) + G5(j2)]Gqo(i82) /4, (3.45)

Hry(j92) = [Go(j02) = G1(j2)|G10(92)/4 + [G2(j2) — G5(§02)]|Gqo(j2) /4, (3.46)
Hra(j02) = [Go(j12) + G1(j2)]|Gn(92)/4 = [G2(i92) + G5 (1) G (§92) /4, (3.47)

Hr3(j02) = [Go(j2) — G1(j)]Gri(§02)/4 — [G2(j2) — G3(j2)]|Gqi(52) /4. (3.48)

The frequency response mismatches of the I and Q branch, i.e., Gro(j$2), Gr1(j£2),
Goo(j£2) and Gg1(j12), interact with the frequency response mismatches of the con-
stituent ADCs, i.e., Go(j2), G1(52), G2(512) and G3(j{2), and result in the frequency
responses Hro(j82), Hr1(562), Hr2(j2) and Hps(562). In Hpo(j42) all the frequency
responses are summed up and causes the desired component V' (52) to therefore undergo
only linear distortion and does not lead to a degradation in the SFDR as shown in
Fig. 3.10. The other combinations of the frequency response terms, i.e., Hri(jf2),
Hpo(782) and Hrs(j(2) do not amount to zero due to the mismatches, although they
are considerably smaller compared to Hrpo(jf2). This results in the filtered versions
of V*(—j2), V(j§21) and V*(—j{21) to be present in V2(j§2) as depicted in Fig. 3.10
and results in a loss of the SFDR. These decomposed spurious components, illustrated
separately in Fig. 3.10, reveal upon analysis an interesting observation w.r.t. the ex-
act nature of different spurs. As shown in Fig. 3.10 b), the I/Q mismatch spur is
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V2(jQ)=V2,LD(jQ)+V2,10(jQ)+V2,TI(jQ)+V2,IT(jQ)

D Desired si , V2LoGQ) b)
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Figure 3.10: Decomposed spectral content of V2(562) due to I/Q and TI-ADC mismatches.
Also shown is a single-tone example case with original complex tone at —(2,.

mirror-symmetric around DC w.r.t. the desired signal, depicted in Fig. 3.10 a). The
figure also shows an example with a single complex tone positioned at —f2, and the
corresponding mirror component is then located at (2,. The interleaving mismatch spur
has a frequency-shift of +(2,/4 compared to the fundamental term and is located at
2,/4 — £2,. The interleaving mismatch image spur component is a shifted mirror image,
located at —§2,/4 + £2,.

3.3.4 The Relationship of I/Q downconversion and 2 TI-ADC
FRM Spurs

Observing the spectral illustrations in Fig. 3.2 e) and Fig. 3.8 d), a certain similarity
between the I/Q FRM spur and the 2 TI-ADC mismatch spur can be detected. The I/Q
FRM produces spur structure which is symmetric around DC to the desired frequency
components in the complex signal spectrum, while the 2 TT ADC FRM produces a spur
structure which is symmetric around (2,;/4 with the desired frequency components for
the real signal spectrum. This similarity implies that the I/Q downconversion spectrum
and the real-valued 2 TI-ADC spectrum are indeed connected by a bandpass-lowpass
transformation. One method to perform this bandpass-lowpass transformation is via
the HT', which can be performed as

Xoe,n(792) = Xa(§92) + j[Hur(512) X2(562)]- (3.49)

After the HT stage, the mirror spectral contents in the range —(25/2 to 0 are eliminated

and therefore only Kj o.(j¢2) alongside K3 ;.(—j2) remain in Xy z(j2), as illustrated

39



MODELING OF FREQUENCY RESPONSE MISMATCHES IN TI-ADCS
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Figure 3.11: Mapping of a two-channel TI-ADC mismatch into an equivalent I/Q mis-
match problem; a) Hilbert filtering and complex downconversion based processing, b) complex
downconversion and lowpass filtering based processing.

in Fig. 3.11 a). Frequency shifting Xo. y(j£2) by —2,/4, via multiplication with
exp(—j[§2s/4]t), will place KJ,.(—j2) at the mirror frequency location of K3 .(j{?)
producing Xo. 1(j{2) as seen in Fig. 3.11 a), expressed more formally as

. . A4 X . 4
Xac,1Q(92) = Kooc(121) + K3 1 (—j2%)). (3.50)
The corresponding time-domain expression can be expressed in the form

T, 1Q(t) = [w2(t) + jhur(t) * x2(t)]exp(—j[§2s/4]t)

(3.51)
= koc(t)exp(—j[$2:/4]t) + ki (t)exp(—j[£2, /4]t).

K27oc(j!2[_4]1) and Kz*’lc(—jﬂ[_zl]l) in Xoc1g(jf2), shown in Fig. 3.11 a), have the same
mirror-frequency interference relationship as the I/Q mismatched signal, i.e., as between
Ho(j2)V(542) and H1(j2)V*(—j2) in Vpp(j?2), depicted in Fig. 3.8 d). The bandpass-
lowpass transformation can be alternatively performed by directly deploying the I/Q
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Figure 3.12: Time domain signal transformation illustration that shows the link between 2
I/Q TI-ADC conversion to 4-channel TI-ADC signal.

downconversion from §2;/4 to DC followed by lowpass filtering using hyp(t). This

operation, which results in the same complex-valued output as the Hilbert transform

based processing, is written here as

T2c,1Q(t) = [w2(t)exp(—j[12:/4]t)] = hrp(t), (3.52)

and is shown in Fig. 3.11 b). The strong connection between the two-channel TI-ADC
FRM spurs and I/Q FRM spurs is formally established via the derivations above. This
consequently means that the 2 TI-ADC FRM problem can be converted into an equivalent
I/Q FRM problem and enables efficient blind identification of the 2 TI-ADC FRM. First
known examples building on converting the TI-ADC problem into an I/Q mismatch
problem are presented in [P8], [76] and the importance of this finding has also been
reported and emphasized recently in [30]. The close connection between the TI-ADC
and I/Q downconversion will be capitalized in the development of processing structures
and algorithms for detecting and suppressing the FRM spurs in a blind manner in the
context of TI-ADC with real-valued output, as will be described in more details in
chapter 4.

3.4 The relationship of 2 I/Q TI-ADC and 4 TI-
ADCs FRM Spurs

In this section, building upon the comprehensive modeling of the 4 TI-ADC carried out
in subsection 3.2 and the 2 I/Q TI-ADC carried out in subsection 3.3, the relationship
between a 4 TI-ADC and a 2 I/Q TI-ADC is examined. Both converter architectures do
in fact adopt 4 ADC units in parallel but the ADCs are used in different configurations
in the respective converter architectures. In the process of establishing the relationship
between the 2 I/Q TI-ADC scenario and the earlier 4 TI-ADC, let the signal vo(¢) first
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be upsampled by a factor of 2 and then low pass filtered between —§2,/4 < 2 < £2,/4
with hrp(t) to give an interpolated signal vs 1,(t), as depicted in Fig. 3.12(b). In the
next step, the interpolated signal va 1p(t) is frequency shifted by (2,/4 via multiplication
with exp(j[£2s/4]t) to give x4p(t), as shown in Fig. 3.12(c). Taking the real part of
the complex valued signal x4 (t) introduces the mirror frequency components and
the spectrum unfolds, as shown in Fig. 3.12(d). The resulting signal is then labeled
24(t) due to it being the same as the 4 TI-ADC output signal with FRMs, and can be

mathematically expressed as
z4(t) = Re{vz, 1 (t) exp(j[£2: /4]t)}, (3.53)

Therefore it is established that the 4 TI-ADC output signal, z4(¢), and the 2 1/Q TI-ADC
output signal, va(t), do indeed share the lowpass-bandpass transformation relationship. It
can be observed in Fig. 3.12(d) that the spectral components of Vo 17 (j2) and Vo 11 (j2)
between 0 < 2 < (2,/4 are grouped together as are also the spectral components between
2:/4 < 2 < 25/2. This facilitates examining the nature of the spectral components
that unfold. In Fig. 3.12(d), it is observed that the structure of the spurs coincide
with the structure of the spurs of a 4 TI-ADC depicted in Fig. 3.7. The spectral
content of Vo 1, p(712) maps into Ky (j2) while V5 ;o (j7£2) maps into Ky 2(j12), just as
the lowpass-bandpass transformation of the direct downconversion receiver and the 2
TI-ADC [P2], [30]. The remaining spur components K4 1(762) and K4 3(;£2) both jointly
map into Vo pr(j2) and Vo 11 (j92). This lowpass-bandpass relationship does in fact
open up the possibility of tackling the FRM identification problem of either one of these
two alternative converter architectures using correction techniques developed for the

other.
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CHAPTER 4

IDENTIFICATION AND
COMPENSATION OF TI-ADCs
MISMATCHES

HIS chapter addresses the identification and compensation architectures of FRMs in
TI-ADCs and I/Q TI-ADCs. The identification stage involves extracting the FRM
spurs’ parameters and the correction stage involves using the extracted parameters to
reconstruct the FRM spur components. The compensation strategy involves subtracting
the reconstructed FRM spurs from the TI-ADC or I/Q TI-ADC output, to recover the
lost SFDR due to these mismatches. First, section 4.1 adresses the FRM’s identification
and compensation architectures in 2 TI-ADC. Then, section 4.2 proceeds to address the
FRMs’ identification and compensation architectures in 4 TI-ADC. Finally, section 4.3
addresses the FRMs’ identification and compensation architecture in 2 I/Q TI-ADC. The
actual blind mirror frequency based learning algorithms, common to all cases, are shortly
described in section 4.4. In general, this chapter builds on the original publications
[P1],[P2],[P3],[P5],[P6],[P7],[PS].

4.1 Identification and Compensation of FRM in 2 TI-
ADC

The finite and insufficient replica rejection present in the 2 TI-ADC due to FRM can be
improved by utilizing the error removal scheme depicted in Fig. 4.1, whose basic principle

involves reconstructing an estimate of the FRM-induced spur component and then
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subtracting it from the original 2 TI-ADC output. The proposed architecture involves
taking a copy of X2(j¢2) and frequency-shifting it by {2,/2 to produce Xz ,,,(j2), which
is now aligned with the undesired interleaving mismatch spur component in X»(j{2).
Based on the 2 TI-ADC spur structure established in section 3.1, it is fairly evident that
the spur k2 1(t) has mirror-symmetric nature around (2, /4 relative to the desired signal

component.

Due to the symmetry at (2,/4 of the spur component ko 1(¢) w.r.t. to the desired
signal’s spectral content ko (¢), the classical highpass-lowpass transformation, i.e. uti-
lizing frequency shifting by (2,/2, will provide a proper basis for the cancellation of
spur kg1 (t). The estimate of ko 1(t), denoted by ko 1(j§2), is constructed by convolving
T.m(t) with a compensation filter w(t). The estimate kg 1(t) can then be subtracted
from x4(t) to produce ya(t) with the component ks 1(t) being considerably reduced. This
type of cancellation principle, due to the presence of small fundamental component in
the cancellation signal, does cause some level of residual linear filtering effect on the
fundamental signal component. This effect is, however, safely negligibly with practical
spurious levels as will also be confirmed by the actual RF measurement results shown in
Section 5.

The FRM spur reconstruction process shown above requires for the FRM parameters
to be accurately known and the main challenge thus lies in identifying the TI-ADC’s
unknown FRM. The identification of the FRM parameters is preferably to be carried
out in a blind manner with sufficient accuracy, in order to obtain a sufficiently accurate
reconstruction of the interleaving mismatch component ks 1(t) [93,94]. It was shown
in Section 3.3.4 that the 2 TI-ADC problem can be mapped into an equivalent I/Q
mismatch problem via using either (3.51) or (3.52) which allows performing the 2 TI-
ADC FRM identification using mirror frequency interference (MFI) based techniques
which were originally developed for the I/Q mismatch problem. Such signals, referred
to as mismatch identification signal (MIS), can be generated to extract the parameters

of spur ka1 (t).

The FRM spur K ;1(j£2)’s blind identification and mitigation process is briefly elab-
orated as follows. The correction principle of the 2 TI-ADC FRM spur component
K51(j§2) consists of recreating accurate estimates of the spur K 1(j(2), Kg,l(jﬁ).
K5 1(j£) can then be subtracted from the 2 TI-ADC output z(¢) to mitigate the effect
of spur K 1(j(2). For this, sufficiently accurate identification of the spur component’s
frequency response, i.e., Ha 1(j(2), relative to the desired signal’s frequency response, i.e.,
Hj(j2), is required. This is accomplished by generating appropriate complex-valued
MIS in the form of MFI I/Q pairs between the spur component Ks1(jf2) and the
fundamental signal term K5 ¢(j2). The mapping into an equivalent I/Q mismatch prob-

lem allows for adaptive statistical learning algorithms, which were originally developed
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Figure 4.1: 2 TI-ADC mismatch cancellation structure with frequency-shifting by 2,/2
together with linear filtering are used to form the cancellation signal.

X2(jQ2)
a) 4
K2,0c(Q).¢ 2,0(j )

K219 i) - -
- - - - 4
Qs/2 \ QaUQa/‘Qs 2 Xz(t) e 2(t)Qs/Z k_\QaOQa/ Qs/.

-Qs/2:Qa Qs/2-Qa | Mismatch Reconstruction Stage Q’y -Qs/2+Qa Qs/2-Qa
-Qs/4)t ~ .
e i( s/4) Coni. (Qs/4)t Re{} ) K21(Q)
TI-ADC ‘-'|X2c,H(t) 121(t)- i ék“c(t)
HT-Hilbert Transformation N b 7
Algorithm -Qs/é+Qa Qs/2-Qa
Mismatch Identification Stage
b XacH(Q) A RGO d K310 9 KacjQ)
,0c(j )
""" T P P T
OV R [T Eo W, 052 I NG AR 7 I X Q2 Q52 Qal0a /,-‘Qslz
\
Qs/2-Qa -Qs/4+Qa Qs/4-ﬂa -Qs/4+Qa Qs/4-Qa Qs/2-Qa

Figure 4.2: Developed Type I blind FRM identification and compensation structure for 2
TI-ADC using 1/Q signal processing.

for blind I/Q mismatch estimation [6], to be utilized in the blind identification and

reconstruction of the estimate of the spur component Ky 1(j2).

4.1.1 2 TI-ADC Identification and Compensation Structure -
Type I

A MIS 491 (t) can be generated via (3.51) for the purpose of extracting parameters of the
interleaving spur ko 1(t). The identification signal 5 1(t) is fed into the circularity-based
algorithm block depicted in Fig. 4.2 from which the following frequency response is
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Figure 4.3: Developed Type II blind FRM identification and compensation structure for 2
TI-ADC using 1/Q signal processing.

obtained for the compensation filter W5 1(j2) given by
(4.1)

The obtained filter wy 1 (t) is then used to filter i3 ; (¢) followed by frequency shifting it by
£25/4 to obtain %3710(0, an estimate of the complex spur component k3 ;.(t). Finally, the
actual real-valued mismatch estimate ks 1 (t) is obtained via Re{fc;’lc(t)}. This process
to obtain ko 1 (t) is described as

k2,1(t) = Re{[wz,1(1) * i3 1 ()] exp(§[£2:/4]0)}, (4.2)

k3 10(t)

which is then subtracted from z3(t) to produce ys(t). This blind identification and
compensation structure is depicted in Fig. 4.2 and is referred to as Type 1, essentially
combining the basic spur cancellation principle in Fig. 4.1 with the earlier I/Q mismatch
mapping developments depicted in Fig. 3.11 a).
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4.1.2 2 TI-ADC Identification and Compensation Structure -
Type 11

A second further improved alternative architecture is presented for the blind identification
of the FRM spur ko 1(t). It restructures the previous Type I architecture into an
alternative processing structure. The restructured architecture performs the same task
of extracting the parameters of the interleaving spur ks 1(¢) by mapping it into an I/Q
mismatch problem as the Type I architecture, however with less computational steps.
By frequency shifting a copy of Xo. g (562) by 25/2, Xoc.m(j£2) is produced with the
spectral content as depicted in Fig. 4.3. Now, a MIS, called i3 5(t), for the identification
of K3,1.(j{2) can be constructed by simply adding up x5, 5 (t) and x5, ,,(¢) together as

i2,2(8) = 3¢, () + [(€ac, 1 (£)exp(j[€2/2]1))]" -

T5e,m ()

(4.3)

The identification signal is (¢) has two I/Q mismatched pairs, i.e., Q2 2,(512) IQ2,25(j12),
formed as shown in Fig. 4.3 d). The spectral components in I» 5(j§2) can be grouped as

m

L2(j02) = K35 00(—52) + Ko 1(G027) + K3 0o (—5 21 + Ko10(02) .

1Q2,24(j92) 1Q2,2v(342)

(4.4)

I52(j£2) is then fed into the I/Q mismatch correction block into the circularity-based
algorithm block depicted in Fig. 4.3, which yields the following frequency response

2]
HoaGRD) for 0 < 2 < 02,2

Wa2(j82) ~ gz’ogj.% ) (4.5)
Hz(l)(;(l) for—$2,/2< 02 <0.

It is seen in (4.5) that the same frequency response is sketched twice, one in the region
—02:/2 < £2 <0 due to IQ2,25(j12) and the other in 0 < 2 < £2,/2 due to 1Q2,2,(j12),
since there are two I/Q pairs in I 2(jf2), respectively. Since the spectral content of
Xoe,m(712) is located between —§2,/2 < {2 < 0 and the region 0 < 2 < (2,/2 is empty,
filtering 2o, (t) using wy o(t) produces ko 1.(t). Subtracting then ko 1.(t) from z(t)
gives y2(t) with an improved FRM RRR. The complete FRM identification and correction
process flow is shown in Fig. 4.3 and is referred to as Type II. It closely resembles the

structure in Fig. 4.1 as it performs the same steps after generating a complex-valued
I/Q signal.

In summary, the two methods described above can both perform blind estimation
and correction of the 2 TI-ADC FRM. Both the Type I and Type II architectures
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employ complex I/Q signal processing and build upon circularity based algorithms that
were originally developed for frequency-dependent I/Q mismatch spur extraction and
compensation. The details on the actual blind circularity based estimation algorithm,
developed originally in the I/Q mismatch correction framework, will be elaborated in

more in section 4.4.

4.2 Identification and Compensation of FRMs in 4
TI-ADC

Similar to the 2 TI-ADC case, the 4 TIZADC FRM correction process consists of the FRM
spurs’ identification and compensation stages. The adopted mismatch correction principle
consists of recreating accurate estimates of the 4 TI-ADC FRM spur components,
e, Kq1(j02), Ka2(j02) and K4 3(j12), before subtracting them from the TI-ADC
output x4(t). This requires sufficiently accurate identification of the spur components’
frequency responses, i.e., Hy1(j2), Hy2(j42) and Hy 3(j12), relative to the desired
signal’s frequency response, i.e., Hy o(j42). This is achieved by generating appropriate
complex-valued MIS in the form of MFI I/Q pairs. Specific MFI I/Q pairs are created
between the spur components and the fundamental signal term. This allows for adaptive
statistical learning algorithms, which were originally developed for blind I/Q mismatch
estimation [6], to be again deployed for blind identification of spur components Ky 1(j2),
K42(j82) and K4 3(j£2). The blind identification and correction of the different spur
components is carried out in a sequential processing manner. The identification and
correction of spur Ky o is carried out first, followed by the identification and correction

of spurs K41 and Ky 3.

4.2.1 4 TI-ADC Identification Structure Type I
Identification of 4 TI-ADC Spur K4, Type I

An analytic complex-valued signal is first generated from x4(t) via Hilbert transform as
.”L'4C7H(t) = LL’4(t) + j[hHT(t) * {L‘4(t)]. (46)

The identification of the spur component Ky o(jf2) is essentially the same as the 2
TI-ADC case as shown in Fig. 4.3. The MIS i4 2(t), for the identification of K4 2(j2),
can be constructed as

. * * 4
i12() = Tho g (8) + e g (DS (2) -
N—————

ch,HQ (t)

(4.7)
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In Iy 5(j2), as shown in Fig. 4.4, the spur component K, 2(j§2) is deliberately placed
at the mirror frequency position of K4 (jf2) and is essentially done in the same manner
as in the 2 TI-ADC case. However, Iy 2(jf2) contains also additional interleaving
spur components Ky 1(j2) and Ky 3(j(2) as illustrated in Fig. 4.4. Thus, the spectral
components in the mismatch identification signal I 2(j(2) can be decomposed into
Ii2(j92) = Iiop(§62) + I14,25(j12) where the desired spectral component I op(j£2) is of
the form

Lo (i) = Kioo(—52) + Kuoo(G2) + K 0o (=5 25) + Ku00(j ),

1Qa4,2,1(92) 1Q4,2,2(392)

(4.8)

where 1Q4,2.1(712) and I1Q42,2(jf2) are the desired I/Q signal pairs in the MIS i4 op(¢)
utilized for the identification of spur Ky 2(jf2) as illustrated in Fig. 4.4 a). The bias

spectral component Iy o5 (j42), in turn, can be grouped as
Lap(j2) = Kaser (§2) + Kiro p(=505") + Ki g0 s(302) + Kue,s(725")
Ba2,1(j02) By,2,2(302)

K p(—392) + Kage r (GO + K 10,5(502) + K 5o5(—56287)

By,2,3(j92) By2,4(592)

(4.9)

with By 21(j2), Ba22(j2), Ba23(jf2) and By 4(jf2) being the bias components in
the I/Q signal as seen in Fig. 4.4 b). The first half of the spectral content, originating
from k§2,/2 < 2 < (k+ 0.5)12,/2, is denoted by K4 me r(j£2). The second half of the
spectral content, originating from (k + 0.5)f2:/2 < 2 < (k + 1)§2,/2, is denoted by
Ky me,s(j92).

By feeding i4 2(t) into the I/Q mismatch extraction block illustrated in Fig. 4.4, a
measure of the relative strength between the spur Ky 2.(j£2) and K7 (.(—j?2) is obtained
in the filter Wy o(j£2) whose frequency response is of the form

Hia(i0l) .
—222 L Byo(f02) for—82,/2< 02 <0
. [4] s
Wia(j$2) ~ g‘wgiggﬁ (4.10)
Hif}(;g) + B472(j.0) for0 < N2 < 93/27

with By 2(j2) denoting the bias due to the other spur components, which can be ignored
for practical RRR values, e.g., 40 dB RRR [P1]. More detailed analysis on the impact
of By 2(j2) can be found in [P1]. By next convolving wy 2(t) with x4 g2(t) gives an
estimate of the spur, denoted by 154728(t). An estimate of the actual real-valued spur
k4o(t) can be obtained by taking Re{ks o.(t)}. Subtraction of the spur estimate kyo(t)
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Figure 4.4: MIS i42(t) fed into to an 1/Q mismatch extraction correction block for recon-
struction of the spur k4,2.(¢) in 4 TI-ADC.
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Figure 4.5: Developed Type I blind FRM identification and compensation structure for 4
TI-ADC using 1/Q signal processing.

from x4 (t) gives the compensated signal y4(¢) of the form

Ya(t) = z4(t) — Re{wa2(t) * 2ac,m2(t)} = Re{wac,m(t) — wis(t) * i go(t)}-

(4.11)

Ea,2¢(t) Yac, H(t)

where the spur component ky 2(t) is considerably reduced. This compensation flow is
depicted in Fig. 4.5.
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Identification of 4 TI-ADC Spurs K4, and K43 Type 1

Following the suppression of spur k4 »(t), the identification and reconstruction of k4 1(t)
and ky 3(t) in y4(t) are to be dealt with next. This task is essentially different compared
to the previous stage as kq,1(f) and k4 3(t) do not share common frequencies, as shown
already in Fig. 3.7. A MIS for the identification of k4 1(t), denoted by i41(t), can be
constructed by highpass filtering y4(t) around §2,/4 < 2 < 3£2;/4 before performing
a frequency shift of —(2;/4 via multiplication with p[ﬂ(t) and adding it together with
Yie p(t). This creates mirror-frequency pairs where the spur components kq 1 (t) are
again in mirror-symmetric manner relative to the fundamental signal term k4 o(¢). This

is written more formally as

i0,1(t) = Yo g (8) + [ya(t) * hap(£)]p™) (1), (4.12)

Yac,m1(t)

with hgp(t) denoting the high-pass filter (HPF) impulse response. The principal
spectrum of the MIS, I, 1(jf2), is illustrated in Fig. 4.5 and whose spectral content is
more formally described by

L2 (02) = K 0o(—592) + Ky 1c(GO") + Kuoe,s (GO + K 50 (—502)

1Q4,1,1(512) 1Q4,1,2(412)
X A4 . . Y . . )
+ K4,oc,s(—.79£ ]) + Ky16,5(82) +K4,lc(_j‘9[—]l) + Ky3e,r(j02) + K510 7 (—792),
1Q4,1,3(302)

(4.13)

with 1Q41,1(592),1Q4,1,2(512),1Q4,1,3(j2) being the I/Q mirror pairs created. Now,
i4,1(t) can be fed into an I/Q mismatch extraction block which measures the relative
strength of the spur ky 1.(t) to kj o.(t) in the form of a filter Wy 1(j§2), whose frequency

response is given by

Haa (G921Y) _ B
ooy T[22 <=0/
‘O ~ d Hia(=i2l)
Wii(§02) = ¢ 270 for —2,/2< 02 <0 (4.14)

Hy o (-2

Hy1(502)
zowaeic) for 0 < 2 < 02,/2,

By filtering a copy of yac, m(t) with wa 1 (¢) followed by a £25/4 frequency shift, an estimate

of the spur k4 1.(t) is reconstructed, which can be written as
Fae(t) = [wa(t) % yae.n (D] (1), (4.15)
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A MIS iy 3(t) can be constructed for the identification of spur k4 3(t), in a similar
fashion to MIS of spur k4 1(¢), using the insight given by Fig. 3.7. 44 3(t) is constructed
by filtering y4(¢t) with low-pass filter (LPF) hppp(t), which has a passband around
—2:/4 < 2 < 2,/4, followed by a frequency shift of 2, /4 via multiplication with p[14] (t)
before adding it with yj. ;(t). The overall process of constructing is3(t) is formally
described in

i4,3() = Yo i (8) + [ya(t) * hp (D)]p" () (4.16)

Yac, H3(t)

The spectral content I, 3(j§2) contains specific I/Q mirror-frequency pairs between the
spur components Ky 3.(j¢2) and Kj o.(—j§2). Figure 4.5 depicts a principal spectrum
of I 3(j42) with the spectral content being given by

Lia(j Q) = K oo(—592) + KaaeGO) + Koo p (—7 ) + Ky g0 r(592)
1Q4,3,1(392) 1Q4,3,2(302)
+ Ky 00, r (GO + K 1o p(—592) 4K 3. (—F ) 4+ K 50 5(—392) + K 10,7 (792).

1Q4,3,5(392)

(4.17)

IQ431(52),1Q432(j92) and IQ4 33(j2) denote the I/Q mirror pairs as shown in
Fig. 4.5. By feeding i4 3(t) into an I/Q mismatch extraction block, a compensation filter
Wy 3(742) is obtained with the frequency response

Hi,(—i0%")

Hi o (i) for—02:/2 < 2 < —9,/4

) ]
Wi3(j2) = %Q[;}) for —£2,/2< 02 <0 (4.18)
Ha0(50277)
Ha5(582)
H:Z(;ﬂ) for 0 < 2 < 02,/2,

An estimate of the spur k4 s.(t) can then be reconstructed by filtering yuc m (¢) with
wy,3(t) and frequency shifting it by —2,/4 as described in

kase(t) = [was(t) y4c,H(t)]p[:l] (t). (4.19)
By taking Re{ks 1.(t)} and Re{ky 3.(t)}, real-valued spur estimates kq1(t) and ky 3(t)

are obtained. By subtracting k41 (t) and k4 3(t) from y4(t), the compensated signal z(t)

is finally obtained, expressed as
Z4(t) = y4(t) — Re{l~c4ylc(t)} — Re{]%;;ygc(t)}. (420)
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This final corrected output signal z4(¢) has all three interleaving spur components
K41(j92), K42(782) and K4 3(j12) reduced. The FRM spur removal process is depicted as
in Fig. 4.5 and incorporates all the identification and correction steps of spur components
K41(392), K42(392) and Ky 3(j12). In general, the transition regions inherent with the
use of the digital filters, i.e., HT, LPF, HPF, affect the reference spur components in
the constructed identification signals 44 1(t), 44,2(¢) and i4 3(¢) in the baseband sampling
scenario. The filter transition regions prohibit obtaining a complete spur components
reference over exactly full digital bandwidth of the system. This, however, is not a
problem in an IF-sampling scenario as the usage of anti-aliasing filters anyhow restrict
the usage of the full digital BW at the edges [30]. It is also possible to decouple the spur
reconstruction stage from its identification stage, so that the identification stage will be

running in a separate platform, e.g., for an on-chip implementation [61].

4.2.2 4 TI-ADC Identification Structure Type II

In this subsection, an alternative method for the identification of the interleaving spur
components Ky 1(j2), K42(jf2) and K4 3(j(2) is presented which does not require the
HT, lowpass and highpass filters in the creation of the interleaving MISs. This reduces
the computational complexity considerably compared to the developed Type I 4 TI-ADC
FRM spur identification and compensation structure of subsection 4.2.1.

Spur K, Identification - Type IT

The estimation and reconstruction of Ky 2(j(2) can be done by creating a complex-valued
MIS igq.2(t) as follows
ika2(t) = 2a(O)pH (1), (4.21)

In the spectrum of ix4.2(t), Ixa2(j12), shown in Fig. 4.6, it is seen that by performing a
frequency shift of —22,/8 the spur component Ky 2(j2) is deliberately placed at the
mirror frequency position of Ky ¢(j2). This allows for the FRM parameter extraction
by measuring the relative strength of the spur Ky o (J(Z[jﬂz) to K4,0(j(2[78]2) [5]. It is seen
here that the MFI mapping in the MIS x4 2(¢) is done via a simple frequency translation
by —2£2,/8, without the HT stage. This therefore reduces the computational complexity
considerably and allows using any I/Q mirror frequency correlation measurement method,
e.g., the circularity-based algorithm reported in [5], which would yield a filter w4 2(t)
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whose frequency response is of the form

Hi2(j08)
H4,0(j9[§]2)
HI,2(—]'-Q[,8]2)
Hj (=i 2%)
Hy(j05)
H4,0(j9[j;]2)

for —02,/2 < 2 < -0, /4,
Wia2(j902) ~ for —£2,/4 < 2 < 2,/4 (4.22)

for 2,/4 < 2 < 025/2.

Using the obtained filter wy4,2(?) to filter if, o(t) before frequency shifting it by 242,/8
via multiplication with p[28] (t), the real valued estimate of the spur kyo(t), kao(t), is
obtained. kyo(t) can then be simply subtracted from 24(t) to yield a compensated signal

y4(t). The overall process of obtaining y4(t) is expressed as

ya(t) = 2a(t) — [wraa () * ipe (005 (8),

ka,2(t)

(4.23)

in which the spur component k4 2(t) is considerably reduced as shown in Fig. 4.6.

Spur K1 and K3 Identification - Type IT

In the subsequent stage, a MIS, labeled ix4,13(¢), is constructed for the joint estimation
and reconstruction of K4 1(j2) and K4 3(j(2) via frequency shifting y4(t) by —25/8 as
described in

ina13() = ya (P (8), (4.24)

In Iy413(512), shown in Fig. 4.6, it is seen that after the —(2,/8 frequency shift, the
spur component K7 ;.(—j{2) is deliberately placed at the mirror frequency position of
Ky0c(52). At the same time, the —2,/8 frequency shift also places the spur component
Ky1c(382) at the mirror frequency position of Kj,.(—j2). The I/Q mismatch MFI
based algorithms can therefore once again be utilized to extract the FRM parameters
using ix4,13(¢). By inputting ix413(t) into a MFI extraction algorithm, the relative
strength of the spur Ky 1.(j ) to KJoo(—j2) and K7 5.(—j2) to Kyo.(G)
can be measured and a filter wg4,13(t) is obtained whose frequency response is of the

form

Haya(521)
Hao(j 21"

* . 8
H4,3(*JQ£ ])

for —02,/2 < 2 < —302,/8,

Wia13(192) =~ HZ,O(*J'[Q]F]) for —362,/8 < 2 < 2,/8 (4.25)
Ha1(52,°)
H4,0(j!2?]) for £2,/8 < 2 < /2.
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Figure 4.6: Developed Type II blind FRM identification and compensation structure for 4
TI-ADC using I/Q signal processing.

By filtering 4}, ,3(t) with the obtained filter wy4 13(t) and then frequency shifting it by
2,/8 via multiplication with p[lg](t), estimates of the spurs ky 1.(t) and kj 5.(t), denoted
with k4 1.(t) and 15273,3@), are obtained. Finally, taking 2 x Re{ks 10(t) + 1212730(15)} yields
estimates of the actual real-valued spurs k4,1(t) and k4 3(¢) which can be subtracted

from x4(t) giving a compensated signal y4(t) of the form

24(t) = ya(t) — 2 x Re{ [wya13(t) * i415(8)]P} (1)}

ka1 (t)+kas(t)

(4.26)

where the spur components k4 1(f) and k4 3(¢) are considerably reduced as seen in Fig. 4.6.
The joint identification of k4 1(t) and k4 3(t) is another improvement over the prior 4
TI-ADC Type-I method, which identifies k41 (¢) and k4 3(t) separately.

4.2.3 Computational Complexity Analysis

A brief computational complexity analysis of key signal processing operations in the
TI-ADC FRM identification and correction architectures is presented in this subsection.
The goal is to give a brief overview and estimate of the required multiplier elements for
the signal processing operations. The computational complexity analysis is separated
into two parts, i.e., the interleaving FRM identification part and FRM reconstruction
part.

First, the computational complexity of the TI-ADC’s FRM spur identification part is
analyzed. The HT is a signal processing operation utilized to obtain the complex-valued
analytical signal of the TI-ADC output, i.e., . i (), for the proposed 2-channel TI-ADC
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Type 1 and Type 2 FRM compensation architecture depicted in Fig. 4.2 and Fig. 4.3.
The HT is also utilized in the 4-channel TI-ADC Type 1 FRM compensation architecture
to obtain z4. i (t) as depicted in Fig. 4.5. A total of N /2 real valued multiplications
would be required due to the anti-symmetric Hilbert filter coefficients, i.e., employing a
~ 100-tap would require ~50 real multiplications. The 4-channel TI-ADC Type 1 FRM
identification part also requires a highpass and a lowpass filter, whose filter orders are
denoted by Ngp and Npp. These highpass and lowpass filters can be implemented
using a halfband filter thus reducing their actual required multiplications to Ngyp/2 and
Npp/2, ie., using a ~ 100-tap would result in ~50 real multiplications. It is noted that
the 4-channel TI-ADC Type 2 FRM compensation architecture depicted in Fig. 4.6 does
not require any Hilbert, lowpass and highpass filtering in its MISs’ construction in the
FRM identification path.

The +£2,/2 and +£2,/4 frequency shifting operations are required in the 2-channel
TI-ADC Type 1 and Type 2 and 4-channel TI-ADC Type 1 correction architectures.
Frequency shifting a signal by +£2;/2 amounts to multiplication by +{1,—1,1, —1...} and
frequency shifting a signal by +2, /4 amounts to multiplication by +{1, j,—1,—4,1,4,...}
which consequently has negligible complexity. The 4-channel TI-ADC Type 2 FRM
compensation architecture requires ££2;/8 frequency shifts. Frequency shifts by +£2,/8
requires multiplication with {1, (1 + j)/v2,4, (-1 + j)/v2,-1,(-1—4)/v2,—j,(1 —
§)/v/2,1,...}. The complex multiplication of every alternate output sample with 1/1/2
increases computational complexity. However, it can be seen that the +£(2,/8 frequency
shifting requires much less multiplication operations compared to the HT, LPF or HPF

filtering operations.

The computational complexity of the circularity based algorithm, i.e., the required
computation operation is mostly left out of this analysis. The circularity based algo-
rithm’s computational complexity depends upon if a block-based or iterative sample-
based variant is taken and which variant of the circularity based algorithm is used, as
mentioned in section 4.4. These different variants lead to different computational com-
plexity [4,40,51,52,83]. If an iterative circularity based algorithm, e.g., comparable to
(4.42) and (4.43) as shown in section 4.4, is used to calculate the complex compensation
filter of length N,,, then 2N, complex multiplications and 2N,, real multiplications are
needed per iteration. This amounts to 10V, real multiplications per iteration, e.g., for
a 16-tap complex compensation filter, 160 real multiplication would be required per

iteration.

Next, TI-ADC’s FRM spur reconstruction part’s computational complexity is ana-
lyzed. As shown earlier, the computational resources of the frequency shifting operations
by +££2,/2 and +42,/4 are negligible. The resources required for the +£2,/8 frequency
shift is relatively minimal. Each of the TI-ADC FRM spur reconstruction filters would
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require N,, complex multiplications or 4N,, real multiplication per iteration. For a
16-tap complex compensation filter, this would amount to 64 real multiplications in
the 2-channel TI-ADC Type 1 & Type 2 FRM compensation architecture case and 192
multiplications in the 4-channel TI-ADC Type 1 FRM compensation architecture case.
The 2-channel TI-ADC’s Type 1 & Type 2 as well as the 4-channel TI-ADC Type 1
FRM compensation architecture requires the HT filtering along with the TI-ADC FRM
spurs’ complex correction filters. Assuming a 100-tap Hilbert filter with anti-symmetric
coefficients and 16 taps FRM spur compensation filters, this results to 114 real multi-
plications in the 2-channel TI-ADC case and 242 real multiplications for the 4-channel
TI-ADC cases. For the 4-channel TI-ADC Type 2 FRM compensation architecture,
which does not require the HT and has two 16 taps FRM spur compensation filters,
about 128 real multiplications are required. This shows about ~ 45% reduction in the
total number of multiplications required compared to the the 4-channel TI-ADC Type
1 FRM compensation architecture. The mismatch identification part does not have to
be continuously running as opposed to the mismatch reconstruction part. Therefore,
the mismatch identification part can be performed at a slower rate and with a smaller

amount of computational resources.

4.3 Identification and Compensation of FRMs in I/Q
Downconversion 2 TI-ADC

In this section, the behavioral model in (3.44) is used to develop a blind identification and
correction of the FRM spurs. In (3.44) it is seen that the individual spur components are
related to the fundamental signal term through (¢) complex-conjugation, (i) frequency
shift by 2,/2 and (i#i) both complex-conjugation and frequency shift by (2,/2. The
observed signal’s FRM spurs’ identification is done in a cascaded manner building on
this knowledge of the FRM spur structure in (3.44). The identification of the basic I/Q
image spur ve 1g(t) is carried out first. The identification of the image of the TT spur
v rr(t) is carried out next before finally proceeding to the identification of the TI spur
vo,rr(t). All of these identification and processing stages are, naturally, in the complex
domain. Specific transformations, i.e., conjugation, frequency shifting and partially
oversampling by factor of 2 are deployed in order to identify the necessary FRM spur
parameters blindly. Specific MFI pairs are created, if not readily available, between
each FRM spur and the fundamental term. Doing so allows I/Q mismatch based blind
MFT identification algorithms to become applicable in the actual parameter estimation

processing [6].
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Figure 4.7: Principal I/Q mismatch correction architecture.

4.3.1 1/Q Mismatch Image Spur Identification and Correction

The reconstruction of spur vs 1o (t) can be achieved by feeding the signal vy (t) into a
MFT identification algorithm which measures the relative correlation strength between
the spur V5 1o (j7(2) and the desired fundamental signal component Vs 1,p(j2) [6]. This

yields a correction filter ws rg(t) which has the frequency response of the form

o Hr2(j02)
W2,1(j92) = Hig(—52) (4.27)
when observed between the region —(2/4 < 2 < (2,/4. Applying the obtained filter
wa,1¢(t) on the signal v3(¢) creates an estimate of the spur vs ;g(t), denoted by 02 1o ().
02.1¢(t) can then be subtracted from v (t) to yield a compensated signal us(t) of the
form

ug(t) = va(t) — [wa 1 (t) * v3 ()] .

U2,1Q(t)

(4.28)

which leads to the spur component v, ;¢(t) being considerably reduced as depicted in
Fig. 4.7.

4.3.2 TI Image Spur Identification and Correction

In the next stage, a MIS iz 17 () is constructed for the estimation and reconstruction of
the spur component Va 17(j£2). 42,17 (t) is constructed via frequency-shifting the signal
us(t) by a factor of —1/4 of the angular sampling frequency of the I and Q branch, which
for the angular sampling frequency of £2,/2 amounts to a shift by —f2;/8 as described in

ingr(t) = us ()P (1), (4.29)
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Figure 4.8: Proposed blind mismatch identification and compensation structure for interleaving
mismatch’s image spur correction for two-channel 1Q-TIC.

In the spectrum of is rr(t), illustrated in Fig. 4.8, it can be observed that after the
—12,/8 frequency shift, the spur component V5 ;0 (j£2) in Usa(5(2) is strategically placed
at the mirror frequency position of the shifted V5 1 p(j¢2). Hence, the I/Q mismatch
based MFT algorithm becomes again applicable, operating on iy 7(t), to extract the
FRM parameters by measuring the strength of V5 r1(j2) relative to Vo 1p(j2) in their
frequency shifted form. Feeding is ;7(t) into a MFT extraction algorithm results in a

filter wg rp(t) with the frequency response of the form

Hos(j %)

Wo rr(j2) = —————
Hzo(—j02%)

(4.30)

when observed between the region —32,/8 < 2 < —(2,/8. Using the obtained filter
wy rr(t) to filter i3 ;7 (t) before proceeding with a frequency shift of (2;/8 creates an
estimate of spur ve rr(t), U2, 17 (t). Now U rr(t) can be subtracted from us(t) to yield a

compensated signal ¢o(t) of the form

g2(t) = ua(t) — [wo,rr(t) * i3 17 (D] (E) .

Vg, 7 (t)

(4.31)

where the spur component ve ;7 (t) is considerably reduced as seen in Fig. 4.8.

4.3.3 TI Spur Identification and Correction

For the estimation and reconstruction of the final remaining spur component Vs 1 (j12),
a MIS is 7r(t) is created using the auxiliary signals g, (t) and g¢,(t). The signal g2 (%),
which has spurs vs 1¢(t) and vo rr(t) already suppressed, is first upsampled by a factor of
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Figure 4.9: Proposed blind mismatch identification and compensation structure for
interleaving mismatch’s spur correction for 2-channel IQ-TIC.

2 to obtain go ., (t). In the next step, gz, .p(t) is filtered to create g, (t) using a bandpass
filter, hpp(t), which has its passband located between —§2//4 < 2 < 0 with 2, = 2(2,.
¢a(t) provides a reference for the spur component vs ;7 (t). Next, the second auxiliary
signal, g (t), is constructed via performing a (2, /8 frequency shift via multiplication with
exp(j[42./8]t) before applying the bandpass filter hpp(t). It is seen in Fig. 4.9 that the
spectrum of ¢; (t), Q5 (—j{2), has a free region in the spectrum between —2,/4 < 2 <0
where the interpolated reference of the spur vs 7(t) present in gq(t) can be placed.
Therefore, g,(t) and ¢} (t) are added together to produce the MIS i 7 (¢), as illustrated

in Fig. 4.9. The construction of i 77(t) can be expressed as

i2,71(t) = (g2,up(t) * Pop(1)) +( [@2,up (£) exp(G($20/8))] * b (t) )

qa(t) av(t)

(4.32)

It is seen in Fig. 4.9, that the interpolated spur component Vs r;(j{2) is deliberately
placed at the mirror frequency position of the interpolated frequency shifted version
of V31 p(—j§2). This therefore allows for the identification of V r7(jf2) to be again
carried out blindly via the usage of the MFI based algorithm. Feeding 45 r;(¢) into a
MFT block gives a filter with the frequency response of the form

(4.33)

when intepreted for the region —(2./4 < 2 < 0. Therefore using wa r;(t) to filter
g»(t) and then resynchronizing the sample rate via a downsampling by a factor of 2, an
estimate of vy 7y (t), D2 71(t), is constructed as illustrated in Fig. 4.9. 92 7;(t) is then
simply subtracted from g¢o(t) to produce so(t). In the final compensated signal ss(t), all

the 3 mismatch spurs v 1g(t), vo,r1(t) and ve rr(t) have been suppressed.
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4.4 MFI-based Blind Learning Algorithms

In all of the various cases and the corresponding MISs created in section 4.1, section 4.2
and section 4.3, the mismatch spur to be identified is placed at the mirror frequency
position of the desired fundamental signal component. This allows using blind MFT iden-
tification techniques such as second order statistics (SOS), e.g. circularity//properness
based methods [6], to efficiently estimate the filters, e.g., wa1(t), wa,2(t) and wo 1y (t),
needed to reconstruct estimates of the mismatch spur components, e.g., k2 1(t), ka,2(t)
and vg 17 (t).

Below, an arbitrary complex signal signal v(¢) is used to describe important SoS

functions that are adopted in the estimation and learning algorithms. These are
o the expected value or mean, u = Efv(t)].

o the auto-correlation function (ACF),

def

~v(1) = Ev(t)v*(t — 7)], with 7 being the time-lag.

def

e the complementary auto-correlation function (CACF), ¢(7) = Ev(t)v(t — 7)].

The two fundamental prerequisites for using circularity to learn the optimal filter

coeflicients are:
o the ideal baseband equivalent signal v(t) has zero mean, i.e., E[v(t)] = 0.

e there is no correlation between v(t) and its own complex-conjugate v*(t) for any
given 7, i.e., ¢, (1) = E[v(t)v(t — 7)] = E[v(t)(v*(t — 7))*] = 0 [6].

In the following developments, the mismatch identification signal iz 2(t) is assumed
to demonstrate how the circularity based algorithm can be utilized to obtain the mis-
match spur reconstruction filter. For more complete descriptions, refer to the original
publications [P1],[P2] and [6]. To illustrate this, let the spectral components in I5 2(j2)
with its I/Q pairs, given in (4.4), be first grouped as

L2(j Q) = K5 00(—i2) + K3 0u(— ) + K1 (1217) + K210(02) .

I 2p(592) Iz 20 (502)

(4.34)

with Iz 2p(j42) being the desired spectral component and I5 2p7(j§2) being the filtered
mirror frequencies of Iy op(j§2). Note that Ioop(§62) and Iz opn(j2) are the same
components previously grouped as IQ224(jf2) and 1Q22,(7(2) in (4.4) but are now
simply grouped differently. The prerequisite to be able to utilize circularity to learn

wa,2(t) is that iz 2(f) and its underlying components, iz 2p(t) and iz 2p7(¢) must have
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zero mean, i.e. Eliz2(t)] = Eliz2p(t)] = Eliz2m(t)] = 0. The second prerequisite is
that 42 2p(t) and is ops(t) must be circular, i.e., the CACF of, e.g., i2.2p (%) is of the form

c2,20(7) = Eliz2p(t)iz2p(t — 7)]

(4.35)
= Eliz,2p(t)(i32p(t — 7)) '] =0,

implying that there should be no correlation between iz 2p(t) and i35, (t) for any
given time lag 7 [6]. However, the MIS i3 2(¢) contains isop(t) overlayed with a
filtered version of i3 5, (t), in the form of 42 2ps(t), due to the TI-ADC mismatch. Thus
in,2(t) will correlate with i3 ,(¢) and this results in Efiz(t)?] # 0 or more generally
Eligo(t)iz2(t — 7)] # 0. Hence, circularity can be utilized to measure the content of
i2,20m () in i2.2p(t) and thus to blindly identify the filter ws 2(¢) needed to reconstruct

the associated iz 2 (t) spur.

In a simple frequency-independent case, the filter parameter w9 restoring the

circularity can be calculated as [6]

¢i2,2(0)
7i2,2(0) + \/%2272(0) — leia2(0)]?

where ¢;2,2(0) = E[(i2,2(¢))?], 7i2,2(0) = E|li2,2(t)|*] and the compensation filter impulse

W22 = ) (436)

response is wa 2(t) = we 26(t). In practice, the sample statistics over a block of samples
can be used to approximate the involved ensemble statistics. An approximated simplified

estimator, stemming from (4.36), reads

_ ¢i2,2(0)

Wy 9 = . 4.37
227 259.9(0) (4.37)

The above frequency-independent solutions can, however, only correct for the mean
value of the actual frequency-dependent mismatches. In order to accommodate true
frequency-dependent mismatch identification and correction, the above frequency-
independent solution in (4.37) can be extended as follows. By first expanding the
circularity-based cost function F[(is2(t))?] into Efia 2 (t)iz2(t)], with i 2 (t) = [i2,2(t), i2,2(t—

1), ... iz2(t — N + 1)]7, a frequency-dependent identification solution, represented here

as an N-tap compensation filter Wy 2, can be calculated as [6]
W22 = [[ioz + Lioo] leiz (4.38)

where

CZ'2’2 = E[iQ,Q(t)iQ’Q(t)] = [Ci272(0)7 Ci2,2(1), ,C»L'Q’Q(N — 1)]T, (439)
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~i2,2(0) ~Yiz,2(1) oo Y22 (N —1)
Vi2,2(1) Yi2,2(0) S Y22 (N —2)
Lo = . ) . ) ) (4.40)
’77:*2,2(N - 1) ’ﬁz,z(N -2) ... 'Yi2,2(0)
Yi2,2(0) Yiz,2(1) s Yiz2(N = 1)
_ “i2,2(1) ~i2,2(2) e ~Yiz2,2(N)
Liz2 = ) . . ) (4.41)
")/1'272(N — 1) ’72'272(N) e 71'2,2(2]\7 — 2)

As observed in (4.38), this solution requires computing [I';22 + I_“Z-Q,g]’l and the com-
putational complexity increases with the number of taps N. An alternative computing
method can be used where the above block solution in (4.38) is iteratively calculated, in

the form of wy i, by using an internal feedback signal f2 2(t) as given in [5]
Wgygit(t) = Wg’git(t — 1) — Afz’z(t — 1)f2’2(t — 1) (442)

Here, Wa 2t (t) = [w2,2it1, Wa,2it2, - - - W22itn]" 5 Foo(t) = [f2,2(t), fa,2(t=1), -, f22(t—
N +1)]7 and X = diag[\1, A2, -, Ay] denotes a diagonal step-size matrix controlling
the convergence rate. Then, w2, (t) is applied in the next iteration in filtering the

identification signal iz 5(t) as given by

faa(t) =iz a(t) — W3 054 (t)i3 5 (1), (4.43)

where 45 5(t) = [i5 5(t), i55(t — 1), -+ ,i55(t — N 4 1)]7. The initial value for wa 24 (t)
can be set to all zeros and its convergence is reached when fy5(t — 1) f22(t — 1) ~ 0,
thus resulting in wg 9;; performing similar to w2 [5,6].

The circularity-based learning algorithm adopted here represents only one of the
different variations available in the literature [4, 40, 51,52,83]. The exact algorithm
deployed to measure the circularity is essentially decoupled from the mismatch identifi-
cation architecture presented for the various mismatch induced spur components, which
places the mismatch spurs at the mirror frequency position and enables using mirror
frequency correlation-based algorithms such as circularity. Thus, the same mismatch
identification architecture can be used in conjunction with any other circularity-related
computing algorithms with different learning and tracking capabilities [4].

An important condition to ensure successful blind identification can be summarized
using a wideband signal as follows. For a wideband composite input signal consisting
of multiple modulated carrier waveforms, the complex baseband equivalents of the

individual modulated carriers are circular (which applies, e.g., to all typical M-PSK
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and M-QAM modulated signals) and mutually uncorrelated. Therefore, the blind
identification can be successfully carried out even if the original input signal components
and spurious components are overlapping. The zero mean requirement on the input
signal needed to utilize S.0.S. based learning methods can be ensured via notch filtering
the mismatch identification signal before it is fed into the mismatch identification block
to extract the mismatch parameters, [87].
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CHAPTER 5

HARDWARE MEASUREMENTS AND
MISMATCH CORRECTION
PERFORMANCE EVALUATION

HIS chapter addresses the performance evaluation of the mismatch spur removal
T algorithms developed in chapter 4 and in the original thesis publications [P1]-[P6].
The validation is done using measurement data obtained from actual TI-ADC Hardware
(HW) platforms. In total, 3 different HW platforms are utilized in the measurements,
namely, a narrowband high resolution TI-ADC, a wideband medium resolution TI-ADC
and a wideband I/Q downconversion unit combined with medium resolution TI-ADC.
Data collected from these HW measurements are then used in the testing of the mismatch
correction algorithms to evaluate and demonstrate the performance of the proposed

correction algorithms. More examples can be found in the original publications [P1]-[P8].

5.1 Description of Various Measurement HW Plat-

forms

For the purpose of validating and testing the mismatch correction architectures, the 3

different HW platforms which were utilized in the measurement are the following:

1. two 16-bit LTC2208 [41] ADCs operated in the time interleaved manner on PCB
level as illustrated in Fig. 5.1.

2. a 4-channel 12-bit TI-ADC, ADC12D1800RF [80] as illustrated in Fig. 5.2.
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3. a wideband I/Q downconversion circuitry together with the ADC12D1800RF in a
2-channel TI-ADC mode in its I and Q branch as illustrated in Fig. 5.3.

Cable 1\ LTC2208 Board Set-Up
Power l
LTC2208
Splitter \ [ -
»| Balun I::KADCO 9
-—-Signal -< =
—> =
Xancy

LI
»| Balun I:
|
Cable 2//
| Clock l[ 180°

Figure 5.1: Measurement HW configuration of the two 16-bit LTC2208 ADCs operated in
the time interleaved manner on PCB level.

ADC12D1800RF Board Set-Up

I T O
TC1-DESIQ-SBB power - —
Splitter — —
Y e s /12
igna alun ] —
=
g HE AT B
Power f - ADC3 —
Splitter — —
Cable 1,2,3,4
TP rprrri
I180°I
@ i | ADC12D1800RF Board

Figure 5.2: Measurement HW configuration of the 4-channel TILADC ADC12D1800RF in
DESCLKIQ mode.

5.2 FRM Spur Characteristics of Measured HW

5.2.1 LTC2208 HW FRM Measurement

Two state-of-the-art 16-bit ADCs, each having a sampling rate of 120 MHz, were
interleaved to achieve an interleaved sampling frequency of ~ 240 MHz. The hardware
configuration diagram is shown in Fig. 5.1 . This setup is measured using single tone
CW signals sweeped across the 1st and 2nd Nyquist zones with a total of about 100

frequency points. The measurements were carried out for different temperature values,
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Figure 5.3: Measurement HW configuration of 1/Q downconversion circuitry in combination
with the ADC12D1800RF operated in 2 TI-ADC mode.
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Figure 5.4: Measured FRM spur k2.1 (gain and phase mismatch) and the RRR of two
interleaved LTC2208 [41] ADCs with single tone CW signals @ -6dBF'S input level at 40 °C,
20°C & 0°C. The interleaved sampling frequency is about 240 MHz and the mismatch
measurement covers the 1st Nyquist zone (0 to 120 MHz) & 2nd Nyquist zone (120 MHz to
240 MHz).

i.e. 40°C, 20°C & 0°C with the hardware placed in a temperature cupboard. The
measured 2-channel TI-ADC FRM spurs for each temperature setting are depicted in
Fig. 5.4. The data for the TI-ADC mismatch correction prototyping was collected from
the LTC2208 evaluation platform hardware and the correction was performed on the

PC.
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5.2.2 ADC12D1800RF HW FRM Measurement

The ADC12D1800RF is set to operate at a sampling frequency of 2.9 GHz and using
single tone CW signals swept across the 1st and 2nd Nyquist zones, estimates of the
4-channel TI-ADC FRM spurs for this hardware configuration are first measured for a
total of about 100 frequency points at different temperature values, i.e. 40°C, 20°C
& 0°C. The measured strengths of the spurs K4 1(j92), K42(j2) and K43(j2) at
40°C, 20°C & 0°C respectively are depicted in Fig. 5.5, Fig. 5.6 and Fig. 5.7. These
measurements were carried out in the DESIQCLK mode, in which the ADC has the
largest analog BW of 2.7 GHz available but it requires careful analog hardware matching
when supplying the differential input signal to the two ADC channels [80] to minimize the
interleaving mismatches. During these measurements, a single balun board, TC1 DESIQ),
is used when providing the differential input signals to the two 1.8 GHz ADCs [81].
Due to the balun board’s limited matching accuracy and the need to use external
carefully matched cables to connect the inputs, additional frequency response mismatch
is introduced. Consequently, the interleaving mismatch spurs cannot be significantly
reduced by adjusting the clock phase alone [81]. As can be inferred from Fig. 5.5, Fig. 5.6
and Fig. 5.7, the performance of any offline designed mismatch correction filter, e.g., [72],
will degrade during the TI-ADC’s operation due to mismatch variations, stemming from
temperature changes. This clearly demonstrates the need for either regular recalibration
or adaptive online algorithms [70]. The data for the TI-ADC mismatch correction
prototyping was collected from the ADC12D1800RF evaluation platform hardware and

the correction was performed on the PC.

5.2.3 1/Q Downconversion Circuitry & ADC12D1800RF HW
FRM Measurement

An experimental hardware platform was constructed for preliminary concept and model
verification purposes, consisting of an I/Q demodulator circuitry followed by 2-channel
TI-ADC HW [80] per I and Q branch as depicted in Fig. 5.3. The TI-ADC’s aggregate
sampling rate in the I and Q branches is 1690 MHz. This setup was measured using a set
of single-tone continuous wave (CW) signals which are sequentially fed into the RF input
and then downconverted into baseband. The RF center-frequency range used in the
measurements was 2.7 GHz, which is also the LO frequency. A set of 22 tones injected
sequentially, with tone frequencies ranging between -400MHz to +400MHz relative to
the RF center-frequency, is used to measure the spur characteristics of the test setup.
The complex signal spectra of the collected data are then evaluated and analyzed on the
PC. Figure 5.8 plots the measured spurious components, relative to the fundamental

signal term, consisting of the I/Q mismatch spur, i.e., V5 1¢(jf2), the interleaving spur,
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Figure 5.5: Measured FRM spur k4.1 (including gain and phase mismatch components) and
the RRR of an ADC12D1800RF in DESCLKIQ mode @ -3dBFS at 40 °C, 20°C and 0°C.
The sampling frequency is 2.9 GHz and the mismatch measurement covers the 1st Nyquist

zone (0 to 1.45 GHz) and 2nd Nyquist zone (1.45 GHz to 2.9 GHz).
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Figure 5.6: Measured FRM spur k4.2 (including gain and phase mismatch components) and
the RRR of an ADC12D1800RF in DESCLKIQ mode @ -3dBFS at 40 °C, 20°C and 0°C.
The sampling frequency is 2.9 GHz and the mismatch measurement covers the 1st Nyquist

zone (0

to 1.45 GHz) and 2nd Nyquist zone (1.45 GHz to 2.9 GHz).
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Figure 5.7: Measured FRM spur k4.3 (including gain and phase mismatch components) and

the RRR of an ADC12D1800RF in DESCLKIQ mode @ -3dBFS at 40 °C, 20°C and 0°C.
The sampling frequency is 2.9 GHz and the mismatch measurement covers the 1st Nyquist

zone (0 to 1.45 GHz) and 2nd Nyquist zone (1.45 GHz to 2.9 GHz).
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Figure 5.8: Measured suppression of different spurious components for input frequencies
ranging between -400 MHz to 400 MHz relative to the 2.7 GHz RF center-frequency.

i.e., Vo rr(712) and the interleaving spur’s image, i.e., Vo 11 (j2). It is clear that all three
spurious components can limit the SFDR of high-end digital processing systems, thus
giving a strong motivation for using digital post-processing methods to suppress all the

associated spurs.
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5.3 Measured Performance of Proposed Blind Iden-
tification and Correction of TI-ADC FRM Spurs

Suitable multi-tone test scenarios are created by adding multiple datasets of single tone
signals that were injected into the 1st and 2nd Nyquist zone of the interleaved LTC
2208. This is used to create a challenging scenario to demonstrate and evaluate the
TI-ADC’s FRM spur correction performance, as seen in Fig. 5.9 and Fig. 5.10. This is
also done for the ADC12D1800RF, where suitable multi-tone test scenarios are created
by adding multiple datasets of single tone signals. The single tone signals are injected
into the first and second Nyquist zones respectively to create a challenging scenario
to demonstrate and evaluate the frequency response mismatch correction, as seen in
Fig. 5.11 and Fig. 5.12. Creating the multi-tone scenario in such a manner leads to
an increased noise spectral density in the respective spectrum. However, this is not an
relevant issue for the purpose of evaluating and demonstrating the FRM spur rejection

capabilities.

5.3.1 Validation of Proposed Blind Identification and Correc-
tion of 2-channel TI-ADC FRM Spurs using Measured
Data

The FRM spur correction is first performed using the measured data obtained from
the LTC2208. Using 8192 samples of measured data, a 30-tap TI-ADC mismatch spur
correction filter is calculated as given in (4.38) using the Type I correction architecture.
The magnitude of the interleaving spur ks ;(t), for the multi-tone scenario in both the
1st Nyquist zone and the 2nd Nyquist zone, are reduced to the noise floor level after
correction, as seen in Fig. 5.9 for the 1st Nyquist zone and in Fig. 5.10 for the 2nd
Nyquist zone, verifying the functionality of the proposed method. The 2 TI-ADC’s post
correction RRR has increased by approximately 50 dBc.

Next, the 2-channel TI-ADC FRM spurs correction performance is evaluated and
illustrated with the proposed Type 2 blind mismatch identification and correction
structure using the measured data from of the 4-channel TI-ADC ADC12D1800RF. The
interleaving spur k, ,(t) is in its structure essentially the same as kj ; (t). Therefore, the
correction of the spur k4,2(t) is performed with the Type 2 2-channel TI-ADC FRM spur
correction architecture using 16384 samples of measured data that are used to calculate a
16-tap interleaving FRM spurs correction filter as given in (4.38). The time interleaving
spur k4 5(t)’s level for the 1st Nyquist zone and for the 2nd Nyquist zone, are reduced to
the noise floor level after correction, as seen in Fig. 5.11 for the 1st Nyquist zone and in

Fig. 5.12 for the 2nd Nyquist zone, verifying the functionality of the proposed method.
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Figure 5.9: Spectrum of two interleaved LTC2208 [41] ADCs with multi-tone scenario in the
1st Nyquist (0 to 120 MHz) zone before and after correction using the proposed Type 1 2
TI-ADC FRM compensation architecture shown in Fig. 4.2.
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Figure 5.10: Spectrum of two interleaved LTC2208 [41] ADCs with multi-tone scenario in
the 2nd Nyquist (120 MHz to 240 MHz) zone before and after correction using the proposed
Type 1 2 TI-ADC FRM compensation architecture shown in Fig. 4.2.

5.3.2 Validation of Proposed Blind Identification and Correc-
tion of 4-channel TI-ADC FRM Spurs using Measured
Data

In the next stage, the time interleaving FRM spurs correction performance is tested for 4-
channel TI-ADC case using the ADC12D1800RF, in which all 3 interleaving spurs &, ; (),
kyo(t) and k, 5(t) are mitigated. First, the mitigation of k, 1 (t), kyo(t) and ky 3(t) is
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Figure 5.11: Measured ADC12D1800RF multi-tone spectrum at 20 °C in the 1st Nyquist
zone (0 to 1.45 GHz) zone before and after correction using the proposed Type 2 2 TI-ADC
FRM compensation architecture shown in Fig. 4.3.
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Figure 5.12: Measured ADC12D1800RF multi-tone spectrum at 20 °C in the second Nyquist
(1.45 GHz to 2.9 GHz) zone before and after correction using the proposed Type 2 2 TI-ADC
FRM compensation architecture shown in Fig. 4.3.

evaluated and illustrated with the proposed Type 1 correction architecture shown in
Fig. 4.5. Using the same multi-tone signal set with 16384 measured data samples,
as utilized in section 5.3.2 for validating the Type 2 2 TI-ADC FRM compensation
architecture, 3 sets of 16-tap interleaving FRM spur correction filters are calculated, as
given in eq. (4.38), for the spurs k4 ;(t), ky 5(t) and k, 5(t) each. The magnitude of the
interleaving spurs ky ; (t), ks o(t) and k4 5(¢), for the multi-tone scenario in both the 1st

Nyquist zone and for the 2nd Nyquist zone, are reduced to the noise floor level after
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Figure 5.13: Measured ADC12D1800RF multi-tone spectrum at 20 °C in the 1st Nyquist
zone (0 to 1.45 GHz) zone before and after correction using the proposed Type 1 4 TI-ADC
FRM compensation architecture shown in Fig. 4.5.
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Figure 5.14: Measured ADC12D1800RF multi-tone spectrum at 20 °C in the second Nyquist
(1.45 GHz to 2.9 GHz) zone before and after correction using the proposed Type 1 4 TI-ADC
FRM compensation architecture shown in Fig. 4.5.

correction, as seen in Fig. 5.13 for the 1st Nyquist zone and in Fig. 5.14 for the 2nd

Nyquist zone, verifying again the functionality of the proposed method.

The alternative Type 2 version of the 4-channel TI-ADC FRM correction architecture
depicted in Fig. 4.6, which has considerably reduced computational complexity compared

to the Type 1 correction architecture, is explored next. Using two multi-tone scenarios,

as shown in Fig. 5.15 for the 1st Nyquist zone and in Fig. 5.16 for the 2nd Nyquist zone,

the Type 2 correction algorithm’s validation is performed. Two sets of 20-tap correction
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Figure 5.15: Measured ADC12D1800RF multi-tone spectrum at 20 °C in the 1st Nyquist
zone (0 to 1.45 GHz) zone before and after correction using the proposed Type 2 4 TI-ADC
FRM compensation architecture shown in Fig. 4.6.
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Figure 5.16: Measured ADC12D1800RF multi-tone spectrum at 20 °C in the second Nyquist
(1.45 GHz to 2.9 GHz) zone before and after correction using the proposed Type 2 4 TI-ADC
FRM compensation architecture shown in Fig. 4.6.

filters are calculated, as given in (4.38), one for the spur k4 »(t) and another for the joint
reconstruction of ky ;(t) and k, 5(t). After being processed by the Type 2 4-channel
TI-ADC FRM spurs correction architecture, the magnitude of the interleaving spurs
ky1(t), kyo(t) and ky 5(t), are reduced to the noise floor level, as seen in Fig. 5.15 for the
1st Nyquist zone and in Fig. 5.16 for the 2nd Nyquist zone, verifying the functionality
of the proposed method.
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It is noted that the further reduction in computational complexity required to
calculate the optimal filter via (4.38) can be reduced by utilizing (4.42). The block-wise
solution in (4.38) requires computing [T';; + I_‘ﬂ]_l, which is circumvented by using the

iteratively calculated optimal filter via (4.42).

5.3.3 Validation of Proposed Blind Identification and Correc-
tion of TI-ADC FRM Spurs using Modulated Communi-
cation Waveforms

Two measured examples with multiple wideband orthogonal frequency division multi-
plexing (OFDM) signals are provided in Fig. 5.17 and Fig. 5.18. The multiple wideband
OFDM signals are located within the TI-ADC’s second Nyquist zone between 1.45GHz
to 2.9GHz. In the RF signal generation phase, the OFDM waveforms are filtered to
further band limit the spectral content and suppress the inherent OFDM sidelobes.
This is done for for better visualization of the TI-ADC’s interleaving spurs’ suppression
after correction. The RF OFDM input signal is digitized by 4-channel TI-ADC, i.e.,
ADC12D1800RF. Blind identification of the FRM is performed using 32k samples of the
4-channel TI-ADC’s output signal with the proposed Type 2 2-channel TI-ADC FRM
compensation architecture using a 40-tap correction filter. Note that due to the large
BW of the OFDM signal, the input power level of the OFDM signal needs to be reduced
accordingly before being fed into the TI-ADC in order to avoid input signal clipping [2].
As the levels of the TI-ADC spurs k4 ;(t) and k, 5(t) are considerably lower than spur
k;4,2(t), as seen in the measurement results in Fig. 5.5, Fig. 5.6 and Fig. 5.7, it suffices
to perform only the correction of the spur k, ,(t) due to spurs k, ; (t) and k, 5(t) being
already in the noise floor as in Fig. 5.17 and Fig. 5.18. It is shown in Fig. 5.17 and
Fig. 5.18 that accurate spur suppression is achieved using the Type 2 2-channel TI-ADC
FRM compensation architecture.

Next, a multiband quadrature phase shift keying (QPSK) signal scenario is created
using multiple coexisting QPSK signals at different center frequencies. Multiple different
QPSK signals at different center-frequencies, bandwidths and power levels are present
in the simulation environment as depicted in Fig. 5.19. It is seen in Fig. 5.19 that the
weaker signals are subject to interference from the FRM interleaving spurs of stronger
signals. Non-linear distortion terms, i.e., 2nd and 3rd order distortion terms, have also
been introduced into the spectrum and coexist alongside the 4-channel TI-ADC FRMs
spurs. The proposed 4-channel TI-ADC FRM correction method shown in Fig. 4.5 is
used. The circularity based algorithm, as given in (4.38), is utilized to calculate three 8
taps FRM spur correction filters using a signal block consisting of 262k samples. The

obtained FRM interleaving spur correction filters are applied on a multitone CW test
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Figure 5.17: ADC12D1800RF spectra with non-contiguous OFDM input in the second Nyquist
zone (1.45 GHz to 2.9 GHz), uncorrected and corrected using (4.38) and proposed2-channel
TI-ADC Type 2 FRM compensation architecture shown in Fig. 4.3 processing. Each OFDM
waveform is ~ 50 MHz wide.
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Figure 5.18: ADC12D1800RF spectra with non-contiguous OFDM input in the second Nyquist
zone (1.45 GHz to 2.9 GHz), uncorrected and corrected using (4.38) and proposed 2-channel
TI-ADC Type 2 FRM compensation architecture shown in Fig. 4.3 processing. Each OFDM
waveform is ~ 80 MHz wide.

signal, which is subjected to the same 4 TI-ADC FRM mismatches. The non-linearity
distortion spurs are not included in the multitone CW test signal scenario so that
the interleaving FRM spur reduction achieved through the calculated filters can be

better observed. It is seen in Fig. 5.20 that using the correction filters calculated from
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Figure 5.19: Simulated multi-QPSK signal spectrum subject to 4 TI-ADC mismatches before
and after correction using (4.38) and proposed Type 2 4 TI-ADC FRM compensation architecture
shown in Fig. 4.5.
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Figure 5.20: Simulated multi-tone test scenario to visualize and characterize the correction
performance of the filters obtained with the signal in Fig. 5.19.

the multi-QPSK signal scenario adopting the correction architecture of Fig. 4.5 and
(4.38) is able to reduce the interleaving FRM spurs close to the -80 dBc level. This
demonstrates the functionality of the proposed identification method and validates the
usage of circularity with actual modulated waveforms. It also shows that the circularity
based algorithm can be used in the presence of the non-linear distortion components to
accurately extract the FRM interleaving spurs.
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Figure 5.21: Measured 2-channel RF IQ-TIC Multi-tone spectrum before and after FRM
spur correction.

The achieved results clearly demonstrate that the proposed blind schemes can
provide high-performance FRM interleaving spur identification and correction even when
evaluated using modulated waveforms used in communication systems and true-world TI-
ADC board, which were tested with high frequency large bandwidth RF measurements
and actual wideband waveforms.

5.4 Validation of Proposed Blind Identification and
Correction of FRM Spurs in I/Q Downconver-
sion 2 TI-ADC using Measured Data

A multi-tone scenario is constructed to create a challenging scenario to demonstrate and
evaluate the proposed FRM spurs correction architecture depicted in Fig. 4.7, Fig. 4.8
and Fig. 4.9. Multiple CW tones are fed in between -400MHz to +400MHz relative to
the RF center-frequency of 2.7 GHz. All three compensation filters in Fig. 4.7, Fig. 4.8
and Fig. 4.9 are calculated as given in eq. (4.38), with the individual filter lengths being
8 taps. It is clearly seen in Fig. 5.21 that all the spurs vs 1o(t), va,rr(t) and vo 17 (t)
are successfully reduced down to the noise floor, verifying again the functionality of the
proposed methods.
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CHAPTER 6

CONCLUSIONS

HE key results and novel contributions of this thesis are shortly highlighted and
T summarized in this chapter. The potential of TI-ADCs in overcoming the individual
ADC’s technological limitations has fueled and still is catalyzing a lot of research effort
in removing the performance limiting frequency response mismatches between the
interleaved ADCs. After reviewing the key contributions made in this thesis work, some
possible future work items are also reviewed and highlighted.

6.1 Summary of Thesis Contributions & Results

The first part of the contributions of this thesis is the comprehensive modeling of the
TI-ADCs using complex valued signals, which provides new insight to the nature of the
TI-ADC FRM spurs, i.e., how the FRM spurs are created, what type of FRM spurs
are present and where they are located in the output spectrum. This also provides the
fundamental starting point and background needed to utilize complex signal processing
in solving the TI-ADC FRM mismatch spur identification and correction problems.
Using the complex-valued FRM spur modeling of the TI-ADCs, various new methods
were then developed for the FRM spurs identification and correction in different types
of TI-ADCs. The major contribution of this thesis includes establishing the fact that
the TI-ADC mismatch parameters can be identified by utilizing the mirror frequency
interference based techniques, which are classically encountered in I/Q downconversion.
This finding led then to new types of architectures for the FRM spur identification and
correction in TI-ADCs. It enabled constructing a first of its kind solution to solving the
major open challenge in the field of time interleaved ADCs, i.e., the blind and adaptive
identification of FRM in time interleaved ADCs. The first known examples of blind
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adaptive FRM correction algorithms for 2-channel TI-ADC were developed which are
able to fully detect the FRM within the band of use [P2],[P5],[P8]. The first known
examples of blind adaptive FRM correction algorithms for 4-channel TI-ADC were then
also developed which are able to estimate and correct the FRM within the band of use
[P1],[PT7],[P6].

In addition to this, novel analysis and insight were offered to increase the TI-ADC’s
analog BW. The study of the effects of FRM in wideband I/Q downconversion circuitry
which utilizes TI-ADCs in its analog I and @Q branches was carried out. In the analysis,
the interactions between the frequency response mismatches in the various analog stages,
i.e., in the analog I/Q downconversion and TI-ADCs circuitries, were established and
the nature of the resulting spur components was characterized [P4]. This behavior was
previously not systematically studied in the existing literature. It was then followed by
the correction of these FRM mismatches, where the identification and compensation of
the FRM spurs in the analog I/Q downconversion and the 2-channel TI-ADCs circuitry
were all carried out. These are the first known published results which explicitly offer
solutions to the suppression of FRM spurs in the 2-channel 1/Q TI-ADC [P3].

Another interesting finding established in the thesis work was that the 2-channel 1/Q
TI-ADC’s spectrum, with its corresponding mismatches components, share a lowpass-
bandpass relationship with a 4-channel TI-ADC and its corresponding FRM spurs
[P1].

6.2 Possible Future Work Topics

In the framework of this thesis, various contributions have been made to be able to
deal with the FRM spurs in TI-ADCs and towards extending the analog BW of the TI-
ADCs. However, there is still much work to be done in the field of TI-ADC impairments
mitigation to achieve higher ADC system performance. Listed below are some examples

of possible future work topics:

1. Extending the FRM spur identification and correction techniques to general M-
channel TI-ADCs. The number of interleaved ADCs can amount, e.g., to 24, 32 or
even 64 ADCs [14,36,78]. Therefore, the identification and correction architecture
to suppress the FRM spurs should also be developed to mitigate these spurs in a
TI-ADC with a higher number of interleaved ADCs.

2. Studying the nature of FRM spurs in M-channel I/Q TI-ADCs and developing
corresponding identification and correction solutions. The study of the nature of
the I/Q downconversion process in combination with 2-channel TI-ADC has been

done in this thesis. In the next step, the analysis is to be extended regarding the
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FRM spur components created in the output spectrum when a higher number of
interleaved ADCs are used in combination with the I/Q downconversion process.

. Developing more advanced S.0.S. algorithms for MFI and/or FRM spurs identifi-
cation. The development of new and improved S.0.S. algorithms for the purposes
of mirror frequency correlation measurement would definitely be beneficial as future

enhancement for the existing MFI measuring algorithms such as those reported
in [4,5,40,51,52,83].

. The study of non-linear non-idealities in TI-ADCs. Apart from linear FRM spurs
correction, the TI-ADCs may also suffer from non-linear distortion spurs which are
typically less severe than FRM mismatch spurs [3,41,80]. The study of non-linear
distortion in TI-ADCs and its mitigation is also an interesting topic of future
studies [68,98].
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