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Abstract

The rise of sixth-generation (6G) wireless technology has created a need for wideband
signal generation at high radio frequencies (RF). However, current digital-to-analog con-
verters (DACs) face limitations, offering either wide bandwidth with low resolution or high
resolution with limited bandwidth. This thesis proposes two methods that utilize multiple
DAC:Ss to generate multiple narrowband sub-bands of a wideband signal, that are combined
to produce the desired wideband signal. These methods employ distinct digital processing
approaches tailored to specific applications, such as instrumentation or real-time Orthog-
onal Frequency Division Multiplexing (OFDM) signal generation.

To address non-idealities in frequency-stitching-based transmitters, a frequency-domain
calibration technique using multi-tone signals is introduced. Experiments at X-band (9.6
GHz) and D-band (129.6 GHz) validate these methods, demonstrating up to 8 GHz band-
width and achieving an error vector magnitude (EVM) as low as 0.3% for a 7.2 GHz 256-
QAM OFDM signal. A comparative study of three signal generation approaches—direct
Arbitrary Waveform Generator (AWG) generation, baseband in-phase and quadrature (IQ)
generation with up-conversion, and frequency stitching—shows EVMs of 1.5%, 0.8%, and
1%, respectively, for an 8 GHz OFDM signal.

A novel architecture using phase-coherent 1Q-DACs and mixers for each sub-band is also
presented. Calibration using non-uniformly interleaved tones corrects IQ imbalances and
distortions, enabling the generation of a 256-QAM OFDM signal with 12 GHz bandwidth
at D-band (149 GHz) and achieving a peak data rate of 96 Gbps. Calibration improves
EVM and normalized mean square error (NMSE) from 82.6% and 23.8% to below 2% and
1%, respectively. Additionally, D-band amplifier linearization with a 4 GHz modulation
bandwidth improves adjacent channel power ratio (ACPR) from -27.8/-26 dBc to -42.8/-
43.1 dBc and EVM from 8.5% to 1.2%.

Finally, two architectures for sub-band combination are compared. One generates a
wideband signal at intermediate frequency (IF) and up-converts it, while the other up-
converts narrowband IF signals and combines them. The second approach demonstrates
superior ACPR at high IF power levels, enhancing ACPR by up to 8 dB when generating
a 1.2 GHz modulated signal at 142.5 GHz.

These results highlight the efficacy of the proposed methods for generating and lineariz-
ing high-quality wideband signals, supporting advanced applications in millimeter wave and
sub-THz frequency bands for 6G technologies.
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Chapter 1

Introduction

The rapid evolution of wireless communication has led to an escalating demand for higher
data rates and more robust connectivity. Fourth-generation (4G) networks deployed in the
2010s, supports peak data rates of around 1 gigabit per second (Gbps). In contrast, fth-
generation (5G) networks, deployed in 2020s, have increased the peak data rates to 20 Gbps.
Currently, sixth-generation (6G) networks are under development, with targeted peak data
rates between 100 and 200 Gbps [28, 27]. This progression toward higher data rates
and more extensive connectivity across network generations has enabled numerous new
applications, as each generation brings improved capacity, reliability, and user experience.

However, while 5G has made signi cant strides in enhancing data rates and support-
ing applications such as high-de nition video, self-driving cars, and smart cities, it faces
limitations in terms of capacity, energy e ciency, and latency. As shown in Fig. 1.1, to
address these limitations, 6G is being developed to push the boundaries even further, with
extreme requirements for data rates, ultra-low latency, energy e ciency, and reliability.
6G seeks to enhance existing 5G usage scenarios, including Enhanced Mobile Broadband,
ultra-reliable low-latency communication, and massive machine-type communication. Be-
yond these, 6G networks are designed to support transformative use cases in arti cial
intelligence (Al)-driven applications, integrated sensing and communication, and ubiqui-
tous connectivity [27]. For instance, Al-driven applications in 6G could support real-time
digital twins, enabling the simulation, management, and predictive control of complex sys-
tems across various industries [16]. Integrated sensing and communication can enhance
autonomous systems for applications like automated driving and drone-based logistics,
where seamless data exchange and environmental sensing are critical for safe and e cient
operations. Lastly, ubiquitous connectivity in 6G is expected to power massive-scale In-
ternet of Things (IoT) deployments, such as smart cities and environmental monitoring
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Figure 1.1: Usage scenarios for 6G by the International Telecommunications Union for
2030 and beyond [27].

systems, where billions of connected devices communicate and share data continuously.

To achieve these ambitious performance targets, 6G networks will, compared to 5G
networks, rely on enhanced capabilities, such as achieving a latency in the range of 0.1 to
1 ms, supporting up to 16 to 10° devices per square kilometer, and enhancing spectral
e ciency by leveraging higher frequency bands. Furthermore, there is a critical need for in-
creased energy e ciency to handle the rising power demands of massive data transmission.
Meeting these stringent capabilities is essential to enable applications such as real-time
digital twins, autonomous driving, and smart cities [27].

One of the fundamental challenges in achieving 6G's high data rates is the need for
signi cantly wider bandwidths. According to the Shannon-Hartley theorem,

C = B log,(1 + SNR): (1.1)

Where C is the channel capacity, andB is the bandwidth. Higher order modulation
schemes require higher SNR to maintain a acceptable bit error rate (BER). For instance, a
256 quadrature amplitude modulation (QAM) modulation scheme would require an SNR
of more than 35 dB without any error correction [19]. To support a 256 QAM signal with
a peak data rate of 100 Gbps, a bandwidth of approximately 8 GHz is needed. Due to
the crowded sub-6 GHz spectrum, higher frequencies, speci cally in the millimeter wave
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(mmWave) and sub-terahertz (sub-THz) bands (30 to 300 GHz), are now prime candidates
for generating these wideband signals.

Generating wideband signals presents several technical challenges, particularly in the
design of digital-to-analog converters (DACs). For example to achieve 8 GHz modulation
bandwidth, the DACs must have sampling rates of at least 16 Gsps per the Nyquist the-
orem. Additionally, the DACs must ensure su cient SNR to meet emission mask require-
ments, which often necessitates high resolution and additional SNR margins to compensate
for noise introduced by other components, such as power ampli ers (PAs) and antennas.

To address these challenges, this thesis proposes two frequency stitching methods for
use in laboratory testing or real-time environments. In both methods, the signal is digitally
partitioned into sub-bands, with each sub-band generated by a separate DAC. These sub-
band signals are then combined using a Wilkinson power combiner. The frequency stitching
methods are applied to di erent signal generation architectures, and calibration methods
are introduced to mitigate distortion introduced during the stitching process.

This thesis is organized as follows: Chapter 2 discusses signal quality evaluation met-
rics, transmitter architectures, and a review of prior work on wideband signal generation.
Chapter 3 presents two proposed frequency stitching methods and experimental results
using RF-DACs. Chapter 4 explores frequency stitching with 1Q-DACs for achieving even
wider bandwidth and introduces a calibration method for multiple 1Q-DACs. Chapter 5
presents a comparative study on the performance of combining sub-band signals at inter-
mediate frequency (IF) or after upconversion to radio frequency (RF). Finally, Chapter 6
provides a summary and potential directions for future research.



Chapter 2

Background

This chapter addressed key considerations for wideband signal generation in 6G networks.
It begins with a discussion of essential signal quality evaluation metric that play a vital
role in identifying potential sources of distortion within the signal. Next, signal generation
architectures are presented, highlighting the advantages and limitations of each. A litera-
ture review of existing methods for extending the signal bandwidth is provided. However,
many of these methods are either unsuitable or have not been validated for application
to 6G signal generation. To address this gap, two frequency-stitching-based signal gen-
eration methods are proposed to meet the stringent requirements of 6G networks, and
measurements are conducted to validate these methods. Additionally, a literature review
of calibration techniques for mitigating distortions is presented. Proper calibration routines
are critical to ensure accurate measurements with minimal distortion.

2.1 Signal Quality Metrics

For a receiver to receive a signal and extract the information contained in the signal, the
transmitter must ensure that the generated signal is of su cient quality. There are various
metrics that characterize the signal in an RF communication system. These metrics can
measure, at di erent stages of the system, how much distortion is added by each stage,
and help develop methods to mitigate the distortion.



Figure 2.1: EVM vs operating power.

2.1.1 Error Vector Magnitude

Error Vector Magnitude (EVM) is a widely used metric for assessing signal quality in
systems employing digital modulation. A modulated signal can be represented on a con-
stellation diagram, where EVM quanti es the deviation of the received symbol from its
ideal position in the diagram. This deviation serves as a measure of the delity of the
signal. Each modulation scheme has speci ¢ EVM requirements. For instance, in 3GPP,
256-QAM requires an EVM below 3.5%. High EVM values often indicate issues such as in-
phase (1) and quadrature (Q) imbalance, low signal-to-noise ratio (SNR), or nonlinearities
caused by components such as ampli ers.

At low power levels, EVM is predominantly limited by thermal noise. Thermal noise
combined with low signal power results in reduced SNR, with the relationship between
SNR and EVM expressed as:

SNR= [PAPR+20 logsy™*™%: (2.1)

At high power levels, system components can exhibit nonlinear behavior, introducing non-
linear distortion that degrades EVM. When EVM is plotted against operating power, the
result is typically a "bathtub curve," as illustrated in Fig. 2.1.

In systems employing Orthogonal Frequency Division Multiplexing (OFDM), EVM is
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calculated using the following equation:

ey o ko YEET () Grer () ©
- 2lia i
ko Orer (Vi)

(2.2)

where, yrer and depr are the discrete-time Fourier transform of the received and ideal
signals, respectively. FurthermoreKp is the total number of sub-carriers,vy is the k™"
sub-carrier discrete-time Fourier transform index.

In most cases, the reported EVM value is measured after equalization. During this
process, pilot symbols are aligned with their ideal positions on the constellation diagram,
and the remaining points are shifted accordingly. Equalization e ectively mitigates most
linear distortions, ensuring that the EVM re ects only nonlinear e ects and residual noise.

2.1.2 Normalized Mean Square Error

Normalized Mean Square Error (NMSE) is a metric used to evaluate how closely the re-
ceived signal matches the ideal signal. While NMSE and Error Vector Magnitude (EVM)
often yield similar values, they di er in scope: EVM quanti es the error after signal de-
modulation, whereas NMSE assesses the error in the time or frequency domain.

In most scenarios, NMSE and EVM values are comparable. However, when linear
distortion is present in the system, NMSE tends to be more adversely a ected, resulting
in a worse value than EVM. For this reason, both NMSE and EVM are measured in
experiments to help identify and distinguish the types of distortion a ecting the system.
Beyond linear distortion, high-power spurious emissions can also degrade the measured
NMSE, further emphasizing its importance as a diagnostic tool.

2.1.3 Adjacent Channel Power Ratio

Adjacent Channel Power Ratio (ACPR) is a metric that compares the in-band signal power
to the power of the out-of-band emissions. The out-of-band power must be measured us-
ing the same bandwidth as the in-band power. Therefore, the receiver needs to capture
a bandwidth at least three times the signal bandwidth to perform this measurement ac-
curately. ACPR is commonly used to evaluate nonlinearity in a system, as nonlinearity
causes spectral regrowth, which manifests as distortion in the out-of-band spectrum.

Nonlinearity is often characterized using the two-tone test. When a two-tone signal is
input to a nonlinear device, the output generates intermodulation (IM) components. In
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Figure 2.2: IM distortion components of a nonlinear system.

the frequency spectrum, let the two tones have frequenciesandf, . The IM components
are sum and di erence products of these fundamental tones. For instance, second-order IM
components includd ; + f, andf; f,. Among these, some odd-order IM products appear
very close to the fundamental tones, as shown in Fig. 2.2. When transmitting discrete
multi-tone signals, these odd-order IM products collectively form spectral regrowth, causing
distortion in adjacent frequency bands.

A common technique to mitigate nonlinear distortion is digital predistortion (DPD).
DPD uses a feedback loop, often referred to as the transmitter observation receiver (TOR),
to measure the nonlinearly distorted signal. The TOR output is then used to estimate
coe cients for creating a predistorted signal, which is applied to the transmitter's input
to compensate the distortion. Various models have been developed to estimate these
DPD coe cients, including the General Memory Polynomial (GMP) model, the Dynamic
Deviation Reduction (DDR) model [9], and the Complexity-Reduced Volterra (CRV) model
[17]. Dierent nonlinear devices introduce varying forms of distortion, and speci c DPD
models are better suited to certain types of nonlinearity.

While DPD models are designed for real-time deployment, an alternative approach for
laboratory testing is Iterative Learning Control (ILC). ILC is a straightforward and e cient
method for reducing nonlinear distortion. It iteratively calculates the error between the
received and ideal signals, then adjusts the signal to be generated accordingly. The ILC



process is described by the following equation:
xis [N = xi[n]+  (xi[n]  wln]); (2.3)

Where i denotes the iterations,x~is the signal generatedx is the ideal signal,y~is the
received signal, and is the error step size.

ILC is sometimes used as a benchmark for testing DPD models because it can produce
nearly ideal results in reducing nonlinear distortion. While not practical for real-time
deployment, ILC provides valuable insights for evaluating and re ning DPD performance.

2.2 Signal Generation Architecture

To meet the latest communication standards, RF systems must operate at frequencies rang-
ing from 30 GHz to 300 GHz, encompassing the mmWave and sub-THz bands. Achieving
such high frequencies is challenging for conventional heterodyne or homodyne transmitters,
necessitating an additional upconversion stage in the signal generation architecture.

Figure 2.3 illustrates a generic architecture for signal generation at mmWave and sub-
THz frequencies. The architecture begins with signal generation at an intermediate fre-
quency (IF) using either a heterodyne or homodyne architecture. The IF signal is then up-
converted to RF within the mmWave or sub-THz range. During the upconversion process,
the mixer generates an unwanted image signal alongside the desired signal. To suppress
this image signal, a bandpass Iter (BPF) is employed after the upconverter.

Following the BPF, the signal is ampli ed using a power ampli er (PA). The PA en-
sures that the transmitted signal has su cient power to overcome the signi cant path loss
encountered in high-frequency bands, enabling reliable reception at the receiver side.

2.2.1 IF Signal Generation Stage

There are two di erent architectures can be used for generating the IF signal: homodyne
architecture and heterodyne architecture, each with their advantages and limitations.

Homodyne Architecture

The homodyne architecture employs two 1Q-DACs to generate the | and Q baseband
signals. Each DAC output is ltered using a low-pass Iter (LPF) to suppress Nyquist

8



Figure 2.3: Diagram of a generic transmitter architecture.

images, and the | and Q signals are subsequently modulated to an IF signal using an 1Q
mixer. A block diagram of the homodyne architecture is shown in Fig. 2.4.

This architecture introduces distortions, primarily IQ imbalance and local oscillator
(LO) feedthrough. 1Q imbalance results in an image signal appearing at the same frequency
as the desired signal, while LO feedthrough manifests as a tone at the center of the signal
band, as illustrated in Fig. 2.4. These distortions can be mitigated through 1Q imbalance
calibration and incorporating a bias-tee to lower the power of the tone created by LO
feedthrough. However, such corrective measures increase both computational complexity
and the form factor of the system.

Heterodyne Architecture

The heterodyne architecture performs the 1Q modulation digitally. Following the 1Q mod-

ulation, one RF-DAC is used to generate the signal at a lower frequency. An LPF is
applied to suppress Nyquist images from the RF-DAC output. The resulting signal is then
upconverted to IF. After upconversion, a BPF is used to Iter the image signal due to the
mixer. Figure 2.5 provides a block diagram of this architecture.

Compared to the homodyne architecture, the heterodyne approach avoids 1Q imbalance



Figure 2.4: Diagram of homodyne architecture, and the distortions in the signal generated.

and LO feedthrough distortions. However, it has notable trade-o s, including half the
achievable signal bandwidth and a larger overall form factor.

In some setups, a high-speed RF-DAC is used. This allows the RF-DAC to generate
the signal at IF directly, such that the upconversion in the heterodyne architecture can be
removed. If the desired RF is on the lower end of the mmWave and sub-THz frequencies,
some RF-DACs [26] are capable of generating the signal at RF directly, removing the
need for any upconversion in the entire signal generation architecture. This setup o ers
advantages such as a reduced form factor and fewer components, which in turn minimizes
potential distortion sources. However, high-speed RF-DACSs typically have lower resolution,
resulting in degraded signal-to-noise ratio (SNR) for the generated signal.

2.2.2 Upconversion Stage

Most DACs in the typical heterodyne or homodyne transmitter architectures are designed

to generate signals up to 10 GHz [33, 14, 8, 6]. To achieve the RF at mmWave and sub-
THz frequencies, the mixer for the additional upconversion stage in the signal generation
architecture needs to have an LO reaching a similar frequency. However, directly generating
a clean continuous wave (CW) at frequencies approaching 300 GHz is highly challenging.
As a result, frequency multipliers are often employed to generate the required LO for
mixer-based architectures.
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Figure 2.5: Diagram of heterodyne architecture, and the limitation of signal bandwidth in
the signal generated.
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Frequency multiplication involves introducing a nonlinearity to the CW signal, which
generates harmonics at integer multiples of the CW frequency, fcw, Wherefcw is
the fundamental frequency. A bandpass Iter (BPF) is then used to isolate the desired
n" order harmonic while attenuating unwanted harmonics and the fundamental tone.
Di erent amount of nonlinear distortion will change the amplitude of the harmonic tones,
therefore the amplitude of the desired harmonic can be optimize by varying the nonlinearity.
Typically this distortion is achieve by passing the signal through components such as PAs
operating in non-linear mode. A full wave recti er circuit could also be used to achieve
this distortion.

The mixer in the transmitter architecture upconverts the IF signal to RF by combining
it with the LO signal, producing output frequencies atf,r + f o (desired signal) and
fir  fLo (image signal). To suppress the image signal, a BPF is used after the mixer, as
shown in Fig. 2.3. However, using a frequency multiplier for the LO introduces additional
complications. Filtering the desired LO harmonic from the frequency multiplier output
becomes increasingly di cult at high frequencies due to challenges in designing narrowband
BPFs at such frequencies. Consequently, adjacent harmonics from the frequency multiplier
may also mix with the IF signal, producing undesired image signals. As illustrated in
Fig. 2.6 (top), improper selection off | and fcw can result in undesired image signals
overlapping with the desired RF signal, causing distortion. To avoid this, thécy must be
more than twice the signal bandwidth. This ensures su cient spectral separation between
the desired signal and image signals, achieving a cleaner RF spectrum as depicted in Fig.
2.6 (bottom).

2.3 Literature Review on Wideband Signal Genera-
tion
2.3.1 Stitching Based Signal Generation
In the literature, research has been conducted on using multiple DACs in parallel to gener-
ate wideband signals. By leveraging multiple DACs, the e ective sampling rate is increased,

allowing for an extension of the signal bandwidth. There are two primary approaches to
achieve this: time interleaving and frequency stitching.
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Figure 2.6: Spectrum at the output of the mixer that uses frequency multiplier for LO:
(top) the undesired image signals in red are under the desire signal in blue; (bottom) the
undesired signals does not overlap with the desire signal, and were Itered out using BPF.
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Figure 2.7: Diagram of time interleaved DACs [10].

Time Interleaving

The time interleaving method, introduced in [13, 11, 10, 12, 4, 31], employs multiple DACs
operating in a staggered manner to increase the e ective sampling rate. As illustrated in
Fig. 2.7, with n DACs, each DAC generates signal samples at di erent time intervals, re-
sulting in an overall sampling rate that isn times higher than a single DAC. This increased

sampling rate enables the generation of signals with signi cantly wider bandwidths.

However, time interleaving su ers from sensitivity to timing mismatches. Any misalign-
ment in the timing of the DACs introduces spurious tones in the spectrum, manifesting as
unwanted frequency components. These distortions degrade the signal quality and require
sophisticated calibration techniques to mitigate.

Frequency Sitiching

An alternative approach is frequency stitching, as discussed in [5, 21, 3, 18, 7]. The
frequency stitching approach was illustrated in Fig. 2.8. In this method, the signal is rst
divided into multiple sub-bands in the frequency domain. Each sub-band is then generated
separately using a dedicated DAC, allowing each DAC to handle a narrower bandwidth.
These sub-band signals are upconverted to distinct frequency bands and then combined to
form a single wideband signal.
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Figure 2.8: Diagram of frequency stitching operation [3].

While frequency stitching avoids the timing sensitivity issues of time interleaving, it
introduces its own challenges. The upconversion process produces image signals due to the
nature of the frequency mixing operation. Notably, the 1Q signal generation architecture
is a speci c example of frequency stitching, where two DACs generate in-phase (I) and
guadrature (Q) components of the signal, which are then combined to form the signal.

2.3.2 High-Speed DAC Signal Generation

Another approach for wideband signal generation is to use high-speed DACs. Advances
in DAC technology have enabled the development of DACs with extremely high sampling
rates, thereby increasing the achievable bandwidth for signal generation. As shown in Fig.
2.5, the signal bandwidth is limited by the Nyquist frequencyfs=2. Therefore, increas-
ing the sampling rate of a DAC allows for wider bandwidth signal generation. Several
studies [20, 30, 32] have demonstrated the use of high-speed DACs for wideband signal
measurements.

However, using high-speed DACs introduces a trade-o. Higher sampling rates often
come at the cost of reduced resolution (fewer bits per sample), which degrades the signal-
to-noise ratio (SNR) and increases quantization noise. This trade-o must be carefully
considered when selecting a signal generation method, especially in systems that demand
high signal delity.
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2.4 Literature Review on Calibration for Transmitter
Architectures

Transmitter architectures are subject to various forms of distortion that degrade signal
quality. Key sources of linear distortion include the frequency response of components, 1Q
imbalance in 1Q signal generation, and distortions introduced during the stitching process
in frequency-stitching-based signal generation methods. To mitigate these distortions, var-
ious calibration routines have been developed, many of which employ a feedback structure
similar to the TOR structure used in digital predistortion (DPD) systems.

2.4.1 Components Frequency Response Calibration

An ideal component would exhibit a consistent gain across its designed frequency range.
However, in reality, manufacturing variations and inherent design limitations prevent this
ideal behavior. The resulting frequency-dependent gain variation introduces signal dis-
tortion, necessitating calibration to achieve a near-ideal response. The most widely used
approach for frequency response calibration is equalization. This technique involves ap-
proximating the inverse of the component's frequency response and applying it to the
transmitted signal. By applying equalization, gain uctuations are compensated, resulting
in a more uniform output. This calibration is essential in wideband signal generation,
where gain variations are more pronounced due to the broader frequency range.

2.4.2 1Q Imbalance Calibration

In 1Q-based signal generation, 1Q imbalance occurs due to mismatches in the amplitude and
phase of the in-phase (I) and quadrature (Q) signals. These imbalances generate unwanted
image signals that degrade the signal quality. A common solution for IQ imbalance distor-
tion is adaptive interference cancellation using the Least Mean Square (LMS) algorithm.
This method estimates the interference caused by the imbalance and subtracts it from the
ideal signal. The LMS algorithm iteratively adjusts the Iter coe cients to minimize the
mean square error (MSE) between the ideal and received signals. Described in [29, 15], this
approach allows the system to converge to an optimal Iter that cancels the interference.
Once the Iter reaches a steady state, it e ectively removes the 1Q imbalance-induced
distortion from the signal.
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Figure 2.9: Simulation results of generating a sinusoid wave using time interleaving DACs,
with calibration applied (left) and without calibration applied (right)

2.4.3 Calibration for Time Interleaving Signal Generation Method

In time-interleaved DACs, multiple DACs operate at staggered time intervals to achieve a
higher e ective sampling rate. However, clock mismatches between the DACs introduce
timing errors that generate unwanted spurious tones in the signal spectrum. The following
two approaches have been proposed to address this issue.

Pre-Processing Filter Calibration

A method for mitigating distortions from DAC mismatch is proposed in [10]. It involves
the use of a pre-processing lter. This Iter is computed by transmitting a known signal
through the system, capturing the distorted output, and then calculating the inverse lter
required to correct the signal. The process is similar to the adaptive interference cancella-
tion used for IQ imbalance. Fig. 2.9 illustrates the impact of this calibration method. The
simulation results show that, after applying the pre-processing lter, the spurious tones
caused by clock mismatches are reduced by more than 30 dB, signi cantly improving signal

quality.

Clock Alignment Using Phase Detector Circuit

Another approach to mitigate clock mismatch is to align the clocks of the DACs. As
proposed in [12], this method uses a phase detector circuit to measure the overlap between
two clocks and adjust the delay accordingly to achieve alignment. Fig. 2.10 shows the
phase detector circuit. The circuit detects when the two clock signals have maximum
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Figure 2.10: Phase detector circuit for clock alignment of time interleaving DACs [12].

overlap, which corresponds to a minimal high-state period at the circuit's output. A
counter measures this high-state period, and the system uses the measurement to adjust
the clock delay. While e ective, this method faces scalability challenges, as aligning more
clocks requires additional phase detectors and larger physical space for the circuitry.

2.4.4 Calibration for Frequency Stitching Signal Generation Method
Compensating for LO Leakage and Image Signal using Conjugate Tones

For the calibration of frequency stitching method, [3] proposed to generate tones with same
amplitude and opposite phase of the distortion tones within the signal band, to compensate
for the LO leakage tone that falls within the signal band. As Fig. 2.11 shown, the LO
leakage from one of the sub-bands will show in the adjacent band. Creating a tone with
same amplitude and opposite phase of the LO leakage in the adjacent band will remove the
LO leakage. The extra tone created for the LO leakage compensation will have a image due
to upconversion, but the image tone is placed outside of the band and will be Itered by the
multiplexer. The same method of creating compensation tones is applied for image signals
due to mixing that falls within the band. The limitation of this compensation method is
that the amplitude and phase of the distortion tones need to be measured for di erent
test signals. This method also has limited scalability. The distortion from di erent sub-
bands and LOs need to be measured separately to calculate their amplitude and phase.
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Figure 2.11: Compensation method for LO leakage in frequency stitching signal generation
architecture [3].

Figure 2.12: Calibration signal for two DAC paths for the phase o set calibration [18].
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As a result, this method take a lot more time to calibrate when increasing the number of
sub-bands.

Phase O set Calibration

[18] proposed a calibration method for frequency stitching signal generation that includes
mitigating phase o set between the di erent DAC path. The calibration signal for two
DAC paths is illustrated in Fig. 2.12. This method generates the calibration signals with
a delay between the two DAC paths, and receives the combined signal. The phase o set
can be calculated using the delay in the received signal compared with the known delay
applied to the DAC paths. The disadvantage of this method is that the calibration process
is time consuming, as every DAC paths adds a delay to the combined receive signal.
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Chapter 3

Signal Generation Using Frequency
Stitching Methods

This chapter discusses the contribution fronPublication I and Publication Il . As dis-
cussed in the Chapter 2, generating wideband signals at mmWave and sub-THz frequencies
presents signi cant challenges. While the existing literature explores methods such as chan-
nel bonding to generate wideband signals, these approaches have not yet been applied to
meet the latest communication standards.

For this reason, this chapter introduces two frequency-stitching methods designed to
address the challenges of wideband signal generation propose@umlication | . The sys-
tem diagram of the proposed signal generation methods is shown in Fig. 3.1. After a
detailed formulation of these methods, their performance is validated through the gener-
ation of wideband signals, with signal quality assessed using the metrics discussed in the
previous chapter.

Additionally, a comparative measurement is conducted to evaluate the performance of
the proposed frequency-stitching methods against signal generation using an 1Q DAC with
an IQ mixer architecture, and signal generation using a single high-speed DAC, contribution
form Publication II
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3.1 Transmitter Stitching Formulation

3.1.1 Proposed wideband signal generation utilizing Frequency-
Stitching and periodic signals

In this sub-section, the theoretical formulation of the proposed frequency-stitching-based
signal generation method for periodic signals, shown in Fig. 3.1 (Top), is presented. This
method is referred to subsequently as Method-1. Lefir] be the wideband discrete-time
complex baseband signal to be generated. In the following, the signdhHs assumed to
be periodic with period lengthN and sampling rate Fs. Accordingly, the signak[n] can
be expressed as a function of its Fourier coe cientX'[k] as follows,

b( 1
¥[n] = X [k]e 2N - (3.1)
k=0

To enable the generation of the wideband signal[r] using narrowband DACs, the signal
¥[n] is partitioned into P sections, each section having a length &. These partitions
are then generated in parallel using narrowband DACs. Note, the periodicity of the signal
prevents the occurrence of ISI that may arise from signal partitioning. Theth partition
of x{n], denoted asxp[n], can be expressed as,

X

%p[N] = X[k]e2nk=N . (3.2)
k2A p

where the setA, = fp S;:;(p+1) S 1g. Note these partitions are non-overlapping

such that,
5’( 1

x[n] = xp[n]: (3.3)
p=0

3.1.2 Proposed real-time wideband signal generation tailored for
OFDM signals and utilizing frequency-stitching
In this sub-section, the theoretical formulation of the proposed real-time wideband signal

generation method tailored for OFDM signals and utilizing frequency-stitching, shown in
Fig. 3.1 (Bottom), is presented. This method is referred to subsequently as Method-2. Let
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Figure 3.1: System diagram of the proposed frequency-stitching methods, (Top) for peri-
odic signal measurements and (Bottom) for real-time application.

(do; ::;;dk ,) be a sequence of data symbols, whekey is the number of symbols points.
The OFDM symbol can be expressed as follows,

N 1
sinj=  S[k]&2™N 5, (3.4)

k=0

Here, S[k] = d « 0 for k2 ,and zero otherwise. ¢, represents the set of frequency
indexes of the data symbols and a length equal t€4, and «,(0) denotes the rst entry
of the set g,. Using the proposed scheme the setk , is partitioned into P sets of equal
length, . suchthat , = [}’ k,. Accordingly, the pth partition of the OFDM
symbol, sz[n], can be expressed as follows,

X |
sp[n] = S[k]e2mN = (3.5)

P
k2 f,

Assuming a CP-OFDM type of modulation, thep'th generated signalkg[n] can be expressed

as follows,
xp[n] = Z[n] Tn]; (3.6)
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where,

Sspln N + Ng] n=N Ng=uiN 1

3.7)
Ss[n N+2Ng 1] n=0;:5N Ng 1

and T[n] is the pulse shaping lter.

3.1.3 Wideband Frequency Domain Calibration

Due to nonidealities in the transmitter's RF front-ends, each partition of the wideband
signal to be generated may undergo distinct non-ideal transfer functionB,[n], varying
time delay, mp, and distinct phase o sets, ,, before their combination. Consequently, the
non-ideal combined signalx[n], can be expressed in discrete time complex baseband as
follows,

3( 1

X[n] = Mpln] %p[n mple »: (3.8)

p=0
Note, using phase-coherent synchronous sources guarantees that the phase o sets and
delays are not time-varying. Alternatively, (3.8) can be expressed as a function of the ideal
signal xin] as follows,

x[n] = A[n] x{n]; (3.9)
where,
?( 1
A[n] = ho[n] [N mple *: (3.10)
p=0

The objective of the calibration routine is to compensate for the linear nonidealities ex-
hibited by the di erent RF chains in the transmitter and ensure proper reconstruction of
the signal x{n] at the combiner output. To that end, we assume that the signak[n] is a
periodic calibration multi-tone signal, consequently (3.9) can be expressed in the frequency
domain as,
X[k]= H[K] X[K]; (3.12)

where X [k], H[k], and X[k] are the discrete Fourier coe cients ofx[n], A[n], and x{n]. Let

denote the frequency grid of the signalx{n], such that X'[k] = 0 for k 2 . The inverse
frequency respons&lk] of H[K] is then estimated by taking the ratio ofX'[k] and X [k] for
k 2 or setting G[k] to one fork 2 . Finally, the inverse impulse response needed to
calibrate the di erent chains, gy[n], can )tge obtained as follows,

S G[k]e 2N (3.12)
k2A p
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3.2 Experimental Validation

3.2.1 Measurement Setup

To validate the proposed wideband signal generation methods, the measurement setup
shown in Fig. 3.2 was developed. The reported measurements were conducted at X-band
and D-band frequencies. The signal source used for the experiments was a 14-bit, 2 GHz
bandwidth, and 2.4 Gsps direct digital synthesis-based RF Arbitrary Waveform Genera-
tor (AWG) (M5300A from Keysight) with four synchronous phase-coherent channels. The
outputs of the RF-AWG channels were connected to a power combiner and then routed to
a VNA (N5242B from Keysight) and an X-band receiver for signal analysis. The X-band
receiver consists of a downconverter (M5201A from Keysight) and a digitizer (M5200A
from Keysight) and uses frequency-stitching technique to enable wideband signal analy-
sis up 12 GHz. In the case of the D-band measurements, an upconverter was added to
generate an RF signal at 129.6 GHz. The output of this upconverter was captured using
a frequency-stitching-based receiver, comprising an VNA frequency extender (VO6VNAL
from OML) and a digitizer (M5200A). The calibration routine was ran for 5 iterations for
each measurement.

3.2.2 Measurement Results

Fig. 3.3 shows the power spectral density (PSD) (Left) and constellation (Right) of a 256-
QAM 8 GHz bandwidth OFDM signal centered at 9.6 GHz, generated using the proposed
Method-1 with four RF-AWG channels: a) before transmitter calibration, and b) with the
proposed calibration technique applied. The root normalized mean squared error (RNMSE)
and error vector magnitude (EVM) improved from 76.9% and 1.4% before calibration in
(@) to 1% and 1% with calibration applied in (b), highlighting the e ectiveness of the
proposed signal generation scheme and calibration technique in achieving excellent signal
quality with narrowband, high-bit resolution sources.

Building on these results, Method-1 was applied to linearize an X-band ampli er, en-
abling an 8 Hz linearization bandwidth. Fig. 3.4 presents the measured PSD (Left) and
constellation (Right) at the ampli er output when driven with a 256-QAM 2.6 GHz band-
width OFDM signal: a) before linearization with proposed calibration applied, and b)
after linearization with proposed calibration applied. The EVM and adjacent channel
power ratio (ACPR) improved from -33.5/-32.9 dBc and 6.4% before linearization in (a),
to -51.3/-50.5 dBc and 1.2% after linearization in (b), con rming the excellent SNR per-
formance of the proposed signal generation method.
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Figure 3.2: Measurement setup.

Figure 3.3: Measured PSD (Left) and constellation (Right) of a 256-QAM 8 GHz band-
width OFDM signal centered at 9.6 GHz, generated using the proposed Method-1 with four
RF-AWG channels: a) before transmitter calibration, and b) with the proposed calibration

technique applied.
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Figure 3.4: Measured PSD (Left) and constellation (Right) at an X-band ampli ed output
driven with a 256-QAM 2.6 GHz bandwidth OFDM signal centered at 9.6 GHz, generated
using the proposed Method-1 with four RF-AWG channels: a) before linearization applied;
b) with linearization applied.

Next, measurement is done to evaluate the validity of the proposed Method-1 at D-
band. Fig. 3.5 shows the PSD (Left) and constellation (Right) of a 256-QAM 4 GHz
bandwidth OFDM signal centered at 129.6 GHz The signal was generated using Method-1
with two RF-AWG channels: a) before transmitter calibration; b) with transmitter cali-
bration applied. The RNMSE and EVM improved from 27.1% and 3.6% before calibration
in (a) to 3.3% and 3.2% with calibration applied in (b). Notably, the degradation in NMSE
and EVM for D-band measurements is attributed to the up and down converter's LO phase
noise.

Fig. 3.6 displays the PSD (Left) and constellation (Right) of a 256-QAM 7.6 GHz
bandwidth OFDM signal centered at 9.6 GHz, generated using the proposed Method-2
with four RF-AWG channels: a) before transmitter calibration, and b) with transmitter
calibration applied. The measurements demonstrate that the proposed real-time trans-
mitter frequency-stitching method can generate excellent signals with calibration applied,
where the reported NMSE and EVM after calibration improved from 86.7% and 1.85%
before calibration in (a) to 0.39% and 0.37% with calibration applied in (b).
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