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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
DACs 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 IQ-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, fifth-
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 significant strides in enhancing data rates and support-
ing applications such as high-definition video, self-driving cars, and smart cities, it faces
limitations in terms of capacity, energy efficiency, 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 efficiency, 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 artificial
intelligence (AI)-driven applications, integrated sensing and communication, and ubiqui-
tous connectivity [27]. For instance, AI-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 efficient
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 106 to 108 devices per square kilometer, and enhancing spectral
efficiency by leveraging higher frequency bands. Furthermore, there is a critical need for in-
creased energy efficiency 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
significantly wider bandwidths. According to the Shannon-Hartley theorem,

C = B log2(1 + SNR). (1.1)

Where C is the channel capacity, and B 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, specifically 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 sufficient 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 amplifiers (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 different 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 IQ-DACs for achieving even
wider bandwidth and introduces a calibration method for multiple IQ-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.

3



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 sufficient quality. There are various
metrics that characterize the signal in an RF communication system. These metrics can
measure, at different stages of the system, how much distortion is added by each stage,
and help develop methods to mitigate the distortion.

4
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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 quantifies the deviation of the received symbol from its
ideal position in the diagram. This deviation serves as a measure of the fidelity of the
signal. Each modulation scheme has specific EVM requirements. For instance, in 3GPP,
256-QAM requires an EVM below 3.5%. High EVM values often indicate issues such as in-
phase (I) and quadrature (Q) imbalance, low signal-to-noise ratio (SNR), or nonlinearities
caused by components such as amplifiers.

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× log
EVM%/100
10 ]. (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:

EVM =

∑KD

k=0

∣∣ỹFFT(vk)− d̃FFT(vk)
∣∣2∑KD

k=0

∣∣d̃FFT(vk)∣∣2 , (2.2)

where, ỹFFT and d̃FFT are the discrete-time Fourier transform of the received and ideal
signals, respectively. Furthermore, KD is the total number of sub-carriers, vk is the kth

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 effectively mitigates most
linear distortions, ensuring that the EVM reflects only nonlinear effects 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 differ in scope: EVM quantifies 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 affected, 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 affecting 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 frequencies f1 and f2 . The IM components
are sum and difference products of these fundamental tones. For instance, second-order IM
components include f1+f2 and f1−f2. 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
coefficients 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 coefficients, including the General Memory Polynomial (GMP) model, the Dynamic
Deviation Reduction (DDR) model [9], and the Complexity-Reduced Volterra (CRV) model
[17]. Different nonlinear devices introduce varying forms of distortion, and specific 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 efficient
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
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process is described by the following equation:

x̃i+1[n] = x̃i[n] + µ(x̄i[n]− ỹi[n]), (2.3)

Where i denotes the iterations, x̃ is the signal generated, x̄ is the ideal signal, ỹ is the
received signal, and µ 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 refining 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 filter (BPF) is employed after the upconverter.

Following the BPF, the signal is amplified using a power amplifier (PA). The PA en-
sures that the transmitted signal has sufficient power to overcome the significant path loss
encountered in high-frequency bands, enabling reliable reception at the receiver side.

2.2.1 IF Signal Generation Stage

There are two different 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 IQ-DACs to generate the I and Q baseband
signals. Each DAC output is filtered using a low-pass filter (LPF) to suppress Nyquist
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Figure 2.3: Diagram of a generic transmitter architecture.

images, and the I and Q signals are subsequently modulated to an IF signal using an IQ
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. IQ 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 IQ 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 IQ modulation digitally. Following the IQ 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 filter 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 IQ imbalance
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Figure 2.4: Diagram of homodyne architecture, and the distortions in the signal generated.

and LO feedthrough distortions. However, it has notable trade-offs, 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 offers
advantages such as a reduced form factor and fewer components, which in turn minimizes
potential distortion sources. However, high-speed RF-DACs 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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Frequency multiplication involves introducing a nonlinearity to the CW signal, which
generates harmonics at integer multiples of the CW frequency, n × fCW , where fCW is
the fundamental frequency. A bandpass filter (BPF) is then used to isolate the desired
nth order harmonic while attenuating unwanted harmonics and the fundamental tone.
Different 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 rectifier 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 at fIF + fLO (desired signal) and
fIF − 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 difficult 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 of fIF and fCW can result in undesired image signals
overlapping with the desired RF signal, causing distortion. To avoid this, the fCW must be
more than twice the signal bandwidth. This ensures sufficient 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 effective 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 2.7: 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 effective sampling rate. As illustrated in
Fig. 2.7, with n DACs, each DAC generates signal samples at different time intervals, re-
sulting in an overall sampling rate that is n times higher than a single DAC. This increased
sampling rate enables the generation of signals with significantly wider bandwidths.

However, time interleaving suffers 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 first
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 IQ signal generation architecture
is a specific example of frequency stitching, where two DACs generate in-phase (I) and
quadrature (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 frequency, fs/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-off. 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-off must be carefully
considered when selecting a signal generation method, especially in systems that demand
high signal fidelity.
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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, IQ
imbalance in IQ 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 fluctuations 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 IQ Imbalance Calibration

In IQ-based signal generation, IQ 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 filter coefficients 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 filter that cancels the interference.
Once the filter reaches a steady state, it effectively removes the IQ 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 effective 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 filter. This filter is computed by transmitting a known signal
through the system, capturing the distorted output, and then calculating the inverse filter
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 filter, the spurious tones
caused by clock mismatches are reduced by more than 30 dB, significantly 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 effective, 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 filtered 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 different
test signals. This method also has limited scalability. The distortion from different 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 offset 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 Offset Calibration

[18] proposed a calibration method for frequency stitching signal generation that includes
mitigating phase offset between the different 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 offset
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 from Publication I and Publication II. As dis-
cussed in the Chapter 2, generating wideband signals at mmWave and sub-THz frequencies
presents significant 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 proposed in Publication I. 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 IQ 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. Let x̃[n] be the wideband discrete-time
complex baseband signal to be generated. In the following, the signal x̃[n] is assumed to
be periodic with period length N and sampling rate Fs. Accordingly, the signal x̃[n] can
be expressed as a function of its Fourier coefficients X̃[k] as follows,

x̃[n] =
N−1∑
k=0

X̃[k]ej2πnk/N . (3.1)

To enable the generation of the wideband signal x̃[n] using narrowband DACs, the signal
x̃[n] is partitioned into P sections, each section having a length of S. 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. The pth partition
of x̃[n], denoted as x̃p[n], can be expressed as,

x̃p[n] =
∑
k∈Ap

X̃[k]ej2πnk/N , (3.2)

where the set Ap = {p× S, ..., (p+ 1)× S − 1}. Note these partitions are non-overlapping
such that,

x̃[n] =
P−1∑
p=0

x̃p[n]. (3.3)

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.

(d0, ..., dKd
) be a sequence of data symbols, where Kd is the number of symbols points.

The OFDM symbol can be expressed as follows,

s̃[n] =
Ns−1∑
k=0

S[k]ej2πnk/Ns , (3.4)

Here, S[k] = dk−ΩKd
(0) for k ∈ ΩKd

and zero otherwise. ΩKd
represents the set of frequency

indexes of the data symbols and a length equal to Kd, and ΩKd
(0) denotes the first entry

of the set ΩKd
. Using the proposed scheme the set ΩKd

is partitioned into P sets of equal
length, Ωp

Kd
, such that ΩKd

= ∪P−0
p=0 Ω

p
Kd

. Accordingly, the p’th partition of the OFDM
symbol, s̃p[n], can be expressed as follows,

s̃p[n] =
∑

k∈Ωp
Kd

S[k]ej2πnk/Ns . (3.5)

Assuming a CP-OFDM type of modulation, the p’th generated signal x̃p[n] can be expressed
as follows,

x̃p[n] = z̃p[n] ∗ T̃ [n], (3.6)
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where,

z̃p[n] =

{
s̃p[n−N +Ns] n = N −Ns, ..., N − 1

s̃p[n−N + 2Ns − 1] n = 0, ..., N −Ns − 1
(3.7)

and T̃ [n] is the pulse shaping filter.

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 functions, h̃p[n], varying
time delay, mp, and distinct phase offsets, ϕp, before their combination. Consequently, the
non-ideal combined signal, x̄[n], can be expressed in discrete time complex baseband as
follows,

x̄[n] =
P−1∑
p=0

h̃p[n] ∗ x̃p[n−mp]e
jϕp . (3.8)

Note, using phase-coherent synchronous sources guarantees that the phase offsets and
delays are not time-varying. Alternatively, (3.8) can be expressed as a function of the ideal
signal x̃[n] as follows,

x̄[n] = h̃[n] ∗ x̃[n], (3.9)

where,

h̃[n] =
P−1∑
p=0

h̃p[n] ∗ δ[n−mp]e
jϕp . (3.10)

The objective of the calibration routine is to compensate for the linear nonidealities ex-
hibited by the different RF chains in the transmitter and ensure proper reconstruction of
the signal x̃[n] at the combiner output. To that end, we assume that the signal x̃[n] is a
periodic calibration multi-tone signal, consequently (3.9) can be expressed in the frequency
domain as,

X̄[k] = H̃[k]× X̃[k], (3.11)

where X̄[k], H̃[k], and X̃[k] are the discrete Fourier coefficients of x̄[n], h̃[n], and x̃[n]. Let
Ω denote the frequency grid of the signal x̃[n], such that X̃[k] = 0 for k /∈ Ω. The inverse
frequency response G̃[k] of H̃[k] is then estimated by taking the ratio of X̃[k] and X̄[k] for
k ∈ Ω or setting G̃[k] to one for k /∈ Ω. Finally, the inverse impulse response needed to
calibrate the different chains, g̃p[n], can be obtained as follows,

g̃p[n] =
∑
k∈Ap

G̃[k]ej2πnk/N . (3.12)
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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 (V06VNA1
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
(a) to 1% and 1% with calibration applied in (b), highlighting the effectiveness 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 amplifier, en-
abling an 8 Hz linearization bandwidth. Fig. 3.4 presents the measured PSD (Left) and
constellation (Right) at the amplifier 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), confirming the excellent SNR per-
formance of the proposed signal generation method.
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Figure 3.2: Measurement setup.
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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 amplified 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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Figure 3.5: Measured PSD (Left) and constellation (Right) of a 256-QAM 4 GHz band-
width OFDM signal centered at 129.6 GHz, generated using the proposed Method-1 with
two RF-AWG channels: a) before transmitter calibration; b) with transmitter calibration
applied.
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Figure 3.6: Measured PSD (Left) and constellation (Right) of a 256-QAM 7.6 GHz band-
width OFDM signal centered at 9.6 GHz, generated using the proposed Method-2 with
four RF-AWG channels: a) before transmitter calibration; b) with transmitter calibration
applied.
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3.3 Comparison with Other Wideband Signal Gener-

ation Methods

3.3.1 Measurement Setup

To demonstrate the different methods of generating wideband signals at D-Band, the mea-
surement setup shown in Fig. 3.7 was developed. Three different signal sources represent-
ing the three signal generation methods discussed in previous section. The signal source
for direct wideband IF generation was an 8-bit, 60 GHz bandwidth, and 128 Gsps AWG
(M8199A from Keysight). The signal source for baseband signal generation + IQ mixer was
a 12-bit, and 12 Gsps AWG (M8190A from Keysight) with 5 GHz bandwidth for both I and
Q; the AWG baseband outputs are then fed to a IQ mixer (MMIQ-0626LSM from Marki
Microwave) and the LO for the mixer is supplied from the VNA. The signal source for
multiple AWG with channel bonding was a 14-bit, 2 GHz bandwidth, and 4.8 Gsps direct
digital synthesis-based RF-AWG (M5300A from Keysight) with four synchronous phase-
coherent channels. These signal sources generate signals at an IF of 9.6 GHz, the signal
is then upconvertered to D-Band at 158.4 GHz using a WR6.5CCU from Virginia Diodes.
The receiver consist of a D-Band downconverter (WR6.5CCD from Virginia Diodes), and
a VNA (N5245B from Keysight). Note the that the LO for the D-Band up/downconverter
is supplied from the VNA.

3.3.2 Measurement Results

The first set of measurement is a through test, connecting the three approaches directly
to the receiver. Fig. 3.8 show the power spectral density (PSD) (Left) and constella-
tion (Right) of a 256-QAM 8 GHz bandwidth OFDM signal centered at 158.4 GHz, with
120 KHz sub-carrier spacing, generated using equipment and method: a) M8199A; b)
M8190A with IQ mixer; c) M5300A using channel bonding. The measured NMSE and
EVM for M8199A is 1.8% and 1.5% in (a), compared to M8190A result 4.4% and 0.8% in
(b), and M5300A result 1% and 1% in (c). From this measurement, the low speed RF-
AWG method (M5300A) produced the best results, but this method requires extra signal
processing step (i.e. channel bonding) to achieve the wide bandwidth. As shown in the
spectrum of Fig. 3.8, the high speed RF-AWG (M8199A) is capable of generating very
wide bandwidth signal, but it has much worse SNR compared to the other two method.

Next measurement compares the three signal generation methods for linearizing a D-
Band amplifier using ILC, with 8 GHz linearization bandwidth. Fig. 3.9 show the PSD
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Figure 3.7: Block diagram of the measurement setup.

(Left) and constellation (Right) at a D-Band amplifier with a 256-QAM 2.6 GHz band-
width OFDM signal centered at 158.4 GHz, with 120 KHz sub-carrier spacing: a) before
linearization; b) M8199A; c) M8190A with IQ mixer; d) M5300A using channel bonding.
The linearization method is ILC. The EVM and ACPR is 1% and -47.9/-50.7 dBc before
the linearization in (a), and improved to 0.4% and -60.9/-63.8 dBc for M8190A in (c); 0.4%
and -58.4/-62.4 dBc for M5300A in (d). The result of before and after linearization for
M8199A is very similar, before linearization is 1% and -44.8/-47.1 dBc, to after lineariza-
tion is 0.5% and -45.8/-49.1 dBc in (b). As shown in the spectrum of Fig. 3.9, the high
speed RF-AWG (M8199A) has much worse SNR, the noise floor is above the non-linear
distortion. This is due to the limited ENOB of the M8199A, not the method used for
signal generation. Thus, this setup is not capable of linearizing the amplifier used in this
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Figure 3.8: Measured PSD (Left) and constellation (Right) of a 256-QAM 8 GHz band-
width OFDM signal centered at 158.4 GHz, through test, generating using equipment and
method: a) M8199A; b) M8190A with IQ mixer; c) M5300A using channel bonding.
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Figure 3.9: Measured PSD (Left) and constellation (Right) at a D-Band amplifier of a
256-QAM 2.6 GHz bandwidth OFDM signal centered at 158.4 GHz, linearizing with ILC:
a) before linearization; and after linearization for the three signal generation approaches:
b) M8199A; c) M8190A with IQ mixer; d) M5300A using channel bonding.

measurement at this compression level, unless an AWG with higher ENOB and acceptable
bandwidth would be available. As for the other two signal generation approaches, the
excellent SNR performance, due to the high resolution of the AWGs used, are suitable for
performing component testing.
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3.4 Conclusion

In this chapter, two wideband signal generation method are proposed. The first method
leverages test signal periodicity, enabling wideband signal partitioning into sub-bands. The
second approach, tailored for real-time applications, utilizes OFDM signal characteristics
for partitioning at the OFDM symbol level. Additionally, a frequency calibration technique
addressed nonidealities in the transmitter’s RF front-end during frequency-stitching-based
signal generation. Experimental validations at X-band and D-band showcased outstanding
signal quality of the proposed methods, achieving low EVMs of 0.3% when generating a
7.2 GHz 256-QAM OFDM signal and supporting modulation bandwidths up to 8 GHz.
A comparison experiment between three different architectures that showed the proposed
wideband signal generation method performance against using IQ DAC and IQ mixer signal
generation and using high speed low resolution DAC signal generation. The experiment
results show the proposed frequency stitching method and the IQ DAC and IQ mixer
architecture outperforms the high speed DAC signal generation method by obtaining better
ACPR in component testing, achieving -60.9/-63.8 dBc and -58.4/-62.4 dBc, respectively,
while the high speed DAC signal generation method achieved an ACPR of -45.8/-49.1
dBc.
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Chapter 4

Frequency Stitching Applied to IQ
DAC and IQ Mixer Signal
Generation Architecture

This chapter discusses the contribution from Publication III. This chapter presents the
frequency stitching methods for signal generation applied in multiple IQ DACs and IQ
mixers architectures, along with a corresponding calibration method for this architecture.
The comparison measurements in Chapter 3 demonstrated that the IQ DACs and IQ mixer
architecture can achieve high signal quality when generating wideband signals. By applying
frequency stitching to multiple IQ DACs and IQ mixers, it becomes possible to achieve
even wider bandwidths while maintaining high signal quality.

Compared to RF DAC architectures, the IQ DAC and IQ mixer architecture offer
greater scalability. The signal bandwidth in RF DACs is constrained by the maximum
frequency the DAC can support. In contrast, the IQ DAC and IQ mixer architecture
generates the signal at baseband and then upconverts it to RF, allowing for more flexible
bandwidth scaling. However, this architecture comes with certain disadvantages, such as
the presence of IQ imbalance, which necessitates a more complex calibration process.

The proposed architecture and calibration method are validated through measurements,
where wideband signals are generated using the IQ DACs and IQ mixer architecture. The
results demonstrate the effectiveness of the frequency-stitching approach in extending signal
bandwidth while maintaining signal quality.
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Figure 4.1: Equivalent complex baseband representation of the proposed frequency-
stitching ultra-wideband signal generator, illustrating non-idealities and calibration filters.

4.1 Calibration Formulation

When generating the different signal portions, x̃p[n], in practice, the proposed scheme
encounters several non-idealities as shown in Fig. 4.1. These non-idealities arise from IQ
imbalance introduced by the mixers, phase offsets due to LOs, and varying frequency
responses across the transmitter chains and combiner network. To address these issues, a
calibration method is required, which is presented in this subsection.

For notational convenience, the following derivation is presented in the discrete-time
complex baseband domain (refer to Fig. 4.1). This simplifies the representation and analysis
of non-idealities within the system. Figure 4.1 illustrates the modeled non-idealities. The
complex transfer functions H̃

(p)
1,1 , H̃

(p)
1,2 , H̃

(p)
2,1 , and H̃

(p)
2,2 represent the frequency responses of

the IQ imbalance model filters for the p-th channel. These filters account for imperfections
in the IQ mixers that can cause gain and phase imbalances between the I and Q components
of the signal. Additionally, the complex transfer function H̃

(p)
c represents the non-ideality

model filter’s frequency response introduced by the transmitter RF components and the
combiner network in the p-th channel. This filter captures the combined effects of various
linear impairments within the transmitter chain, such as phase and gain errors in amplifiers,
filters, and the combiner network. Let z̃p[n] represent the non-ideal signal at the p-th
transmitter channel after mixing and before combining. Assuming that the calibration is
not applied, such that ũ(p)[n] = x̃(p)[n], the signal z̃(p)[n] can be expressed as a function of
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the mixer’s non-idealities as follows:

z̃p[n] =ℜ{x̃p[n]}⊛ h̃
(p)
1,1[n] + ℑ{x̃p[n]}⊛ h̃

(p)
1,2[n]

+ jℑ{x̃p[n]}⊛ h̃
(p)
2,2[n] + jℜ{x̃p[n]}⊛ h̃

(p)
2,1[n],

(4.1)

where ℜ{·} and ℑ{·} are the real and imaginary operations, and h̃
(p)
ℓ,m[n] is the impulse

response of H̃
(p)
ℓ,m(ω). At the combiner output, the combined signal ỹ[n] can be expressed

as follows:

ỹ[n] =
P−1∑
p=0

ȳp[n], (4.2)

where,

ȳp[n] = (z̃p[n]⊛ h̃(p)
c [n])ejϕpejωpn, (4.3)

h̃
(p)
c [n] is the impulse response of H̃

(p)
c (ω), and ϕp is the relative phase offset experienced

by the p-th transmitter channel. Alternatively, (4.2) can be rewritten where the combiner
network non-ideal response and the phase offset between the different branches are absorbed
with the IQ imbalance filters, such that:

ỹ[n] =
P−1∑
p=0

ỹp[n]e
jωpn, (4.4)

where,

ỹp[n] = (z̃p[n]⊛ h̃(p)
c [n])ejϕp . (4.5)

Substituting, (4.1) in (4.5), we then have:

ỹp[n] =ℜ{x̃p[n]}⊛ h̃
′(p)
1,1 [n] + ℑ{x̃p[n]}⊛ h̃

′(p)
1,2 [n]

+ jℑ{x̃p[n]}⊛ h̃
′(p)
2,2 [n] + jℜ{x̃p[n]}⊛ h̃

′(p)
2,1 [n],

(4.6)

where the impulse responses h̃
′(p)
1,1 [n], h̃

′(p)
1,2 [n], h̃

′(p)
2,1 [n], and h̃

′(p)
2,2 [n] model the combined non-

idealities experienced in the p-th channel, and are defined as follows:

h̃
′(p)
ℓ,m[n] = (h̃

(p)
ℓ,m[n]⊛ h̃(p)

c [n])ejϕp . (4.7)
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To compensate for the non-idealities described in (4.6), this work employs multi-tone
signals. Fig. 4.2 shows a block diagram of the proposed calibration scheme for the special
case of two transmitters (i.e., P = 2). Specifically, each transmitter channel is assigned

a signal, ũp[n] = ũ
(p)
I [n] + jũ

(p)
Q [n]. The signals ũ

(p)
I [n] and ũ

(p)
Q [n] are real interleaved

multi-tone calibration signals, with their respective tones selected to avoid occupying the
same frequency grid. Let Ũ

(p)
I (ω) and Ũ

(p)
Q (ω) denote the Fourier transforms of ũ

(p)
I [n] and

ũ
(p)
Q [n], respectively. We define Ω−

p and Ω+
p to be the set of uniformly spaced negative and

positive frequency points, respectively, with spacing ∆f , such that:

Ω−
p = {ℓ∆f − f

(p)
offset | ℓ ∈ Z, ℓ < 0}, (4.8)

Ω+
p = {ℓ∆f + f

(p)
offset | ℓ ∈ Z, ℓ ≥ 0}, (4.9)

and f
(p)
offset is a frequency offset corresponding assigned to the p-th channel calibration signal

starting tone. Furthermore, we define Ω
(p)
I and Ω

(p)
Q to be the even and odd entries of the

set Ωp = Ω−
p ∪Ω+

p , respectively. The signal Ũ
(p)
I (ω) is constructed such that Ũ

(p)
I (ω

(p)
I ) ̸= 0

for ω
(p)
I ∈ Ω

(p)
I and Ũ

(p)
I (ω

(p)
Q ) = 0 for ω

(p)
Q ∈ Ω

(p)
Q . Similarly, Ũ

(p)
Q (ω) is constructed such that

Ũ
(p)
Q (ω

(p)
Q ) ̸= 0 for ω

(p)
Q ∈ Ω

(p)
Q and Ũ

(p)
Q (ω

(p)
I ) = 0 for ω

(p)
I ∈ Ω

(p)
I . This ensures that the tones

in ũ
(p)
I [n] and ũ

(p)
Q [n] do not interfere with each other, facilitating accurate compensation

for the non-idealities in the system. During the calibration stage, the signal ỹp[n] can be

expressed in the frequency domain as a function of Ũ
(p)
I (ω) and Ũ

(p)
Q (ω) as follows:[

Ỹ
(p)
I (ω)

Ỹ
(p)
Q (ω)

]
=

[
H̃

′(p)
1,1 (ω), H̃

′(p)
1,2 (ω)

H̃
′(p)
2,1 (ω), H̃

′(p)
2,2 (ω)

][
Ũ

(p)
I (ω)

Ũ
(p)
Q (ω)

]
, (4.10)

where Ỹ
(p)
I (ω) and Ỹ

(p)
Q (ω) are the Fourier transform of ℜ{ỹp[n]} and ℑ{ỹp[n]}, respectively.

The IQ imbalance in different branches causes tones to appear in each other’s frequency
grid, as shown in Fig. 4.2. Since the tones lie on an interleaved frequency grid, the leaked
in-phase and quadrature tones are easily identified from ỹp[n]. This enables the extrac-

tion of the forward models H̃
′(p)
1,1 (ω), H̃

′(p)
1,2 (ω), H̃

′(p)
2,1 (ω), and H̃

′(p)
2,2 (ω) in a single capture.

The frequency-domain forward model extraction for the four filters in the p-th channel
is achieved using Ỹ

(p)
I (ω) and Ỹ

(p)
Q (ω), along the calibration signals Ũ

(p)
I (ω) and Ũ

(p)
Q (ω).

Using Ỹ
(p)
I (ω), the forward model H̃

′(p)
1,1 (ω

(p)
I ) is identified by computing the transfer func-

tion relating the input tones on the ω
(p)
I ∈ Ω

(p)
I frequency grid, Ũ

(p)
I (ω

(p)
I ), and the tones

on the ω
(p)
I frequency grid in Ỹ

(p)
I (ω). Additionally, the IQ imbalance filter H̃

′(p)
1,2 (ω

(p)
Q ),
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which causes the Q tones to appear in Ỹ
(p)
I (ω), is computed using the input tones on the

ω
(p)
Q ∈ Ω

(p)
Q frequency grid, Ũ

(p)
Q (ω

(p)
Q ), and the corresponding tones in the output signal

Ỹ
(p)
I (ω). Accordingly, we have:

H̃
′(p)
1,1 (ω

(p)
I ) =

Ỹ
(p)
I (ω

(p)
I )

Ũ
(p)
I (ω

(p)
I )

, (4.11)

and

H̃
′(p)
1,2 (ω

(p)
Q ) =

Ỹ
(p)
I (ω

(p)
Q )

Ũ
(p)
Q (ω

(p)
Q )

. (4.12)

Similarly, using Ỹ
(p)
Q (ω), the forward models H̃

′(p)
2,2 (ω

(p)
Q ) and H̃

′(p)
2,2 (ω

(p)
I ) can be extracted

as follows:

H̃
′(p)
2,2 (ω

(p)
Q ) =

Ỹ
(p)
Q (ω

(p)
Q )

Ũ
(p)
Q (ω

(p)
Q )

, (4.13)

and

H̃
′(p)
2,1 (ω

(p)
I ) =

Ỹ
(p)
Q (ω

(p)
I )

Ũ
(p)
I (ω

(p)
I )

. (4.14)

Since the Ω
(p)
I and Ω

(p)
Q frequency grids are offset, frequency grid alignment is necessary for

the four forward models. This alignment can be achieved using frequency interpolation to
obtain H̃

′(p)
1,1 (ω), H̃

′(p)
1,2 (ω), H̃

′(p)
2,1 (ω), and H̃

′(p)
2,2 (ω) from H̃

′(p)
1,1 (ω

(p)
I ), H̃

′(p)
1,2 (ω

(p)
Q ), H̃

′(p)
2,1 (ω

(p)
I ),

and H̃
′(p)
2,2 (ω

(p)
Q ), respectively. Once the forward models are estimated, the inverse compen-

sation model G̃′(ω) can be obtained as follows:

G̃′(ω) =

[
H

′(p)
1,1 (ω), H

′(p)
1,2 (ω)

H
′(p)
2,1 (ω), H

′(p)
2,2 (ω)

]−1

=

[
G

(p)
1,1(ω), G

(p)
1,2(ω)

G
(p)
2,1(ω), G

(p)
2,2(ω)

]
, (4.15)

where G
(p)
1,1(ω), G

(p)
1,2(ω), G

(p)
2,1(ω), and G

(p)
2,2(ω) are the calibration filters’ frequency responses

corresponding to the p-th transmitter channel.

In the above formulation, it is assumed that the signal ỹp[n] can be directly measured.
However, in practice, calibration needs to be performed using the actual signal available at
the combiner output ỹ[n]. To that end, one approach involves sequentially enabling each
transmitter channel, measuring the resulting signal ȳp[n] at the combiner output, and then
downconverting the signal to baseband to obtain ỹp[n]. While seemingly straightforward,
this approach suffers from increased calibration time and is unable to compensate for the
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Figure 4.2: Conceptual diagram of the effects of IQ imbalance on the generated signal in
a two-channel frequency-stitching signal generator (i.e., P = 2). The figure also showcases
the proposed non-uniformly interleaved calibration signal.

relative phase offsets between different transmitter channels, ϕp. Therefore, performing the
calibration of all transmitter channels simultaneously is highly desirable. However, simul-
taneous calibration introduces a new challenge: during simultaneous calibration, the edge
tones of the calibration signals from different channels should not overlap when combined
at RF to prevent inter-channel interference. Conversely, if the edge tones are entirely non-
overlapping, achieving frequency response continuity across channels, which is essential for
accurate signal reconstruction, becomes difficult. To mitigate this problem, the calibration
signals from two adjacent channels are designed such that their respective edge frequency
tones are interleaved, as shown in Fig. 4.2. This approach results in the generation of a
non-uniformly spaced multi-tone signal at the transmitter combined output.

Let BW
(p)
cal denote the bandwidth of the p-th calibration signal, ũp[n]. To ensure that

the different multi-tone calibration signals in the different frequency channels have their
edge frequency tones interleaved, BW

(p)
cal has to be larger than

BWstitching

P
. Furthermore,

BW
(p)
cal cannot exceed the maximum bandwidth that each channel can generate, referred to

BWAWG. Therefore, the following inequality must be satisfied:

BWAWG ≥ BW
(p)
cal >

BWstitching

P
, (4.16)
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Figure 4.3: Block diagram of the D-band measurement setup used to validate the proposed
frequency-stitching based signal generation method.

Furthermore, to avoid overlapping of the edge frequency tones of different calibration sig-
nals in the RF domain, the following requirement must be satisfied:

BW
(ℓ+1)
cal + BW

(ℓ)
cal

2
− BWstitching

P
̸= α∆f, (4.17)

where α is an arbitrarily chosen integer and ℓ ∈ {0, 2, ...P − 2}.

4.2 Experimental Validation

4.2.1 Measurement Setup

This section presents the experimental validation of the proposed signal generation method
at D-band. The measurement setup, as shown in Fig. 4.3, was developed for this purpose.

The baseband modulated signals used in the experiments are generated by two 12-
bit, 12 Gsps AWGs (model M8190A, Keysight Technologies). Each AWG generates both
in-phase (I) and quadrature (Q) signals. The two AWGs are synchronized, with one des-
ignated as the primary unit providing the sampling clock and trigger signal for the other
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(secondary) AWG. The baseband I/Q signals from the AWGs are then upconverted to dis-
tinct IFs using two IQ modulators (Marki Microwave MLIQ0416L). The LOs driving these
modulators are generated by digital sources (Keysight M5300A) featuring four synchronous
and phase-coherent channels. These LO signals are amplified using driver amplifiers (Ma-
com MAAM-011109) and passed through lowpass filters (Marki Microwave FLP1250) for
conditioning. The amplification ensures sufficient power for the IQ modulators, while the
filtering minimizes unwanted spectral components (spurious signals) in the LOs. To guar-
antee phase coherence between the AWGs and the LOs, a synchronization trigger signal
from the primary AWG is provided to the LO equipment.

The resulting IF signals from the IQ mixer outputs are further processed. Each IF signal
is filtered by a dedicated low pass filter (Mini-Circuit ZLFV-K1652+) and amplified by
a driver amplifier (Mini-Circuit ZVA-203GX+). Finally, the two IF signals are combined
using a Wilkinson power combiner (Marki Microwave PD0140). The combined output
is then filtered by a bandpass filter (Mini-Circuit ZBSS-12G-S+) for additional signal
conditioning before being fed into a D-band upconverter (VDI WR6.5CCU) through a
directional coupler (Krytar Directional Couplers 1851). For the receiver setup, a D-band
downconverter (VDI WR6.5CCD) is used to downconvert the D-band signal back to the
IF frequency. The downconverted IF and the directional coupler coupled port are routed
to a vector network analyzer (VNA) (Keysight N5245B) operating in spectrum analysis
mode. The LOs for the D-band up and downconverters are provided by the VNA.

The measurements are performed using OFDM signals with modulation bandwidths
of 4 GHz and 12 GHz. The sub-carriers were modulated using 256-QAM and spaced by
120 kHz. Furthermore, a total number of data sub-carriers KD of 31680 and 95040, and
fast Fourier transform sizes KFFT of 40950 and 122850 were used for the 4 GHz and 12 GHz
modulation bandwidth settings, respectively. The used test signals are characterized by
a peak-to-average power ratio (after crest factor reduction using clipping and filtering) of
10 dB. The 4 GHz and 12 GHz test signals are complex sampled at 12 Gsps. Due to
hardware limitations, the generated test signal sub-carriers positioned around the DC of
each sub-band (approximately ±7.5 MHz) are nulled. This is a consequence of the proposed
measurement validation setup utilizing differential DACs and bias-tees for LO cancellation,
which inhibits the generation of modulated signals near the DC of each sub-band. As a
result, sub-carriers in proximity to the DC of each sub-band have been intentionally zeroed
to prevent distortion.

In the reported results, the stitching bandwidth, BWstitching, was set to 12 GHz, and the
number of partitions (sub-bands), P , was set to two. For the calibration process, multi-
tone signals were used with the following configuration: the I and Q tones were interleaved
with an offset of 1 MHz, and the spacing between tones was set to 2 MHz. The calibration
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bandwidths were set to BW
(0)
cal = 6.02 GHz and BW

(1)
cal = 6.02 GHz for the first and second

channels, respectively. Additionally, the frequency offsets were set to f
(0)
offset = 1 MHz and

(for channel one) and f
(1)
offset = 0.5 MHz (for the second channel). These settings satisfy the

conditions in Equations (4.16) and (4.17), ensuring interleaved edge tones without overlap
in the RF domain and achieving the desired non-uniformly spaced multi-tone signal at the
combiner output.

4.2.2 Measurement Results

Fig. 4.4 and Fig. 4.5 show the measured power spectrum density (PSD) and constellation
at D-band of a 256-QAM 12 GHz bandwidth OFDM signal generated using the proposed
method: a) before calibration, and b) with the proposed calibration applied. These mea-
surements were performed with the combined IF signal centered at 11 GHz and the D-
band output set to 149 GHz. The IQ mixers’ outputs were centered around 8 GHz and
14 GHz, respectively. As evident from Fig. 4.4, the proposed calibration method is able
to significantly improve the generated signal quality, where the NMSE and EVM reduced
from 82.6% and 23.8% before calibration in Fig. 4.4 (a) to 2% and 1% after calibration
Fig. 4.4 (b). The low NMSE after calibration highlights the effectiveness of the proposed
scheme in correcting for magnitude and phase offsets between the different transmitter
channels. It also addresses the IQ imbalance introduced by the IQ mixers.

Fig. 4.6 shows the measured PSD of the error signal, defined as ẽ[n] = ỹ[n]−x̃[n], before
and after calibration. These error signals correspond to the data presented in Fig. 4.4. Af-
ter calibration (Fig. 4.6 (b)), the error signal’s PSD becomes uniformly distributed across
the frequency range. This indicates that the proposed calibration using non-uniform in-
terleaved tones effectively avoids discontinuities in the frequency responses around DC.
These discontinuities were previously pronounced in the error PSD plot before calibration
in Fig. 4.6 (a).

To validate the applicability of the proposed method for testing components at D-band
frequencies, a D-band PA operated in its non-linear regime serves as the DUT. The D-band
upconverter output feeds the PA with the PA output connected to a waveguide attenuator
and then to a downconver. The test signal has a bandwidth of 4 GHz bandwidth with
sub-carriers modulated using 256-QAM. Both the linearization and stitching bandwidths
are set to 12 GHz. Fig. 4.7 shows the PSD of the measured 256-QAM 4 GHz OFDM signal
at D-band, before and after calibration and with the PA bypassed. Before Calibration, the
measured signal exhibits an adjacent channel power ratio (ACPR) of -19.2/-21.1 dBc and an
NMSE of 47.2%. After Calibration, the proposed calibration scheme significantly improves
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Figure 4.4: Measured PSD at D-band of a 256-QAM 12 GHz bandwidth OFDM signal
generated using the proposed method: a) before calibration, and b) with the proposed
calibration applied.

the signal quality. The ACPR is reduced to -43/-43.1 dB, the NMSE is lowered to 1.3%,
and the EVM is 0.9%. The poor ACPR measurement before calibration is attributed to
the image signal arising from IQ imbalance. The calibration effectively mitigates this issue,
achieving ACPR performance limited only by the source noise floor. These measurements
establish a baseline for the transmitter’s SNR and the maximum achievable linearization
ACPR when linearizing the PA. Ultimately, this maximum ACPR is limited by the source
SNR, which is approximately -43/-43.1 dB in this case.

Fig. 4.8 and Fig. 4.9 illustrate the measured PSD and constellation diagrams at the D-
band PA output when driven with a 4 GHz bandwidth, 256-QAM OFDM signal before and
after linearization. The results show significant improvement in both ACPR and EVM after
linearization. Before linearization (with calibration applied), the ACPR measured -27.8/-
26 dBc and the EVM was 8.5%. After linearization (with calibration applied), the ACPR
improved to -42.8/-43.1 dBc and the EVM dropped to 1.2%. Moreover, the application
of the linearization technique successfully restored the distorted signal constellation at the
PA output, as depicted in Fig. 4.9 (b).

Fig. 4.10 and Fig. 4.11 depict the gain and phase distortion plots measured at the D-
band PA output before and after linearization. From Fig. 4.10 and Fig. 4.11, it is clear
that the PA was able to be linearized and the memory effects exhibited by the PA were
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Figure 4.5: Measurend constellation at D-band of a 256-QAM 12 GHz bandwidth OFDM
signal generated using the proposed method: a) before calibration, and b) with the pro-
posed calibration applied.

considerably reduced. Interestingly, the ACPR at the DUT output after linearization (-
42.8/-43.1 dBc) matches the best ACPR achievable by the source. This suggests the DUT
has been linearized to the source’s noise floor. These measurements validate the effective-
ness of the proposed signal generation and calibration method for component testing at
D-band frequencies.

4.3 Conclusion

In this chapter, the proposed frequency stitching signal generation methods are applied to
IQ DACs and IQ mixers architecture to achieve wider bandwidth. A novel calibration
technique is developed to address the IQ imbalance from using this architecture, and
distortion from other components in the setup. This calibration technique uses non-uniform
and interleaved tones to calibrates all the IQ DAC and IQ mixer paths simultaneously to
ensure the phase offset between paths are accounted for. Experimental validation at D-band
frequencies (around 149 GHz) demonstrated the successful generation of 256-QAM OFDM
signals with an instantaneous bandwidth of up to 12 GHz and a peak data rate of 96 Gbps.
Notably, proof-of-concept validation was achieved using two IQ-DACs and two IQ mixers.
The calibration technique significantly improved the EVM and NMSE, reducing them from
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Figure 4.6: Measured PSD of the error signal at D-band of a 256-QAM 12 GHz bandwidth
OFDM signal generated using the proposed method: a) before calibration, and b) with the
proposed calibration applied.

82.6% and 23.8% to less than 2% and 1%, respectively, for a 12 GHz bandwidth 256-QAM
OFDM signal. The approach’s suitability for component testing was further validated
by linearizing a D-band amplifier operating in its non-linear region, driven by a 4 GHz
256-QAM OFDM signal. The linearization improved the adjacent channel power ratio
(ACPR) from -27.8/-26 dBc to -42.8/-43.1dBc and reduced the EVM from 8.5% to 1.2%,
ensuring a linearization bandwidth over 12 GHz. These results highlight the effectiveness
and versatility of the proposed approach for generating high-quality modulated signals,
making it a suitable tool for component testing at mmW and sub-THz frequencies.
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Figure 4.7: Measured PSD at D-band of a 256-QAM 4 GHz bandwidth OFDM signal
generated using the proposed method with the PA bypassed: a) before calibration, and b)
with the proposed calibration applied.
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Figure 4.8: Measured PSD at the D-band PA output when driven with a 256-QAM 4 GHz
bandwidth OFDM signal: a) before linearization with calibration applied, and b) after
linearization with calibration applied.
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Figure 4.9: Measured constellation at the D-band PA output when driven a 256-QAM
4 GHz bandwidth OFDM signal: a) before linearization with calibration applied, and b)
after linearization with calibration applied.
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Figure 4.10: Measured gain distortion at the D-band PA output when driven with a 256-
QAM 4 GHz bandwidth OFDM signal: a) before linearization with calibration applied,
and b) after linearization with calibration applied.
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Figure 4.11: Measured phase distortion at the D-band PA output when driven with a 256-
QAM 4 GHz bandwidth OFDM signal: a) before linearization with calibration applied,
and b) after linearization with calibration applied.

47



Chapter 5

Comparison Study of IF Combining
and RF Combining Architecture for
Using Frequency Stitching in Signal
Generation

This chapter discusses the contribution from Publication IV. This chapter presents a
comparison between IF and RF combining architectures, as illustrated in Fig. 5.1.

In the IF combining architecture, sub-band signals are combined at the intermediate
frequency (IF) before being upconverted to RF. This approach is inherently limited by the
IF bandwidth of the upconverter, which constrains the achievable signal bandwidth.

On the other hand, the RF combining architecture first upconverts each sub-band signal
to RF before combining them. This approach allows for wider signal bandwidths. However,
it introduces several challenges. One major issue is the requirement for phase-coherent local
oscillators (LOs) for the multiple upconverters. Additionally, LO feedthrough can create
undesired spurious tones in the RF spectrum, further complicating system design.

Another critical consideration is the performance limitations of the upconverter. Upcon-
verters for mmWave and sub-THz frequencies typically have a low input 1 dB compression
point [2, 25]. To avoid driving the upconverter into nonlinearity, the power of the input
signal must be limited. This limitation becomes especially problematic when generating
wideband signals, as the reduced input power results in thermal noise limited conditions.
Consequently, the signal-to-noise ratio (SNR) is reduced, leading to poorer signal quality.
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RF DAC
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RF DAC

Figure 5.1: Functional block diagram of wideband signal generation at Sub-THz frequencies
using frequency bonding, (top) at IF, (bottom) at sub-THz.

This chapter evaluates the performance of the two architectures under two operating
conditions: low power, where the upconverter is constrained by thermal noise, and high
power, where the upconverter is limited by nonlinear distortion.

5.1 Comparative Analysis of the IF and RF Combin-

ing Architectures

This section presents a comparative analysis of the IF and RF combining architectures
for wideband signal generation. The analysis will first address the low-power regime,
where the up-converter operates in its linear region and the achievable SNR is primarily
limited by thermal noise. Subsequently, both architectures are compared in the high-power
regime where the up-converter is operated nonlinearly and the achievable SNR is limited
by nonlinear distortion.

For simplicity, we will assume a stitching factor of two, utilizing only two DACs.
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5.1.1 Noise Limited Analysis

Let Si (where i = 1, 2) represent the generated signal powers from the DACs, each with
bandwidth BW. For this analysis, quantization noise will be neglected. Let N0/2 =
kT0BW denote the thermal noise power where k is the Boltzmann constant, T0 is the room
temperature in Kelvin taken to equal 293 K. In Fig. 5.1, the IF and RF power combiners
are assumed to have perfect port isolation, an insertion loss LC , and gain GC defined as
1

2LC
. The up-converter is characterized by a conversion gain GM and noise factor FM .

Additionally, the RF driver amplifier is assumed to have a conversion gain GD and noise
factor FD.

For the IF combining scenario illustrated in Fig. 5.1(top), the SNR at the device under
test (DUT) input can be expressed as follows:

SNRout,IF =
GCGMGD(S1 + S2)

GMGDN0 +GDNa,M +Na,D

(5.1)

Here, Na,x denotes the added noise by component x and is defined as:

Na,x = N0Gx(Fx − 1) (5.2)

Substituting (5.2) in (5.1) yields:

SNRout,IF =
GCGMGD(S1 + S2)

GDN0(GMFM + FD − 1)
. (5.3)

For the RF combining case, the SNR at the DUT input is expressed as:

SNRout,RF =
GCGMGD(S1 + S2)

GMGD

LC
N0 +

GD

LC
Na,M + 1

LC
Na,D +Na,C

(5.4)

Substituting (5.2) in (5.4) results in:

SNRout,RF =
GCGMGD(S1 + S2)

N0

LC
(GMGDFM +GD(FD − 1) + LC − 1)

(5.5)

Notably, in the special case where LC = 1 (i.e., ideal power combiner), (5.5) simplifies to
(5.3). This indicates that both architectures exhibit similar SNR performance when the
SNR is noise-limited rather than distortion-limited.
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Interestingly, if the RF power combiner in (5.5) is replaced with a duplexer with con-
version gain GD′ and selectively SD′ , (5.5) can be re-written as follows:

SNR′
out,RF =

GD′GMGD(S1 + S2)

a+ b
(5.6)

where,
a = GD′GMGDN0 +GD′GDNa,M +GD′Na,D +Na,D′ , (5.7)

and

b =
GMGD

SD′
N0 +

GD

SD′
Na,M +

1

SD′
Na,D. (5.8)

Assuming that SD′ >> 1, and subtitling (5.2) in (5.6), we obtain:

SNR′
out,RF ≈ GMGD(S1 + S2)

N0(GDGMFM +GD(FD − 1) + 1
GD′

− 1)
(5.9)

Under the assumption of GD′ = 1, (5.9) further simplifies to:

SNR′
out,RF =

GMGD(S1 + S2)

GDN0(GMFM + FD − 1)
. (5.10)

From (5.10) we can infer that employing a duplexer instead of a power combiner can provide
up to a 3 dB improvement in SNR due to the rejection of out-of-band noise introduced by
the mixer and power amplifier. The noise rejection is attributable to the selectivity of the
duplexer.

5.1.2 Non-linearity Distortion Limited Analysis

Next, we compare both IF and RF combining architectures in the high-power regime,
where the up-converter operates nonlinearly. For simplicity, we assume the RF driver gain
is unity. The up-converter can be modeled using in the discrete-time complex baseband
equivalent (CBBE) as follows:

ỹ[n] = α1x̃[n] + α3x̃[n]|x̃[n]|2 (5.11)

where α1 and α6 are the model parameters, x̃[n] is the input signal to the up-converter and
ỹ[n] is the output. In the IF combining architecture, the input signal to the up-converter
can be expressed as a function of the stitched signals x̄1[n] and x̄2[n] as follows:

x̃[n] = x̄1[n] + x̄2[n]

= x̃1[n]e
−jπBW + x̃2[n]e

jπBW
(5.12)
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The CBBE DUT input signal can then be expressed as follows:

ỹ[n] = α1(x̃[n] + ẽIF [n]) (5.13)

where the nonlinear distortion term ẽIF [n] is given by:

ẽIF [n] =
α3

α1

(x̄1[n]|x̃1[n]|2 + x̄2[n]|x̃2[n]|2 + x̄2
1[n]x̄

∗
2[n]

+ 2x̄2[n]|x̃1[n]|2 + 2x̄1[n]|x̃2[n]|2 + x̄2
2[n]x̄

∗
1[n])

(5.14)

For the RF combining architecture, the input to each up-converter is
√
2x̄i. The

√
2

is used to ensure that the IF and RF combining architectures deliver the same power to
the DUT input. The DUT input ỹ[n] can be expressed as a function of the up-converters
outputs ȳ1[n] and ȳ2[n] as follows:

ỹ[n] =
1√
2
(ȳ1[n] + ȳ1[n]) (5.15)

Each up-converter output is modeled as:

ỹi[n] =
√
2α1(x̄i[n] + ēi,RF [n]) (5.16)

Substituting (5.16) in (5.15) we obtain:

ỹ[n] = α1(x̃[n] + ẽRF [n]) (5.17)

where the nonlinear distortion term ẽRF [n] is:

ẽRF [n] = ē1,RF [n] + ē2,RF [n]

= 2
α3

α1

(x̄1[n]|x̃1[n]|2 + x̄2[n]|x̃2[n]|2)
(5.18)

Comparing the out-of-band distortion terms in both cases, we observe that in the RF
combining case in (5.14) and (5.18), the nonlinear distortion is contained within 4× BW.
In contrast, for the IF combining case, the distortion spreads over a larger bandwidth of
6× BW. This increase is due to the presence of distortion cross terms i.e., x̄2

2[n]x̄
∗
1[n] and

x̄2
1[n]x̄

∗
2[n].
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Figure 5.2: Simulated ACPR as a function of power sweep for: (a) IF combining archi-
tecture before linearization, (b) after linearization, (c) RF combining architecture before
linearization, and (d) after linearization.

5.2 Simulation for the IF and RF Combining Archi-

tecture

To assess the impact of these differences on the achievable adjacent-channel power ratio
(ACPR), we conducted a simulation comparing the signals generated by both architectures
using a nonlinear up-converter. The results, plotted for varying powers at the DUT input
both before and after linearization, are presented in Fig. 5.2. The results reveal that the
ACPR at the DUT input before linearization for the IF combining architecture (Fig. 5.2 (a))
is approximately 3 dB worse than that of the RF combining architecture (Fig. 5.2 (b)).
Furthermore, after applying linearization, the RF combining architecture demonstrates
superior linearization performance, as shown in Fig. 5.2 (d), compared to the IF combining
architecture in Fig. 5.2 (c).

5.3 Experimental Validation

5.3.1 Measurement Setup

To validate the theoretical analysis presented in the previous section, the measurement
setup illustrated in Fig. 5.3 was developed. The signal source for the experiments was a
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14-bit, 2 GHz bandwidth, 2.4 Gsps RF arbitrary waveform generator (RF-AWG) (M5300A
from Keysight), which provides four synchronous, phase-coherent channels. For the RF
combining architecture, two channels of the RF-AWG are connected to two D-band up-
converters, followed by a D-band power combiner. In the IF combining architecture, two
channels from the RF-AWG are first combined at a low frequency using a power combiner
(Marki Microwave PD0140), then routed to a D-band up-converter. Both architectures are
then connected to the same receiver chain.

The receiver setup consists of a D-band RF driver amplifier, a D-band bandpass fil-
ter, a D-band down-converter, and an IF down-converter (M5201A from Keysight), fol-
lowed by a digitizer (M5200A from Keysight). The receiver employs a frequency-stitching
technique, enabling wideband signal analysis up to 12 GHz. The LO sources for the
up/down-converters are generated using two channels of the RF-AWG. For the IF combin-
ing transmitter architecture, the RF-AWG provides the same LO source for both the up-
and down-converters. In the RF combining architecture, two LO sources are supplied from
the RF-AWG to the two up-converters, while the down-converter shares the LO with one
of the up-converters. Both transmitter architectures generate signals at 142.5 GHz, and
the D-band down-converter in the receiver architecture down-converts them to an IF of
10.5 GHz. The measurement signal used to validate the theory was a 256-QAM, 1.2 GHz
orthogonal frequency-division multiplexing (OFDM) signal with subcarrier spacing set to
240 KHz. The linearization scheme used in the reported results is based on the iterative
learning control.

5.3.2 Measurement Results

Fig. 5.4 and Fig. 5.5 present, respectively, the measured ACPR and EVM as a function of
power sweep for: (a) the IF combining architecture before linearization, (b) after lineariza-
tion, (c) the RF combining architecture before linearization, and (d) after linearization.
At low power and after linearization, both architectures show ACPR values of approx-
imately -55 dBc, as seen in (b) and (d), confirming the theory that both architectures
achieve similar SNR performance at lower power levels. However, as power increases and
the down-converter enters its nonlinear region, the RF combining architecture outperforms
the IF combining architecture, with up to a 8 dB improvement in ACPR. From Fig. 5.5,
after linearization, both architectures achieve EVM values as low as 1%, as shown in (b)
and (d). However, the RF combining architecture in (d) exhibits slightly higher EVM than
the IF combining architecture in (b). This degradation is attributed to the phase noise
from the LOs, which affects the quality of the stitched signal at D-band.
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Figure 5.3: Measurement setup.
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Figure 5.4: Measured ACPR as a function of power sweep for: (a) the IF combining
architecture before linearization, (b) after linearization, (c) the RF combining architecture
before linearization, and (d) after linearization.
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Figure 5.5: Measured EVM as a function of power sweep for: (a) the IF combining ar-
chitecture before linearization, (b) after linearization, (c) the RF combining architecture
before linearization, and (d) after linearization.

Fig. 5.6 illustrates the power spectral density (PSD) of the signal at an RF power
of -10 dBm, generated using: (a) the IF combining architecture before linearization, (b)
after linearization, (c) the RF combining architecture before linearization, and (d) after
linearization. For the IF combining architecture, the ACPR and EVM improved from -25.9
dBc and 13.3% in (a) to -47.3 dBc and 1.3% in (b). Similarly, for the RF combining archi-
tecture, the ACPR and EVM improved from -28.9 dBc and 10.5% in (c) to -54.7 dBc and
1.6% in (d). These results confirm that both architectures are suitable for component test-
ing, with the RF combining architecture demonstrating a higher ACPR while maintaining
comparable signal quality at higher power levels.

5.4 Conclusion

In this chapter, a comparative analysis is presented for two wideband signal generation
architectures for sub-THz frequencies: IF combining and RF combining. The study ex-
plores their performance across different power regimes, focusing on signal integrity and
dynamic range. In low-power scenarios, where thermal noise is the primary limitation, both
architectures deliver similar SNR. However, at higher power levels, where nonlinear dis-
tortion becomes dominant, the RF combining architecture outperforms the IF combining
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Figure 5.6: Power spectral density of the signal at an RF power of -10 dBm, generated
using: (a) the IF combining architecture before linearization, (b) after linearization, (c)
the RF combining architecture before linearization, and (d) after linearization.

approach, achieving up to 8 dB improvement in ACPR.
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Chapter 6

Conclusion

This thesis has presented solutions for generating wideband signals to meet the demands
of 6G wireless communication standards. The research focused on developing and val-
idating frequency-stitching-based wideband signal generation methods, evaluating their
performance across different architectures, and addressing the challenges of signal quality
and system calibration.

Initially, two wideband signal generation methods were proposed. The first method
leverages periodic test signal properties for instrumentation, while the second method
utilizes the frequency-domain modulation characteristics of OFDM signals for real-time
applications. These methods were validated experimentally at X-band and D-band fre-
quencies, demonstrating excellent signal quality, with EVMs as low as 0.3% for a 7.2 GHz
256-QAM OFDM signal and supporting modulation bandwidths up to 8 GHz.

A comparative study highlighted the advantages of the proposed methods over exist-
ing signal generation techniques. Specifically, the proposed frequency-stitching method
and an IQ DAC with IQ mixer architecture outperformed a high-speed DAC approach
in component testing, achieving superior ACPR of -60.9/-63.8 dBc and -58.4/-62.4 dBc,
respectively, compared to -45.8/-49.1 dBc for the high-speed DAC method.

Subsequently, the proposed methods were applied to an IQ DAC and IQ mixer archi-
tecture to achieve even higher bandwidths. A novel calibration technique was developed
to address IQ imbalances and inter-channel distortions. This technique employed non-
uniform interleaved tones to calibrate all signal paths simultaneously, ensuring phase and
amplitude alignment. Experimental validation at D-band (around 149 GHz) demonstrated
the successful generation of 256-QAM OFDM signals with an instantaneous bandwidth of
12 GHz and a peak data rate of 96 Gbps. The calibration technique significantly improved
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EVM and NMSE from 82.6% and 23.8% to less than 2% and 1%, respectively. Addition-
ally, the approach was used to linearize a D-band power amplifier, improving ACPR from
-27.8/-26 dBc to -42.8/-43.1 dBc and reducing EVM from 8.5% to 1.2%, while maintaining
a linearization bandwidth of 12 GHz.

Finally, a comparative analysis of IF combining and RF combining architectures for
wideband signal generation at sub-THz frequencies was conducted. Both architectures
demonstrated similar SNR under low-power conditions. However, under high-power sce-
narios, where nonlinear distortion becomes significant, the RF combining approach exhib-
ited superior performance, achieving up to 8 dB improvement in ACPR compared to the
IF combining method.

In conclusion, this research has advanced the state-of-the-art in wideband signal gen-
eration for mmWave and sub-THz frequencies, demonstrating practical solutions for high-
quality signal generation and calibration. The proposed methods and architectures offer
significant potential for 6G wireless communication systems, especially in instrumentation
and component testing applications.

6.1 Future Work

This thesis demonstrated two frequency-stitching methods for extending bandwidth in
signal generation and validated their performance across various architectures. While the
methods produced promising results, several practical considerations remain for further
investigation:

6.1.1 DPD for Nonlinearity in Upconverter

Chapter 5 highlights the superior performance of RF combining architectures over IF com-
bining at high power levels, where nonlinearity from the upconverter becomes significant.
Unlike PAs, the nonlinearity in upconverters may exhibit different characteristics, poten-
tially requiring tailored linearization techniques. Most existing DPD models are optimized
for PA linearization, so future work should explore the effectiveness of these models in
addressing upconverter nonlinearity. Developing or adapting DPD algorithms specifically
for upconverter nonlinearity could further improve signal quality in RF combining archi-
tectures.
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6.1.2 DPD for Nonlinearity from Different Sub-Bands

Even if upconverter nonlinearity behaves similarly to PA nonlinearity, challenges remain
with the RF combining architecture. Out-of-band distortions arise from sub-bands at
the signal edges, and central sub-band distortions can influence adjacent sub-bands. One
potential solution is to apply DPD individually to each sub-band path. However, this
approach requires significant computational resources and additional hardware to manage
the increased processing load. Future work could investigate more efficient methods to ad-
dress sub-band distortions, such as adaptive or distributed DPD techniques, which balance
performance with resource constraints.

Addressing these challenges would enhance the practicality and robustness of frequency-
stitching methods for wideband signal generation, further advancing their application in
high-frequency wireless systems.
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