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ABSTRACT

Due to the exponential growth of wireless communication, mobile communication appli-
cations require more bandwidth available in higher operating frequencies. High centre
frequency makes the systems sensitive for phase variations caused by the phase noise (PN)
of the imperfect local oscillators (LOs) used in wireless transceivers. Moreover, wide band-
width also makes the faster phase variations of the phase noise spectra have an impact on
the overall system performance by reducing effective signal-to-noise-ratio. These fast vari-
ations seen in the high offset frequencies in the phase noise spectra are typically ignored
in the communication systems because the traditional system bandwidths are in order of
megahertz, or in maximum few gigahertz. In mmW frequencies, i.e., at 30-300 GHz, the
transceivers are typically using multiple antenna elements to achieve the required link
range by highly directional beams. Often so-called phased arrays are used to implement
the multi-antenna transceiver, where the beamforming is mostly performed in the analog
domain by digitally controllable mmW phase shifters. For generating multiple beams from
the same transceivers, more than one phased array is typically used in the same platform.
The phased arrays often share a single LO, for multiple antenna elements. A typical LO
generation architecture is containing a base clock, phased-locked loop (PLL), and some
frequency multipliers to achieve the target mmW operating frequency. In multi-array sys-
tems, the LO signal can be divided into phased arrays in multiple domains, i.e., the arrays
can have an independent clock, and a shared clock, but independent PLLs, shared PLL,
or even the final mmW LO can be shared. In different architectures, the phase noise has
different behavior, and it can have an impact for example on the beamforming accuracy.
This thesis focuses on the effects of phase noise on milimeter-wave (mmW) beamforming
systems to study different LO routing architectures. We mainly focus on LO architecture
with multiple phased arrays that intend to make a common beamformer and their impact
on overall system-level phase noise performance. The specific focus is given to the behavior
of the wideband phase noise. The phase noise is modeled by using baseband equivalent
models where a gaussian phase noise source is filtered by a filter modeling the equiva-
lent phase noise spectra. The parameterization of the model is based on commercial LO
phase noise spectra. The behavior is studied in different LO schemes in single-beam and
multi-beam scenarios by using simple examples. The simulations are mostly carried out
by using continuous-wave signals, but also the single-carrier modulated QAM waveform
is demonstrated. The simulations are performed in MATLAB.

Keywords: Phase noise, local oscillators, arrays, frequency, antenna
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LIST OF SYMBOLS AND ABBREVIATIONS

LO local oscillator
PLL phase locked loop
LPF low pass filter
VCO voltage-controlled oscillator
PFD phase frequency detector
REF reference
SSB single side band
IF intermediate frequency
RF radio frequency
RMS root-mean-square
LNA low noise amplifier
PA power amplifier
dB decibel
dBc In decibel scale, level relative to the level of carrier
dBm In decibel scale, power relative to 1mW
OFDM orthogonal frequency division multiplexing
SC single carrier
QAM quadrature amplitude modulation
EVM error vector magnitude
CW continuous wave
PSD power spectral density
PN phase noise
FOM figure of merit
BS base station
MIMO multiple input multiple output
4G fourth generation
5G NR fifth generation new radio
PTRS phase tracking reference signals
PRS pilot repetition sequence
6G sixth generation
mmW millimeter-wave
SNR signal-to-noise ratio
ABF analog beamforming
ADC analog-to-digital converter
DAC digital-to-analog converter
MC monte carlo
Hz hertz
GHz gigahertz
THz terahertz

𝐴0 fixed amplitude
𝑓 osc oscillator center frequency
𝜃0 fixed phase
𝐴t random amplitude variation
𝜃t random phase variation
𝐿 ( 𝑓 ) power spectral density (PSD) of phase noise
𝑃c carrier power



𝑓 c carrier frequency
𝑓 off offset frequency
𝑁 total number of antenna elements in the array
−→𝑟n relative position from origin of a given antenna element
−→
𝑘 wave-vector of a plane wave in three orthogonal directions
𝑘x x component of wave-vector
𝑘y y component of wave-vector
𝑘z z component of wave-vector
𝑓 z zero frequencies

𝜋 ratio of a circle’s circumference to its diameter
𝜆 wavelength∑

summation operator
𝑑 antenna spacing
𝜃s steering angle
𝜑 azimuth angle
𝜃 elevation angle
% percentage
∞ infinity
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1 INTRODUCTION

There has been an unprecedented rise in possibilities for the next generation of mobile networks
as a result of millimeter-wave communication in recent years. The surge in data transfer speeds
across both wired and wireless networks can be attributed to various technologies and devices,
including tablets and smartphones, wireless and wired internet devices, machine learning,
cloud, and machine-to-machine type communication, all of which have a substantial user base
[1]. According to statistics, the demand for high data rates continues to rise, with an annual
growth rate of approximately 60 percent.

Communication systems use oscillators to convert baseband signals into passband signals at
the transmitter side and to convert passband signals back to the baseband at the receiver side
[2]. Ideal oscillators produce sinusoidal waves with stable frequency and phase references.
Nevertheless, practical oscillators combine passive and active elements. The thermal, shot and
flicker noise in the circuit is caused by the movement of electrons and holes. A sinusoidal
waveform produced by this oscillator is subjected to random fluctuations in phase caused by
noise [3].

As wireless communication continues to grow exponentially, mobile communications appli-
cations required more and more channels in order to meet their needs. Due to these increased
requirements, the phase noise (PN) of local oscillators has been subjected to a very high level
of scrutiny [4]. Even though we live in a digital world, it limits the performance of the system,
especially at higher frequencies where PN is more prevalent. The frequency of phase fluctua-
tions [5] has been examined in a number of studies over the years. A significant reduction in the
performance of a wireless communication system is caused by the phased noise that is generated
by imperfect oscillators. The system performance becomes even more evident when operating
at higher carrier frequencies, such as in the mmW range 30−100 GHz and THz range over the
300 GHz [6]. An examination of the effect of PN on mmW systems is presented in this thesis.

As mentioned before, the communication systems are bound to experience PN as a result
of the imperfections in the local oscillators, as the LO output signal is multiplied with radio
frequency (RF) or intermediate frequency (IF) at the mixers to convert the baseband signal to the
passband signal and vice versa [7]. As the name suggests, PN results from sudden deviation in
the phase of a carrier wave, which can lead to significant increase in the power spectral density
(PSD) of an output waveform. Ultimately, this can cause a significant decline in the system’s
overall performance on the grounds of partial loss of coherence between the channel estimation
and the actual channel gain during the data transmission process [2]. This is even more evident
when the system has to operate at higher frequencies, where the performance of the system
becomes even more apparant. This thesis presents an examination of the effect of PN on mmW
beamforming systems.

In order to provide a high capacity and data rate, mobile communication utilize millimeter-
wave frequencies as a part of fifth-generation (5G) technologies. The development of advanced
multibeam antenna systems as well as beamforming systems is essential to the advancement of
5G millimeter-wave mobile communications, as they enable higher gains, multiple streams of
transmission, and a wider range of signal coverage. Despite this, with digital communication
systems that operate at high data rates, PN is one of the most important factors to take into
account. An oscillator at high carrier frequency will have a high PN level, such as E-band
60−100 GHz, which has a more negative effect on high-carrier frequencies. Additionally, in
orthogonal frequency division multiplexing (OFDM) systems, it is also possible to have an
adverse effect on the orthogonality of subcarriers by causing interfaces between the subcarriers,
which may negatively affect the performance of the system [8].

Millimeter-wave beamforming systems and how PN can be modeled and analyzed are im-
portant aspects of the development of high-performance communication systems. Considering



7

the higher-frequency range and the requirements for an accurate beamforming system are par-
ticularly challenging in terms of PN [9] - [10]. Developing new communication and sensing
applications has been made possible thanks to the advancement in mmW technology. Beam-
forming systems have developed much popularity among researchers since mmW systems were
introduced. Beamforming is a well-known method of improving the transmission efficiency
of mmW technology and increasing the range of coverage offered by the technology. Despite
of this, there is a strong correlation between the accuracy of the beamforming system and the
PN system subjected to. As a result of phase noise, a beamforming system can perform less
efficiently and have a negative impact on its quality [11].

This thesis thoroughly analyzes the effects of PN in mmW beamforming systems. The rest
of the thesis is organized as follows. In Chapter 2 a detailed discussion of PN fundamentals,
including its frequency and time domain behavior, as well as its modelling in Chapter 2.
Furthermore, the generation of the LO signal heavily influences PN performance, and the LO
signal generation using PLL has been discussed in Section 2.1. In Chapter 3 phased arrays are
discussed as to how electronic beam steering is possible with antenna patterns. The section
focuses on LO routing architectures for multi-array transceivers to assess the impact of PN
on mmW phased array systems. The aim of this thesis is to analyze the impact of PN in LO
routing architecture as well as their differences in the efficiency of PN based on the shared LO
for multiple subarrays for arrays with a shared LO when the LO is shared between the multiple
subarrays. A shared LO distribution network and an independent LO distribution network were
discussed as LO strategies for multibeam systems. Several studies is carried out in order to
demonstrate that PN can be a significant factor in the performance of multibeam combining
systems. In a multibeam system, PN is spatially dependent on the LO distribution network, and
different LO distribution networks affect the phase noise. Simulations are primarily conducted
using continuous-wave signals. To showcase the impact for the real communication signal,
single carrier (SC) quadrature amplitude modulation (QAM) signals are also analyzed in terms
of error vector magnitude (EVM) as performance metric. All simulation has been performed in
the MATLAB environment.
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2 PHASE NOISE FUNDAMENTALS

This chapter covers the basic issues of PN in mmW communication systems. A variety of con-
cepts are included under the heading of ”frequency stability” including random noise, incidental
modulation, and all other variations in an oscillator’s output frequency. A source’s frequency
stability is determined by the consistency with which it produces sinusoidal frequencies over a
given time period [12]. PN is a measure of the deviation of a periodic signal’s phase from its
ideal form. It is often expressed in terms of the root-mean-square (RMS) deviation of the phase
over a certain time interval. PN is an important parameter in many systems, as it can limit the
performance of such systems and introduce errors.
There are several factors that contribute to PN in a signal. The main source of PN is the noise
present in the LO that generates the periodic signal. This noise can come from various sources,
including thermal noise and flicker noise [13]. Other sources of PN include the noise introduced
by the transmission and reception of the signal, as well as noise introduced by the components
used in the system [14]. These sources of noise can be reduced by using high-quality com-
ponents. There are several techniques that can be used to reduce PN in a system. One of the
techniques is to use a phase-locked loop (PLL) to stabilize and generate a stable LO signal. A
PLL consists of a feedback loop that compares the phase of a periodic signal to a reference
signal and adjusts the phase of a periodic signal to match the reference.
In the design of any radio system, achieving the best possible performance from any radio system
greatly depends on the generation of its LO signal [15]. It has become increasingly challenging
for manufacturers to design phased array antenna systems that can take advantage of digital
beamforming to process signal information in any way while taking advantage of the benefits
of phased array antennas. As the number of transmitters and receivers increase, it becomes
increasingly difficult to distribute LO signals and reference frequencies to a larger number of
transmitters and receivers simultaneously. The system architecture will determine whether the
LO frequencies will be distributed to a lower frequency reference, and the LO signal will be
created at close proximity. Subsequently, it will be necessary to conduct an assessment of
the PN that is generated at the system level by various distributed components and centralized
components [13].

2.1 LO signal generation

Oscillators are autonomous electronic circuits that produce periodic, oscillating electric signals
at precise frequencies. Communication systems use this frequency to transmit and receive
passband signals, as well as provide timing and synchronization to the signals. There is a random
amplitude and phase instability in the output signal of the oscillators used in communication
transceivers [14]-[15]. The output of a reliable frequency source generates only one output
signal with no instabilities in frequency or amplitude. All electronic circuits are susceptible to
phase noise, interference and oscillators are no different. The first type of noise includes thermal
noise and flicker noise, which are produced by various devices, while the second type includes
supply noise and substrate noise. The oscillator output with phase noise can be written as [5].

[𝑉out(𝑡)]real = 𝐴(𝑡)𝑐𝑜𝑠(2𝜋 𝑓 osc𝑡 + 𝜃 (𝑡)), (2.1)

where 𝐴(𝑡) represents the random amplitude variations. 𝑓 osc represents the center frequency of
the oscillator, and 𝜃 (𝑡) is random phase variation.
In communication systems, PLLs are commonly used for various purposes. One of the main
uses is for frequency synthesis, where a PLL is used to generate a precise output frequency
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from a lower-frequency reference input. PLLs are also used in radio communication systems
as a local oscillator, whereas the LO output signal is multiplied with radio frequency (RF)
or intermediate frequency (IF) at the mixers to convert the baseband signal to the passband
signal at the transmitter side and passband signal into baseband signal at the receiver end [16].
Additionally, it can be used to synchronize, synthesize clocks, and reduced skew and jitter [17].
PLLs can also be used in modulation and demodulation schemes for digital communication
systems to lock the phase of the transmitter and receiver. This circuit is formed by a feedback
loop. Usually, in a PLL, the frequency and phase of the input signal are locked. It is widely
accepted that PLLs can be used in advanced correspondence and instrumentation frameworks
in several cutting-edge applications. Furthermore, PLLs are used to synthesize high clock
frequencies from multiple low clock frequencies. PLLs are able to lock on signals with a
bandwidth that fits within their ranges. At the input of PLL, the input or reference clock is
compared with the feedback signal. It is continued until the phase and frequency of the signal
have been locked [18].
There are several types of PLL circuits depending on the requirement for a given component.
However, there are usually four components that are integrated into PLL circuit:

• Phase Frequency Detector (PFD).

• Low Pass Filter (LPF).

• Voltage Control Oscillator (VCO).

• Frequency Divider.

As shown in Fig.2.1. In the above Fig 2.1 the phase frequency detector (PFD) is the primary

Figure 2.1: Basic PLL configuration. The output phase of a VCO is divided with a frequency
divider, compared with an accurate reference signal, filtered, and fed back to theVCO control
input.

crucial component of the circuit. The PFD evaluates the phase and frequency differences
between the input 𝐹𝑅𝐸𝐹 and the feedback 𝐹𝑅𝐸𝐹 . These signals are compared by the PFD and
produce two signal outputs, UP and DOWN, and these signal outputs are known as charge pumps
(CP). By integrating the PLL low-pass filter into the charge pump output, the resultant charge
pumps out high output current, increasing the tuning voltage of the VCO [13]. The VCO output
voltage change depends on the output of PFD. In the case of PFDs, the UP generated at the
output of PFD leads to an increase in phase and frequency values of the VCO as a result of an
increase in the error voltage of PFD and vice versa.
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In order to generate output frequencies that are multiples of the PFD frequency, PLL uses a
feedback divider to divide the VCO frequency by the PFD frequency. It is also possible to use
dividers in the reference path in order to use higher frequencies than those of PFD.

2.2 Frequency and time domain behavior of phase noise

2.2.1 Frequency domain

Phase noise is a form of random fluctuation in the phase of a periodic signal. In the frequency
domain [19], PN appears as a distribution of spectral lines around the carrier frequency of the
signal. These lines are usually referred to as sidebands, and their amplitude is a measure of the
PN present in the signal as shown in Figure 2.2. It is typically expressed in dBc/Hz, which
represents the amount of PN per unit frequency offset from the carrier frequency. The output
of an ideal oscillator that oscillates with frequency 𝜔0 is an ideal periodic time function can be
written as

[𝑉out(𝑡)]ideal = 𝐴𝑐𝑜𝑠(𝜔o𝑡 + 𝜃), (2.2)

The Fourier expansion of such a function can be expressed as a series of Dirac Deltas at n𝜔0,
since an ideal periodic waveform can be expressed as

[𝑉out(𝑡)] =
𝑎0
2

+
∞∑︁
1
(𝑎n.𝑐𝑜𝑠[𝑛𝜔o(𝑡)] + [(𝑏n.𝑠𝑖𝑛[𝑛𝜔o(𝑡)]), (2.3)

The ideal oscillator has a constant amplitude and frequency, whereas the real oscillator’s am-
plitude and frequency tend to vary around a certain average. the non-ideal waveform can be
expressed as [20] follows

[𝑉out(𝑡)]real = 𝐴(𝑡)𝑐𝑜𝑠(𝜔o𝑡 + 𝜃 (𝑡)), (2.4)

Where A(t) and 𝜙(𝑡) are the time-varying amplitude and phase of the LO signal, respectively.
Accordingly, the harmonics of an ideal oscillator are different from those of a real oscillator as
shown in Figure 2.2. Both amplitude and frequency fluctuations cause the sidebands to appear
as can be seen in Figure.2.2, these sidebands represent the PN sidebands to a great extent.
Accordingly, PN can only be described by sidebands resulting from the frequency modulation
of phase perturbations [21].
PN is typically quantified in terms of the power spectral density of the phase noise, denoted

as 𝐿 ( 𝑓 ) in units of dBc/Hz. The term dBc stands for decibels relative to the carrier, and Hz
refers to the frequency offset from the carrier frequency. The PN power spectral density gives
the amount of PN present at a given frequency offset from the carrier, so the PN in linear scale
can be written as

𝐿 ( 𝑓 ) = 𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 1𝐻𝑧 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑆𝑖𝑔𝑛𝑎𝑙 𝑃𝑜𝑤𝑒𝑟
(2.5)

The PN in 𝑑𝐵 scale can be written as

𝐿 ( 𝑓 ) = 𝑃𝑛 (𝑑𝐵𝑐/𝐻𝑧) − 𝑃𝑐 (𝑑𝐵𝑚). (2.6)
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Figure 2.2: Frequency domain representation, of an oscillator that is free from noise (ideal) and
operates at 𝑓𝑜𝑠𝑐, as compared to a real oscillator.

In Equation 2.6, 𝑃𝑛 is the phase noise in dBc/Hz, while 𝑃𝑐 is the LO power in 𝑑𝐵𝑚. A
single-sideband PN measurement is customarily used to characterize oscillators. The PN of an
oscillator is mostly measured as a function of its frequency offset 𝑓𝑚 as shown in Figure 2.3,
where the frequency axis is plotted on a log scale [22]. There are several regions of the curve
that have a slope of 1

𝑓 x , with 𝑥 = 0 corresponding to the so-called “white” PN region where the
slope equals to 0 𝑑𝐵/𝑑𝑒𝑐𝑎𝑑𝑒, and with 𝑥 = 1 corresponding to the “flicker” PN region where
the slope equals -20 𝑑𝐵/𝑑𝑒𝑐𝑎𝑑𝑒.

Figure 2.3: The oscillator phase noise curves, comprising white noise and flicker PN in 𝑑𝐵𝑐/𝐻𝑧

versus frequency offset in 𝐻𝑧, is depicted in this diagram.

2.2.2 Time domain

Phase noise can also be presented in time domain, when it is often called phase or time jitter
[23]. In an ideal oscillator, the periodic time seems to be constant over time, while in a real
oscillator, it fluctuates randomly. Typically, oscillators can be specified in terms of their PN
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performance [17]. A typical graph is shown in Figure 2.4. It’s important to note that the graph
illustrates how the PN curve can be approximated with separate lines, and each of the endpoints
is composed of a number of data points. In order to calculate equivalent RMS jitter, we first
need to obtain the integrated PN power over the desired frequency range such that, the area
under curve A. Each data point defines an individual area (𝐴1, 𝐴2, 𝐴3, 𝐴4) on the curve [22].
Fig 2.4, shows integrated PN power dBc and can be written as

𝐴 = 10 log 10(𝐴1 + 𝐴2 + 𝐴3 + 𝐴4). (2.7)

An individual power ratio can be obtained by integrating the power of each individual area. A
power ratio that is determined by each individual power ratio is then added up and converted
back into 𝑑𝐵𝑐 values. A phase jitter in radians can be calculated from the integrated PN power
as

𝛼𝑟𝑚𝑠 (𝑟𝑎𝑑) =
√︃

2 × 10 𝐴
10 . (2.8)

by dividing Equation 2.8 with 2𝜋 𝑓0, the phase jitter (radians) can be converted to time jitter
(seconds) as

𝛼𝑟𝑚𝑠 (𝑠𝑒𝑐) =

√︁
2 × 10 𝐴

10

2𝜋 𝑓𝑜
. (2.9)

Figure 2.4: This Figure illustrates calculating jitter from phase noise
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2.3 Phase noise model

In this thesis, we used the 3rd generation partnership project (3GPP) phase noise model [24].
The PN model is a mathematical representation of the variations in the phase of a signal as it
travels through a system or component. The model takes into account factors such as noise
sources, frequency, and time. The response of the PN model depends on the specific parameters
used in the model [12], as well as the specific system or component being analyzed. Some
common responses include the PN power spectral density, the phase jitter, and the phase error.
These responses can be used to understand how the system or component may perform under
different conditions and can aid in the design and optimization of the system or component
[5]. In this thesis, we have considered a local oscillator based on PLL that is widely used in
transceivers. As discussed earlier in Section 2.1, PLL-based LOs are subjected to three main
sources of phase noise, namely, noise caused by reference oscillator, PFD, loop filter, and noise
from VCO as shown in Figure 2.1. The model for the equivalent filter of the phase noise spectra
in frequency domain is expressed as

𝑆Total( 𝑓 ) =
{
𝑆ref( 𝑓 ) + 𝑆𝑃𝐿𝐿 ( 𝑓 ), when 𝑓 ≤ 𝐿𝑜𝑜𝑝𝐵𝑊

𝑆VCO v2( 𝑓 ) + 𝑆𝑉𝐶𝑂 𝑣3( 𝑓 ), when f ≻ Loop B
(2.10)

where

𝑆Ref/PLL/VCO v2/VCO v2 = 𝑃𝑆𝐷0.

1 + ( 𝑓 / 𝑓 z

𝑓
)𝑘

1 + ( 𝑓 𝑘 )

 (𝑑𝐵). (2.11)

and

𝑃𝑆𝐷0 = 𝐹𝑂𝑀VCO V2 + 20 log 𝑓𝑐 − 10 log( 𝑃

1𝑚𝑊
) (𝑑𝐵). (2.12)

Parameters shown in the table above 2.1 are used to evaluate the performance of the system. The

Table 2.1: Parameters of the 3GPP phase noise model [24] used in the simulations
Model 2 BS LoopBW= 112k

REF
Clk

PLL VCO
V2

VCO
V3

FOM -240 -240 -187 -130
fz infinite 1.00E+04 8.00E+06 infinite
P
(mW)

10 20 50 50

k 2 1 2 3

figure of merit (FOM) can be determined by considering various factors such as cost, accuracy
and power consumption, 𝑓𝑐 represents carrier frequency and 𝑃 is consumed power. The proposed
PN model at the base station (BS) side has been designed to meet specific parameters, such
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as PN level, carrier frequency, and power consumption as shown in Table 2.1. PN is typically
measured in decibels relative to the carrier frequency and is often expressed in terms of PSD.
The PSD of the PN is usually plotted on a logarithmic scale, with frequency offset from the
carrier on the x-axis and the PN level on the y-axis. The Figure 2.5 shows the PSD of this
PN model at carrier frequency 300 GHz. Figure 2.6, shows the equivalent filter for phase noise

Figure 2.5: This Figure shows the PSD of phase noise model at 300 Ghz.

[25], that makes the desired PN spectra from the gaussian phase noise source. In Figure 2.6, the
mathematical expression 𝜙𝑤 (𝑛) ∼ N (0, 1), states the phase of the white noise signal, follows
a normal distribution with a mean of 0 and variance of 1, while 𝐻 ( 𝑓 ) = 1√

2

√︁
𝑆( 𝑓 ), represents

a transfer function at frequency 𝑓 and 𝑆( 𝑓 ) is the PSD of the phase noise at frequency 𝑓 . The
𝜙𝐿𝑂 (𝑛) represents the phase noise signal. The phase noise spectra can be filtered by generating

Figure 2.6: The Figure illustrates the equivalent filter for phase noise, that makes the desired
PN spectra from the gaussian phase noise source.
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normally distributed phase noise. Fourier transform can be used to represent this which can be
written [25] as

𝜙𝐿𝑂 (𝑡) =
∫ 𝑓2

𝑓1

𝐻 ( 𝑓 )𝜙𝑤 ( 𝑓 ) exp(2𝜋 𝑓 𝑡)𝑑𝑓 (2.13)

where 𝜙𝑤 ( 𝑓 ), is the white gaussian noise signal over a frequency range from 𝑓1 to 𝑓2, 𝑓1 is the
smallest frequency that matters and 𝑓2 is the higher frequency where the PN model applies, and
applying an exponential factor exp(2𝜋 𝑓 𝑡), to account for the time-varying nature of the carrier
signal.
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3 MILLIMETER WAVE PHASED ARRAY SYSTEM AND LO
ROUTING ARCHITECTURES FOR MULTI-ARRAY TRANSCEIVERS

Wireless communication systems have become increasingly dependent on modern mmW phased
array systems, which are becoming more and more crucial in the world of imaging and commu-
nication systems [26],[27]. The next section discusses phased arrays and how electronic beam
steering can be accomplished with antenna patterns. This chapter also focuses on the study
of LO routing architectures for multi-array transceivers to assess the impact of PN on mmW
phased array systems.

3.1 Phased Arrays

As mentioned earlier, an antenna array is a collection of antennas arranged geometrically. An
antenna array can be classified into two types: those with fixed main beam direction and
those with steerable main beams by varying phases between antennas, this is referred to as
phased arrays [26]. It is important to note that antenna arrays have the advantage of being
able to produce highly directive beams, and as a result, they can increase a communication
system’s link budget. In modern communication systems such as 5G, utilizing antenna arrays
is of key importance in order to overcome the high propagation losses that occur at high
frequencies. In order to ensure that the beam of the mobile platform and a base station are
aligned when the user is moving, beam steering is necessary [27]. Several techniques are
possible with antenna arrays, including multiple-input multiple-output (MIMO), which allows
for simultaneous transmission and reception of information via multiple antennas, and spatial
filtering, which reduces interference caused by ambient noise. Electronic beam steering [28] can
be accomplished by either varying the phase of the RF signals in each path of the antenna element
or by altering the relative delay between the signals in each path of the antenna element. Analog
or digital tuning can be used to adjust the delay or phase [29]. Typically, each antenna element
is equipped with a phase shifter in mmW frequencies. Analog beamforming is emphasized in
this thesis, which is a method used in mmW communication systems to direct beams towards
a specific direction. This is typically achieved by using an array of antenna elements, each
of which can be individually controlled to vary the phase and amplitude of the signals being
transmitted or received by the antenna [29],[28]. Analog beamforming is typically used in
mmW systems because it allows for the use of numerous antenna elements, which is necessary
to achieve the high gain and directivity required for communication at mmW frequencies [30].
Array factor can be calculated by deriving the following formula

𝐴𝐹 (𝜙, 𝜃) =
𝑁∑︁
𝑛=1

𝑒− 𝑗
−→
𝑘 (𝜙,𝜃).−→𝑟n . (3.1)

In equation 3.1, N represents the total number of antenna elements in the array [30], while −→𝑟n
represents the relative position from the origin of a given antenna element. In general, the term
−→
𝑘 can be described in three orthogonal directions (along x, y and z axis) [31] as shown in the
equation 3.2 can be written as

−→
𝑘 (𝜙, 𝜃) = (𝑘x, 𝑘y, 𝑘z) =

2𝜋
𝜆
(sin 𝜃 cos 𝜙, sin 𝜃 sin 𝜙, cos 𝜃). (3.2)
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where 𝜙 and 𝜃 are the azimuth and elevation angle, respectively. In order to steer the beam to a
required direction [32] can be calculated as

Δ𝜙PS =
2𝜋
𝜆
𝑑. sin(𝜃s). (3.3)

In equation 3.3, 𝑑 is the antenna spacing, 𝜆 is the wavelength and 𝜃𝑠 is the desired steering
angle. This means that the next phase shifter will adjust the phase delay between the output
signals from each of the element. It will ensure that are all in phase with one another so the
output signal travels in the same direction as one another. With a large array gain, it is possible
to obtain a coherent output signal by summarizing the signal of each element [30]. The other
incoming signals, which will come in from a different angle, on the other hand, will not be
summarized coherently at the array output. This will result in significant attenuation in the
output signal. Every communication system is composed of several components, each of which
plays an important role in the data stream transmission from one point to another point. An
illustration of a typical phased array transmitter and receiver is shown in Figure 3.1.

Figure 3.1: An illustration of a typical phased array transmitter and receiver.

3.2 Different LO Strategies for Multi-Beam Systems

There are several ways to implement LO generation and distribution. Different LO strategies
have advantages and disadvantages in performance, area, power consumption, complexity and
cost. There are two types of oscillators that are most commonly used, free-running oscillators
and phased-locked loop oscillators. Phase locking is a method in which a system suffers from
a very low PN, which can be understood as a zero mean stationary random process. The PN
resulting from a free-running system is modelled as a Wiener process that contains a Gaussian
distribution [33],[34] of increments between sampling instants.
According to the transceiver architecture and implementation, the PN between different RF
chains can be correlated when all its RF chains are capable of sharing the same LO. Therefore,
all of its RF chains also experience the same rotation at the same time. Conversely, when each
RF chain is equipped with its own LOs and is equipped with independent RF chains, the PN is
uncorrelated [35].
A number of different distribution architectures for LOs are presented in Figure 3.2 [6]. A



18

common LO is distributed to each antenna element can be seen in Figure 3.2a, with the desired
PN profile. Therefore, a large amount of power will be consumed by the LO distribution
buffers in this scenario in order for the network to overcome the large losses associated with LO
distribution to each element. Another approach is to use separate LO for each antenna element
as shown in Figure 3.2b. Due to the short mmW distribution, the power consumption in this
scenario is dominated by LOs. However, by averaging the uncorrelated noise of individual
oscillators, one will be able to determine that the combined power of the VCOs in independents
equals the combined power of all the VCOs in commons [36].
There are several disadvantages of this solution, including the mismatch between the VCOs. An
alternative but the more robust method is generating a superior quality LO signal through PLL
and distributing it to mixers to produce a reliable LO signal, as shown in blocked-based LO in
Figure 3.2c.

3.3 Shared LO and Independent LO Distribution Network

In this thesis, we are considering two types of LO routing, shared and independent, as discussed
in the previous section. Considering a shared LO case, we assume that we have a common LO
signal having the same path length serving two phased arrays in the far field, and in the later
case, we will also see the independent LO distribution. Fig 3.3, represents the transmission side
block diagram for two paths that shared a typical LO. We have generated the LO signal using
PLL which acts as a feedback control system as shown in Fig 2.1. The architecture consists
of a charge pump, and PFD has been used in PLLs; PFD is used to detect frequencies when
out-of-phase and acts as a phase detector when the loop is locked. The charge pump (CP)
converts the PFD’s digital pulses into current pulses, which are then injected into the loop filter.
CP pulses are then attenuated by the loop filter, resulting in a control signal to the VCO. The
VCO generates an RF output signal. This signal is then divided by a frequency divider and
compared to the reference signal in the PFD, closing the feedback loop. The LO signal is then
distributed in different paths and then uses a multiplier to generate a high-frequency/desired LO
signal. Considering that normally the PLL operates at a lower frequency rather than desired LO
frequency. The carrier-generated LO signal is then multiplied with the IF or baseband signal at
the mixer to generate the RF signal. The RF signal is then fed into the phased array model which
is given as 𝐻 ( 𝑓 , 𝜑, 𝜃), where we assume that the channel is narrowband and 𝜑, 𝜃 represents the
azimuth and elevation angle at the receiver end. The resultant signal from different paths is
added at the summing node before sending it to the far field where the phased array serves a
user. The IF signal is given in equation 3.5.
The same scenario for the transmission side can be seen in Figure 3.4 where an independent LO
signal is shared to each mixer rather than common as shown in Figure 3.3. Let us denote the
LO signal with PN which can be written as

𝑥LO(𝑡) = 𝑒𝑥𝑝 ( 𝑗2𝜋 𝑓 𝑐+𝜙𝑖) . (3.4)

Where 𝑓𝑐 is the carrier frequency, 𝜙i is the phase shift at carrier frequency. The IF signal can be
written as

𝑥 = 𝑒𝑥𝑝 𝑗2𝜋 𝑓 o𝑡 . (3.5)

In Equation 3.5, 𝑓𝑜 represents baseband frequency and 𝑡 represents the time. Note that here we
assume that input signal is continuous wave signal, in a later case we also simulate our simulator
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with modulated QAM signal to see the behavior of phase noise.
The independent LO case can be seen in Figure 3.4, where a separate LO/PLL is used for each

phased array. In order to produce the desired LO signal, a multiplier is used in each path to
achieve the desired LO signal, followed by a mixer where the carrier LO signal is multiplied by
the IF signal to generate the RF signal. After each path has generated its resultant signal, the
resultant signals are then combined in the user direction in the far field where it served a user.
At the receiver end, Figure 3.5 shows a receiver with two phased arrays; each array is equipped

with an antenna and low noise amplifier (LNA) and phase shifter where the analog beamforming
is performed for each phased array. The two phased arrays are then connected to separate mixers
where a shared LO signal is multiplied by the RF signal to get the IF or baseband signal. The
output signal from the mixers is then passed through an LPF to remove unwanted high-frequency
components that might have been introduced during the processing, and it helps to make sure
that only a required one has to pass through an analog-to-digital converter. The ADC is then used
to convert the analog IF signal to a digital signal use techniques such as digital beamforming can
be used to process digital signals to extract the desired signal from the noise and interference in
the signal.
The same scenario can be seen in Figure 3.6, but having independent LO/PLLs rather than
common LO is being shared with each mixer. In later simulations, we will see how we can
use both shared and independent LO cases or methods to reduce PN as it limits signal quality,
especially in higher carrier frequencies and having wider bandwidths. We will also see if we
can improve SNR with more than two paths. Also, we will also perform the simulation with
modulated signal and will analyze how the PN can affect/ reduce the error vector magnitude
(EVM) at the receiver end.
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(a) Common LO

(b) Independent LO

(c) Blocked-based LO
Figure 3.2: Three alternative LO routing strategies for multi-array system [6]: (a) common LO,
(b) independent LO, and (c) block-based LO scheme.



21

Figure 3.3: Shows transmission side block diagram of the model, two paths share a common
LO and then multiplied with a multiplier in order to get the desired LO signal, followed by a
mixer where the carrier LO signal is multiplied with the IF signal to generate the RF signal.
After each path has generated its resultant signal, the resultant signals are then combined in the
user direction in the far field where it served a user.

Figure 3.4: Shows transmission side block diagram of the model, two paths having an Indepen-
dent LO signal with the same path lengths and then the LO signal is multiplied with a multiplier
in order to get the desired LO signal, followed by a mixer where the LO signal is multiplied
with the baseband or IF signal. After each path has generated its resultant signal, the resultant
signals are then combined in the user direction in the far field where it served a user.
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Figure 3.5: Shows receiver side block diagram of the model, two paths shared a common LO
signal which is then with same path lengths to two separate mixers and multiplier is being used
in each path to get the desired LO signal. The IF signal is then generated by mixing the LO
signal with the incoming RF signal and then passing through LPF which helps to make sure that
only the desired signal is passed to ADC which converts the IF signal to a digital signal.

Figure 3.6: Shows receiver side block diagram of the model, two paths shared an independent
LO signal which is then with same path lengths to two separate mixers and multiplier is being
used in each path to get the desired LO signal. The IF signal is then generated by mixing the
LO signal with the incoming RF signal and then passing through LPF which helps to make sure
that only the desired signal is passed to ADC which converts the IF signal to a digital signal.
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4 PHASE NOISE ANALYSIS IN MULTI-BEAM SYSTEMS

There has been an unprecedented rise in possibilities for next-generation mobile networks as
a result of millimeter-wave communications in recent years. In the mmW system, frequencies
range from 30 GHz − 300 GHz. The next-generation wireless communication system will pro-
vide high gigabits per second (Gbs) at mmW frequencies. When compared to the 4G system,
millimeter waves have a higher frequency range [9]. Many users require a faster and more
spectrum-efficient communication system to handle applications with higher data rates. The
actual performance of real communication systems can vary depending on the assumptions that
are made about the imperfections in the system design, such as channel estimation errors and
hardware limitations, but these can still outperform the capacity limits [37]. A major problem
that modern digital communication systems face is the existence of oscillator phase noise, which
is becoming a limiting factor when it comes to high data rate systems that employ dense constel-
lations that are severely hampered by phase noise, limiting the performance significantly [12].
Phase noise increases with an increase in carrier frequency, so systems with high carrier fre-
quencies may suffer from worse phase noise. In mmW, using higher frequencies results in
significant phase noise, shadowing, attenuation, and path loss. A major disadvantage of mmW
is a significant increase in PN that occurs due to high carrier frequencies, which adversely affects
the system performance [38]. A communication link’s performance is significantly affected by
PN. The multiplicative nature of PN makes it difficult to counteract additive noise by increasing
the power of the signal [39]. The result of this is that it leads to distortions that scale with the
power of the signal, and subsequently, the performance floor of an oscillator can only decrease
by reducing the power of the oscillator in order to reduce distortion.
In the multibeam PN can have a significant effect on the performance of a communication
system, and therefore it is crucial to analyze and understand the optimal performance. It can
be due to multiple factors, such as thermal noise in the LO signal. In the Sections 4.2 - 4.3,
different LO architectures were studied for both shared LO and independent LO cases. Also,
the simulations are performed with continuous wave signals and as well as with single-carrier
QAM waveform.

4.1 Spatial Behavior of Phase Noise

As discussed earlier, the PN of a signal can be defined as the random fluctuations of a signal phase
over time. This random fluctuation can negatively impact the performance of a multibeam system
depending on the way the beams are aligned as it cause error in steering direction, resulting in
reduced gain and increased interference in the communication system [40]. PN can be measured
at different points within the system or can be predicated by simulations and mathematical
models. The level of PN can visualize by its PSD. LO sharing strategy has major impact on the
spatial behavior of the phase noise. This is due to the fact that it determines whether the phase
noise is similar over the antenna paths or not. The LO sharing strategy is highly dependent on
the overall beamforming architecture, i.e. weather the antenna paths have the same or different
digital signal chain. In the literature, these are often referred to as fully digital beamforming
[41], analog beamforming, or a mixture of them, often called as hybrid beamforming [42]. In
this thesis, we mainly focus on architecture with multiple phased arrays that intend to make a
common beamformer. In the next sections, a detailed discussion is covered for both shared and
Independent LO case that how we applied phase noise compensation approach. In later sections
4.2 - 4.3, a detailed discussion is covered for both shared and Independent routing along with
the comparison of simulation results, and we also discussed how it affects the PN. Furthermore,



24

we also compared both shared and independent LO cases with two different signals, such that in
case one we assume we have the baseband input to be a continuous wave signal, and secondly
we assumed that we baseband signal is a modulated QAM signal to see PN behavior.

4.1.1 Phase noise compensation technique

Phase noise is critical in a multibeam system because it affects the phase stability of beams
and, as a result, impacts the quality of the combined beam at the receiver end. To tackle
this problem, the receiver can be more robust in estimating the carrier phase by introducing
array level PN compensation technique which use lower offset frequency pilot symbols into
the data sequence [43]. The pilot repetition sequence (PRS) periodically transmits a repetitive
set of predefined values. The PRS allows the receiver to estimate the PN introduced during
transmission. Reference signals are generally used in frame structures of various waveform
types. For example, PTRS is used in 5GNR systems for phase tracking [44],[45]. The receiver
can use periodic transmissions of the known values to determine the phase error introduced by
comparing the received values with the expected values. As a result, the received signal can
be adjusted, and PN can be compensated for by using this phase error. In this section, we have
considered two scenarios for PN compensation using PRS and see how we can get some benefit
at the user end. Firstly, the first received signals from the phased arrays are summed and then
compensated for the PN for lower offset frequencies. Secondly, we compensate for received
signals separately and then combine the resultant signal as for the shared LO case it can be seen
in Figure 4.1, and for the independent LO case it can be seen in Figure 4.2. The same scenario
is also repeated for the four phased arrays also and results are discussed later in this chapter.
Figure 4.3, shows phase noise cancellation is performed in the time domain and the running

Figure 4.1: This figure shows PN compensation approaches applied for shared LO case. Firstly,
the first received signals (y1 and y2) from the phased arrays are summed and then compensated
for the PN for lower offset frequencies. Secondly, we compensate for received signals (y1 and
y2) separately and then combine the resultant signal at the receiver end.
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Figure 4.2: This figure shows PN compensation approaches applied for independent LO case.
Firstly, the first received signals (y1 and y2) from the phased arrays are summed and then
compensated for the PN for lower offset frequencies. Secondly, we compensate for received
signals (y1 and y2) separately and then combine the resultant signal at the receiver end.

mean average is used over 10 samples having a cutoff frequency of 8 𝑀ℎ𝑧. The average running
mean helps smooth out noisy data [46]. Using the average mean over ten sample means, which
make a fixed-size window, we calculated the mean of the first 10 data points, then the mean of
the second through eleventh data points, and so on. The window size remains constant at 10,
and the mean is calculated for each consecutive set of 10 data points.

Figure 4.3: The Figure illustrates phase noise cancellation at lower frequencies and response
without and with PN cancellation for both independent and shared LO cases in time domain.
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4.2 Phase Noise in Multi-Beam Combining with Shared LO Distribution

In Section 4.2.1 we run the simulations to model the effects of PN in multibeam combining with
shared LO distribution. In this simulation, we have used the PN model which is demonstrated in
detail in Section 2.3 and the model can be seen in Figure 2.5 with having simulation parameters
bandwidth of 𝐹𝑠 = 10 GHz carrier frequency 𝐹𝑐 = 300 GHz. In Section 4.2.2, the simulations
have been carried out with more complex signals such as 16-QAM signal with root raised
cosine (RRC) pulse shaping having roll-off factor of (0.35) and symbol rate of 1 GHz. The
oversampling factor with pulse shaping filter is four which results in four samples per symbol.
Furthermore, received signal constellations and the corresponding EVMs are also calculated.

4.2.1 Simulations with continuous wave

Figure 4.4, shows the received LO phase noise spectra of two phased arrays sum in the far field
for shared LO case when there is no phase noise compensation involved. As can be seen from
the spectrum in Figure 4.4, the actual signal in the main band i.e, at 300 GHz and the noise on
the rest of the band from low frequency (295 GHz) to high frequency (305 GHz) and the SNR
is calculated over the entire 10 GHz band. As can be seen in Figure 4.4 having the SNR value
roughly of 12 dB. As the SNR is dominated by the PN at low offset frequencies, PN cancellation
is needed for these lower offset frequencies to see the actual SNR improvement.
As discussed earlier in Section 4.1.1, here the focus is on two different scenarios; Firstly, the

Figure 4.4: Received LO phase noise spectra of two phased arrays sum in the far field for shared
LO case when there is no phase noise compensation.

array responses are added, and then the phase noise compensation technique is applied to the
resultant signal for both two phased arrays and four phased arrays for shared LO cases where
the same LO signal is shared for both two and four phased array cases. Figures 4.5 - 4.6,
shows the received signal spectrum for two phased arrays and four phased arrays with shared
LO where array responses are first added at the receiver end and then the resultant signal is
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being compensated for lower offset frequencies respectively. Secondly, the PN compensation is
applied to each array independently and then summed together to get the resultant received signal
at the receiver end as shown in Figure 4.7 which indicates the case for two phased arrays and
Figure 4.8 for four phased arrays scenario. Applying the array-level compensation technique as
explained in section 4.1.1 , we have seen around 3 dB SNR improvement with respect to the case
when we don’t have any array-level PN compensation for lower offset frequencies. Furthermore,
we do not get any benefit from the shared LO case where we applied independent compensation
for both two array cases and four arrays cases, as it can be seen that there is no change in SNR
values and also on the noise floor level concerning the case where PN compensation is applied
after adding the array responses due to the fact the noise source is correlated, by adding the
signal also add the same noise and the ratio remains the same and that’s why we don’t get any
benefit. However, the power level of the signal in the main band, i.e., at 300 GHz, is different in
different cases for two-phased array cases; the power level is −34 dB, and for four-phased array
cases the power level is −28 dB is due to the fact that the noise power in the resulting signal will
increase linearly with the number of signals combined, if the combined signals are of the same
amplitude and fully correlated with each other, i.e., their noises are also perfectly correlated. In
this simulation where signals are added, for example, the noise power in the resulting signal will
be twice of each signal individually if they are added together. This is because the noise power
of each signal will be increased by adding the signals.

Figure 4.5: Received signal spectrum for two phased arrays with shared LO where array
responses are first added at the receiver end and then the resultant signal is compensated for
lower offset frequencies.

4.2.2 Simulations with modulated signal

In this section, the simulations for shared LOs have been carried out with SC-QAM modulated
signals, and LOs PN spectra can be seen in Figure 4.9 when no PN compensation is involved.
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Figure 4.6: Received signal spectrum for 4 phased arrays with shared LO where array responses
are first added at the receiver end and then the resultant signal is being compensated for lower
offset frequencies.

Figure 4.7: Received signal spectrum for two shared LO Case phased arrays where array
responses are first compensated independently for lower offset frequencies at the receiver end
and then combine the array outputs.

In order to observe the effects of PN on the signal quality of the combined array output, we
analyzed the received signal spectrum of the combined array output where the SNR value is
dominated by lower offset frequencies which are approximate 15.6 dB and its constellation plot
can be seen in Figure 4.10 having EVM approximately 16.55%. We need PN cancellation
at a lower offset frequency to see the actual improvement in SNR. In the case where the PN
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Figure 4.8: Received signal spectrum for 4 shared LO Case phased arrays where array responses
are first compensated independently for lower offset frequencies at the receiver end and then
combine the array outputs.

compensation is applied to the resultant signal. The two-phased array system performance was
improved as can be in Figure 4.11, as the increase in SNR improvement from 15.6 dB to 21 dB
and EVM is also decreased from 16.55% to 7.98% which is also can be seen in Figure 4.10 and
Figure 4.12, respectively. From these results, we can say that the signal strength has increased
significantly, and a much lower level of distortion and noise can be seen with respect to the case
when there is no PN compensation involved. Secondly, the scenario where PN compensation
is applied to each array response independently and then added to the resultant responses. The
SNR value and EVM are almost the same such that., SNR is around 21 dB and EVM is around
8% as shown in Figures 4.15 - 4.16. There is no significant difference in the performance of
the system, and it is due to correlated LO noise which is shared to each phased array in this
case. The same trend can be seen in the four phased arrays scenario, as shown in Figures 4.13 -
4.14 and Figures 4.17 - 4.18 for both cases when the compensation technique is applied to the
resultant signal and in the case where it is applied to each array response independently, which
shows the same constant and scalable improvements with the number of phased arrays. A shared
LO case illustrates the substantial impact of PN on phased array performance and emphasizes
the need to mitigate its effects through appropriate compensation techniques.

4.3 Phase Noise in Multi-Beam Combining with Independent LO Distribution

In the previous section, we discussed different scenarios for shared LO cases with both CW
and QAM signals and observe the impact of PN. The simulation will be run in Section 4.3.1 in
order to model the effects of PN in multibeam combining for independent LO distribution. The
3GGP PN model has been used in these simulations and the model described in detail in chapter
2 in Section 2.3 as the model can be seen in Figure 2.5 with simulation parameters having a
bandwidth of 𝐹s = 10 GHz and carrier frequency 𝐹c = 300 GHz. A detailed examination of
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Figure 4.9: Received LO phase noise spectra of two phased arrays sum in the far field for shared
LO case with 16 QAM modulated signal and no phase noise compensation involved.

Figure 4.10: Received signal constellation and EVM analysis for LO phase noise for two phased
arrays in shared LO case with 16-QAM modulated signal and without phase noise compensation.

the effect on EVM and how the constellation plot can be examined with respect to EVM values
for different scenarios, the simulation will be conducted in Section 4.3.2 with a more complex
signal such as 16-QAM signal with root raised cosine (RRC) pulse shaping having roll-off factor
of (0.35) and symbol rate of 1 GHz. The oversampling factor with the pulse shaping filter is
four, which results in four samples per symbol.
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Figure 4.11: Received signal spectrum of two phased arrays summed in the far field for shared
LO case with 16-QAM modulated signal and phase noise compensation at low offset frequency
(compensating resultant signal after adding array responses at the receiver end).

Figure 4.12: Received signal constellation and EVM analysis of two phased arrays summed in
far field for shared LO case with 16-QAM modulated signal and phase noise compensation at
low offset frequency (compensating resultant signal after adding array responses at the receiver
end).
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Figure 4.13: Received signal spectrum of 4 phased arrays summed in the far field for shared
LO case with 16-QAM modulated signal and phase noise compensation at low offset frequency
(compensating resultant signal after adding array responses at the receiver end).

Figure 4.14: Received signal constellation and EVM analysis of 4 phased arrays summed in
far field for shared LO case with 16-QAM modulated signal and phase noise compensation at
low offset frequency (compensating resultant signal after adding array responses at the receiver
end).

4.3.1 Simulations with continuous wave

As can be seen in the below figures, which illustrate three different scenarios, which are analyzed
with the aim of how the PN compensation technique impacts the performance of two and four
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Figure 4.15: Received signal spectrum of two phased arrays summed in the far field for shared
LO case with 16-QAM modulated signal and phase noise compensation at low offset frequency
(compensating each array response independently before adding array responses at the receiver
end).

Figure 4.16: Received signal constellation and EVM analysis of two phased arrays summed in
the far field for shared LO case with 16-QAM modulated signal and phase noise compensation
at low offset frequency (compensating each array response independently before adding array
responses at the receiver end).
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Figure 4.17: Received signal spectrum of 4 phased arrays summed in the far field for shared
LO case with 16-QAM modulated signal and phase noise compensation at low offset frequency
(compensating each array response independently before adding array responses at the receiver
end).

Figure 4.18: Received signal constellation and EVM analysis of 4 phased arrays summed in
the far field for shared LO case with 16-QAM modulated signal and phase noise compensation
at low offset frequency (compensating each array response independently before adding array
responses at the receiver end).

phased arrays with independent LOs means that the noise sources are independent. Figure 4.19
shows LOs PN spectra when there is no PN compensation technique applied and the variation in
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SNR value is such that from 2 dB - 20 dB, as shown in Figure 4.22. In the second case where PN
compensation is applied to the resultant signal at the receiver end for both two and four phased
arrays as illustrated in Figures 4.20 - 4.21. Note that in independent LOs, It was observed that
using independent LOs over the antenna elements decreases the signal level due to the fact that
the PN sources are independent, and at the receiver end, the independent noise sources can
either add up constructively or destructively, thus causing the overall noise power to vary and
thus causing the noise power to vary and also the signal power to vary due to noise in the actual
signal band i.e., at 300 GHz. A Monte Carlo simulation, both 100 times and 1000 times, was
performed to account for this variation. The SNR values achieved for 100 and 1000 simulations
ranged from 1.5 dB - 20 dB as shown in Figures 4.22 - 4.23. To account for the problem of
array gain, which is due to independent LOs at the receiver end, first, we need to apply the PN
compensation technique for each array response separately before adding the resultant signal at
the receiver end. Now, as a result, the SNR value for two phased arrays is around 18 dB, and for
four phased arrays is approximate 19.50 dB, as shown in Figures 4.24 - 4.25. It makes sure that
the signals within the band add constructively when we do PN compensation before combining
the result, and signal out of the band which is just incoherent noise so that’s why they don’t
double the noise as the signal doubles.

Figure 4.19: Received LO phase noise spectra of 2 phased arrays sum in the far field for
independent LO case when there is no phase noise compensation.

4.3.2 Simulations with modulated signal

This section will discuss the same different scenarios discussed in the previous Section 4.3.1 for
independent LOs with modulated SC-QAM signals for both two and four phased arrays, as seen
in Figure 4.26, where only LO phase noise spectra can be seen as there is no PN compensation
involved. The SNR is approximate 19 dB, and the EVM calculation for this SNR value can be
seen in the received signal constellation in Figure 4.27, which is around 10.84%. As low SNR
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Figure 4.20: Two Independent LO case where array responses are first added at the receiver end
and then compensated the resultant for lower offset frequencies.

Figure 4.21: 4 Independent LO case where array responses are first added at the receiver end
and then compensated the resultant for lower offset frequencies.

and high EVM values indicate that the received signal has a high noise level and low signal
quality, we need to apply some phase noise compensation techniques to reduce this effect. We
simulated two different scenarios; in the first one, we applied the PN compensation technique
after adding the array responses. In the latter case, we first applied PN compensation to each
array response independently and then added it to the resultant signal at the receiver end. It can
be seen in Figures 4.28 - 4.29 where PN compensation is applied to the resultant signal for two
phased arrays with an SNR value of 24.4 dB and an EVM of 6.30% and in Figures 4.30 - 4.31
for four phased arrays having an SNR of 25.5 dB and EVM of 5.26% approximately. The last
scenario involves applying PN compensation techniques to each array response independently
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Figure 4.22: Variations in SNR in independent LOs continuous wave signal due to independent
noise sources. A Monte Carlo simulation analysis is used to quantify these variations. The
Figure illustrate a histogram and realization over 100 times.

Figure 4.23: Variations in SNR in independent LOs for continuous wave signal due to indepen-
dent noise sources. A Monte Carlo simulation analysis is used to quantify these variations. The
Figure illustrate a histogram and realization over 1000 times.

and adding it to the resultant signal. Figures 4.34 - 4.35 shows two phased array cases with
having an SNR of 24.35 dB and an EVM of 6.06%, and in Figures 4.36 - 4.37 for four phased
arrays having an SNR of 25.51 dB and an EVM of 5.30% roughly. As in the independent LOs
case, we have a problem with array gain since noise sources are independent, which means we
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Figure 4.24: Two Independent LO case where array responses are first compensated and then
add the resultant at the receiver end for lower offset frequencies.

Figure 4.25: 4 Independent LO case where array responses are first compensated and then add
the resultant at the receiver end for lower offset frequencies.

might end up with low or even negative SNR. To tackle this issue Monte Carlo simulations for
100 and 1000 realization were performed to catch these SNR fluctuations, as shown in Figures
4.32 - 4.23. It is evident from the comparison of results from the two techniques used in
applying for PN compensation independently to each array response before adding the resultant
signal. This results in better SNR and EVM results than when we apply the PN compensation
techniques after combing it first at the receiver end. So, compensating for PN at the array level
helps reduce PN in the signal before it is combined. As we can see PN significantly improves
over no compensation from SNR of 19.30 dB to 25.51 dB and EVM from 10.84% to 5.30%. It
is concluded from these simulations that time domain PN compensation techniques are precious
for improving phased array system performance.
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Figure 4.26: Received LO phase noise spectra of two phased arrays sum in the far field
for independent LO case with 16 QAM modulated signal and no phase noise compensation
involved.

Figure 4.27: Received signal constellation and EVM analysis were conducted for two phased
arrays for independent LO phase noise with 16-QAM modulated signal and without phase noise
compensation.
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Figure 4.28: Received signal spectrum of two phased arrays summed in the far field for indepen-
dent LO case with 16-QAM modulated signal and phase noise compensation at the low offset
frequencies (compensating resultant signal after adding array responses at the receiver end).

Figure 4.29: Received signal constellation and EVM analysis of two phased arrays summed in the
far field for independent LO case with 16-QAM modulated signal and phase noise compensation
at the low offset frequencies (compensating resultant signal after adding array responses at the
receiver end).



41

Figure 4.30: Received signal spectrum of four phased arrays summed in the far field for
independent LO case with 16-QAM modulated signal and phase noise compensation at the low
offset frequencies (compensating resultant signal after adding array responses at the receiver
end).

Figure 4.31: Received signal constellation and EVM analysis of four phased arrays summed
in the far field for independent LO case with 16-QAM modulated signal and phase noise
compensation at the low offset frequencies (compensating resultant signal after adding array
responses at the receiver end).
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Figure 4.32: Variations in SNR in independent LOs for modulated signal due to independent
noise sources. A Monte Carlo simulation analysis is used to quantify these variations over 100
realizations.

Figure 4.33: Variations in SNR in independent LOs for modulated signal due to independent
noise sources. A Monte Carlo simulation analysis is used to quantify these variations over 1000
realizations.
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Figure 4.34: Received signal spectrum of two phased arrays summed in the far field for indepen-
dent LO case with 16-QAM modulated signal and phase noise compensation at the low offset
frequencies (compensating each array response independently before adding array responses at
the receiver end).

Figure 4.35: Received signal constellation and EVM analysis of two phased arrays summed in the
far field for independent LO case with 16-QAM modulated signal and phase noise compensation
at the low offset frequencies (compensating each array response independently before adding
array responses at the receiver end).
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Figure 4.36: Received signal spectrum of four phased arrays summed in the far field for
independent LO case with 16-QAM modulated signal and phase noise compensation at the
low offset frequencies (compensating each array response independently before adding array
responses at the receiver end).

Figure 4.37: Received signal constellation and EVM analysis of four phased arrays summed
in the far field for independent LO case with 16-QAM modulated signal and phase noise
compensation at the low offset frequencies (compensating each array response independently
before adding array responses at the receiver end).



45

5 CONCLUSION AND DISCUSSION

Understanding and modeling PN are crucial to develop high-performance communication sys-
tems. In a communication system, PN occurs when a signal fluctuates in phase, resulting in
lowered performance and signal quality. Because of the high carrier frequency and the require-
ment to achieve accurate beamforming in mmW systems, PN can be particularly challenging.
It is imperative to consider stable LO signal generation as an essential factor in mitigating the
impact of phase noise in mmW beamforming systems. In order to provide a comprehensive
understanding of the issue of phase noise, it is necessary to be able to analyze the behavior of
PN in different domains.
A comprehensive analysis of the effect of PN on the mmW beamforming system was presented
in this thesis. Chapter 1 discussed the basic motivation and a background overview of PN
issues in communication systems. In Chapter 2, several fundamental aspects of PN have been
discussed in detail. The impact of PN in mmW phased array system was studied using different
LO routing architectures for multi-array transceivers in Chapter 3 and 4. Additionally, two
different LO strategies were discussed for multibeam systems, one of which was to use a shared
LO distribution network. The other was to use an independent LO distribution network where
separate LOs serve each mixer. The simulations use CW signal and SC-QAM waveforms to
calculate and compare the EVM improvements. Simulations were performed in MATLAB, as
the results are discussed in the next paragraph.
In this thesis phase noise compensation technique is applied in two different ways as discussed
previously; first, sum the array responses and apply for sample/symbol level PN compensation
to the resultant signal at the receiver end; secondly, first, apply PN compensation to each array
response independently and then add the resulting signal. Section 4.2 examines the effect of PN
on multibeam combining with shared LO distributions. Simulating with CW signal, compared
to the case when there is no PN compensation was applied, the simulations show an 3 dB SNR
improvement ( from 12.37 dB − 15.27 dB ) in SNR when the PN compensation technique was
applied to the resultant signal. It was found that both two and four phased arrays did not benefit
from the shared LO case when the independent compensation was applied it’s because the noise
source is correlated. The simulation is also performed with the modulated signal as a result
of compensating for PN, SNR, and EVM improvements. When PN compensation was applied
to the modulated resultant signal, a significant increase in SNR was achieved from 15.6 dB to
21 dB, and a substantial decrease in EVM was observed from 16.55% to 7.98%. It has been
observed that similar results can be obtained by applying for PN compensation independently
to each array response before summing the results in the case of the modulated signal.
Section 4.3 examined the impact of PN on multibeam combined with independent LO distri-
butions. Using continuous wave signals for two- and four phased arrays when symbol/sample
level PN compensation is applied. It was observed that using independent LOs over the antenna
elements decreases the signal level due to the fact that the signals may not combine coherently
due to the independent phase noise, which causes variations in SNR values; MC simulations
were performed to account for this problem. To overcome the problem of array gain due to inde-
pendent LOs at the receiver end, PN compensation is applied separately to each array response.
This technique results in higher SNR values for both two and four phased arrays, ensuring con-
structive addition of signals within the band and avoiding noise doubling out of the band, which
results in a 18 dB for two-phased and 19 dB for four phased arrays. This SNR improvement is
3 dB more than the shared LO case. For modulated signal, when PN compensation is applied
to the resultant signal, there is a significant improvement in SNR and EVM values; two phased
arrays have an SNR of around 24.5 dB and an EVM of 6.30%, and for four phased arrays,
these values are 25.5 dB and 5.26% calculating PN compensation independently to each array
response before summing the results in the case of the modulated signal. For two phased arrays
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having an SNR of around 24.35 dB and an EVM of 6.06%, and for four phased arrays, these
values are 25.5 dB and 5.26%, which is almost similar to the case when PN compensation is
applied to the resultant signal.
To summarize this, it is concluded that in order to increase the signal strength of an array
response, PN compensation is applied independently to each array response before adding the
resultant signal can benefit more. Using this technique, we achieve better SNR and EVM results
than if we combined the PN compensation techniques at the receiver end before applying the
PN compensation techniques. So, compensating for PN at the array level helps reduce phase
noise in the signal before it is combined. As we can see, PN significantly improves over no
compensation from SNR of 15.62 dB to 21.95 dB and EVM from 16.55 % to 7.98 % for shared
LO. In addition, SNR improves over no compensation from 19.30 dB to 25.51 dB and EVM
from 10.84 % to 5.30 % in independent LO cases. Based on these simulation results, it is
concluded that array-level PN compensation techniques are essential for improving phased array
systems, but they also increase the complexity of the receiver processing. It is also concluded
that the simple level technique works for slow variation, and the array level technique works for
fast variation.
Although this study contributed significantly to our understanding of phase noise, future studies
should address a few limitations. It is also concluded that the same phase noise in signal paths
is the same phase noise in the receiver in one path. Different phase noise in signal paths does
not sum entirely coherently, which makes amplitude variations that impact the overall SNR in
two different ways: it decreases the overall signal level and adds amplitude noise to it. In the
future it may be that it needs to be considered in compensation such that the compensation is
not only for a phase but also for amplitude.
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