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Abstract

With the development of fifth-generation (5G) communication networks, in order to meet

the growing demand for high-speed and low-latency wireless communication services, chan-

nel capacity has become the main driving force for choosing millimeter wave (mm-wave)

over over-crowded sub-6 GHz frequency bands. Recently, beamforming phased array at-

tracts significant research efforts as it is a promising solution and unique in its ability

to overcome the high path-loss at high frequency, provide fast beam steering and deliver

better user-ends experience. However, to alleviate the issues that associated with beam-

forming phased array, such as imbalance between array elements and non-linearity caused

by power-amplifiers (PAs) in beamforming channels, far-field (FF) based array calibration

and digital pre-distortion (DPD) need to be performed, which is not practical in real world

scenario.

This thesis presents a low-cost 16-element dual-polarized mm-wave antenna-on-printed

circuit board (PCB) transmitter RF beamforming array with embedded near-field probes

(NFPs) at 37-40 GHz. The elements are orthogonal, proximity-coupled feed dual-polarized

patch antenna with a spacing of 0.5� within 2x2 subarray and 0.6� between 2x2 subarray

at 38.5 GHz, resulting in maximum 17.7 dB gain with a scan angle of +/-50�, +/-20� in az-

imuth and +/-20�, +/-50� in elevation for vertical polarization and horizontal polarization,

respectively. Without affecting phased array performance, the NFPs achieve flat and com-

parable coupling magnitude and group delay to the closet RF chain for both polarizations,

across operating frequency range. This ensures the quality of received output signal from

phased array to implement array calibration and DPD. The configuration of embedded

NFPs maintains the scalability of phased array and eliminate the needs of impractical FF

reference probe for array calibration and DPD.
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Chapter 1

Introduction

1.1 Motivation

Wireless communication has profoundly changed people's lives for the past decades. In

order to cope with the explosive data tra�c growth, massive device connections and con-

tinuously surged new business scenarios (e.g. The Internet of Things market is forecast

to grow from an installed base of 15.4 billion devices in 2015 to 75.4 billion in 2025 [33]),

the �fth-generation mobile communications system came into being. It is well known that

spectrum is the most important but scarce resource in the 5G era, there are two major

types of frequency ranges have been assigned to 5G: Sub-6 GHz and mm-wave.

Compared with the frequency bands below 6 GHz, which is very crowded and has been

already occupied by many existing applications (Fig. 1.1), the mm-wave frequency band

still waits to be explored and utilized. The biggest advantage of the mm-wave band is its

high speed and high bandwidth. Frequency are like carriages, the higher the frequency, the

more carriages, and the more information can be loaded within the same time. In theory,

the sub-6 GHz band system can use a maximum bandwidth of 100 MHz and a maximum

data transfer rate of 1 Gbps; while the mm-wave band can provide a large available band-

width above 800 MHz, so it can support a peak data rate of several Gbps. In fact, as

indicated in Fig. 1.2, the actual test result shows that the average mm-wave download
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speeds is about 4 times that of the Sub-6 GHz band and the peak download speeds can

even reach above 2 Gbps. In the past, mm-wave were mostly used in aerospace industries

such as satellites and military. In recent years, due to the requirements of achieving high

data rates and low latency real-time operation in many daily life applications, such as ar-

ti�cial intelligence, self-driving cars and high de�nition streaming, millimeter-wave starts

to attract more research e�orts than ever.

Figure 1.1: Major wireless technologies on radio wave spectrum [1]

2



Figure 1.2: Download speeds comparison of Sub-6GHz and mm-wave [2]

1.2 Problem Statement

Despite its larger modulation bandwidths thus higher channel capacity than sub-6 GHz

systems, many challenges and hardware design complexities arise along with the migration

to mmWave frequency bands. The �rst notable issue is high free-space path loss (FSPL),

which can be expressed as:

FSPL[dB] = 10 log10

�� 4�df
c0

� 2�
(1.1)

where d is the distance between transmitter and receiver,c0 is the speed of light in free

space andf is the carrier frequencies of transmitted signal. Hence, if signal transmits in

free space, with �xed distanced, the higher the frequencies, the higher the FSPL. In other
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words, the coverage area of mm-wave transceiver base stations is limited when compared

to their sub-6 GHz peers.

Fortunately, beamforming phased array has been proved to be a promising solution to

alleviate high FSPL at mm-wave bands. This is because that the antenna gains are propor-

tional to the frequency squared for a �xed physical aperture size, which means transmitter

and receiver antenna provide more compensation to the FSPL at higher frequencies. How-

ever, 5G mm-wave base station requires more antenna elements to be installed, which

makes array calibration more complicated. Ideally, to achieve the precise beamforming to

meet 5G communications standard, each element is supposed to transmit or receive the

same signal with only phase and magnitude being di�erent. Limited by the manufacture

tolerance, the actual antenna array may have a large initial phase error, which will lead to

beamforming distortion and seriously a�ect the signal quality.

To generate higher transmitted power, PAs are the key components in beamforming

phased array systems. The 5G new radio (NR) standard speci�es orthogonal frequency

division multiplexing (OFDM) signal bandwidths up to 100 MHz in sub-6 GHz (Frequency

range 1), and up to 400 MHz in mmw-ave (Frequency range 2: 24-53 GHz). While increas-

ing the data rates and the spectral e�ciency to the next level, the complex modulation

schemes express high peak-to-average power ratios (PAPRs), therefore, lead the use of

PAs into dilemma. These high peak-power level drives the PAs exceed their P1dB gain

compression point and into non-linear region which causes signal distortion and high bit

error rate (BER). This means the PAs require to operate at output power level with great

back-o� from gain compression point which reduces the transmitted power and su�ers from

low power-added e�ciency (PAE). To tackle this predicament, DPD, a widely implemented

linearization technique, applies inverse distortion, using a pre-distorter, at the input signal

of the PA to cancel the distortion generated by PAs.

Both array calibration and DPD technique for transmitters require a transmitter ob-

servation receiver (TOR) to monitor the transmitter's performance and synthesize the ap-

propriate calibration and DPD function coe�cients. Conventionally, a FF reference probe,

most of time, a receiver antenna serves as a feedback path to perform array calibration and

train DPD function. However, in real-world scenario, setting up FF TOR and performing

over-the-air (OTA) DPD and calibration is not always realistic and can be ine�cient. As
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an attempt to address above-mentioned challenges, this thesis proposes a dual-polarized

mm-wave beamforming array with embedded NFPs which eliminates the unpractical FF

probe for array calibration and DPD training.

1.3 Thesis Organization

This thesis is organized into the following chapters: Chapter 2 �rst introduces the back-

ground theories of beamforming phased array, then reviews related research works in liter-

ature, and discusses some observations from prior state-of-art. Chapter 3 presents a 37-40

GHz dual-polarized 16-element transmitter phased-array which includes design details and

simulation results. Chapter 4 presents the measurement results of the fabricated prototype.

Chapter 5, lastly, concludes this thesis and suggests potential future works.
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Chapter 2

Background Theory and Literature

Review

2.1 Background Theory

Unlike bulky and mechanically-steered dish antenna, electrically-steered phased array an-

tennas o�ers plentiful bene�ts, such as low pro�le, multiple beams generation and fast

beam angle steering speed. In order to understand how to steer a phased array beam in

a more intuitive way, Fig. 2.1 �rst illustrates n antenna elements are placed close to each

other in one dimension with distance ofd. A coherent time delay is applied to the RF

channel of each antenna, which means the �rst antenna starts to transmit signal at 0t, and

the nth antenna starts to transmit signal at n� t. By doing so, this coherent combining

results in each antenna elements' transmitted wave constructively interfere with others to

form a larger signal called the main lobe pointed to the desired angle� to the boresight.

Meanwhile, nulls and side lobes are also formed in undesired directions due to the de-

structive interference. Since electromagnetic waves are sinusoidal, time delay can also be

emulated with phase shift which is more practical and precise to control the hardware.
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Figure 2.1: Concept of phased array

7



Figure 2.2: Beamformer in 2-D phased array

Figure 2.3: RF Beamforming Architecture
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Figure 2.4: Digital Beamforming Architecture

Base on simple trigonometry, one can derive the phase shift equation, given by:

�� =
2�dsin�

�
(2.1)

From equation 2.1, one can observe, in order to have a full 180� shift between antenna

elements so to provide a theoretical 90� beam direction scan capability, the distanced

needs to be equal to half of the signal wavelength� /2. The same theory can also be

applied to two-dimensional phased array, as illustrated in Fig. 2.2, there is an additional

beam steering angle of� . Hence, take the antenna element located at origin (0,0) as

reference, the phase shift equation for the element located at (M,N) unit distance away

from the reference element can be given by:

PS(M; N ) =

p
M 2 + N 2

�
� cos(� � arctan(

N
M

)) � 2�sin (� ) (2.2)
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Figure 2.5: Hybrid Beamforming Architecture

It should be noted that equation 2.2 satis�es to any 2D phased array, even the one with

irregular element positioning.

Based on di�erent architectures, beamforming techniques can be categorized into three

major types: RF (Analog), digital and hybrid. In RF beamforming, the whole phased array

only has one digital signal processor. After that digital signal is converted to analog signal

through digital-to-analog converter (DAC) and upconverted to higher frequencies through

mixer, it is equally splitted into all antenna elements. The beam is controlled by the phase
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shifters in RF domain of each channel, after the power distribution networks (Fig. 2.3).

Its relatively simple hardware implementation makes it a cost-e�ective solution, especially

at mm-wave where power and spacing sources are scarce. In digital beamforming, each

antenna has dedicated digital baseband signal processing where the phase shift is done.

While providing the most precise and 
exible beam control, digital beamforming su�ers

from high power consumption and numerous hardware overheads, because each antenna

needs its own mixer and DAC (Fig. 2.4). Lastly, hybrid beamforming (Fig. 2.5), as the

name indicated, combines the advantages of RF and digital beamforming and it can be

treated as the multiple rf beamforming being put together.

2.2 Literature on RF Beamforming Array Construc-

tion Below 100 GHz

Rel-16 of 3GPP supports NR operation in FR2 covers the frequency ranges n257-n262,

which correspond to 24.25 GHz to 29.5 GHz, 37 GHz to 43.5 GHz and 47.2 GHz to 48.2

GHz [34]. In the recent Rel-17, 3GPP has decided to extend FR2 operation to 52.6 GHz to

71 GHz which o�ers an abundance of available unlicensed spectrum around the world that

was previously only exploited by WiGig [35]. Therefore, recent antenna arrays with their

silicon chips have been mainly demonstrated at 28 GHz, 39 GHz and 60 GHz, some other

works are Ku-band satellite communication (SATCOM) and W-band frequency-modulated

continuous wave (FMCW) automotive radars, as shown in Fig. 2.6 that exclusively includes

works that integrate antenna and beamformer chips altogether. There are three main

approaches for the construction of beamforming antenna arrays, i) Antenna-on-PCB, ii)

Antenna-in-Package and iii) Antenna-on-Chip.

2.2.1 Antenna-on-PCB

This method embeds antenna structure into PCB, then pre-packaged BFICs are typically

wire-bonded or 
ip-chip mounted on the opposite PCB side to array if antenna is imple-

mented in planar structure, or lateral to array if antenna is end-�re.
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Figure 2.6: A survey of phased array construction choices below 100 GHz [3, 4, 5, 6, 7, 8,

9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24]

It is prevalent to use multiple quad-channel beamforming integrated chips (BFICs),

each chip contains four RF transceiver (TRx) channels, to sum together to form phased-

arrays with larger dimensions. Fig. 2.7 shows the block diagram and PCB stackup of

such 64-antenna-element phased array from UCSD [15], where a 1:16 Wilkinson power

divider/combiner on layer M1 combined with 1:4 on-chip Wilkinson networks, thus a com-

pleted 1:64 Wilkinson network with a common RF port is realized. For each coaxial-fed

stacked square patch antenna element, the radiation and parasitic patches are designed on

M10 and M12, respectively, to improve the antenna operating bandwidth by creating two

resonances. Layer M6 serves as antenna ground, while layers M7 to M9, and M11 contain

no mental to maintain the overall stackup symmetry and the optimized antenna perfor-

mance concurrently. Such implementation achieves 22.64% frequency bandwidth centered

at 26.5 GHz. Because the gain of a phased array is proportional to its physical aperture

size thus number of elements, it is desired to design phased array as module that can be

12



Figure 2.7: (a) Block diagram of the wideband 5G 8Ö8 phased array. (b) Stackup of low-

cost 12-layer PCB. [15]

easily expanded to larger dimensions without adding too much extra design complexity. A

valid solution is introduced and displayed in Fig. 2.8, with the same aforementioned stack

up and antenna structure, a 256-element dual-polarized subarray is �rst designed at 14

GHz, 1024-element phased array is built by four identical subarray quadrants after [13].

But here besides 64 quad-channel BFICs for 256 antenna elements, an additional BFIC

is placed at the subarray centre works as a driver to calibrate the residual error between

each quadrant. Overall, the array achieves an impressive e�ective isotropic radiated power

(EIRP) of 75 dBm and very wide scan angles of± 75° in both planes. Another example is

presented in Fig. 2.9 from the Tokyo Institute of Technology, each module has 4 quad-core

BFICs with 24 circular-shaped patch antenna (includes 8 dummy elements to improve the

performance of edge elements on E-plane) centered at 39 GHz [17]. Four modules are

assembled side-by-side to form a 64-element phased array.

However, this approach requires the size of quad-channel BFICs to be inversely pro-
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Figure 2.8: (a) Antenna side of 1024-element Ku-band SATCOM TX array. (b) Chip side

of 256-element Ku-band SATCOM TX quadrant. [13]

portional to the antenna center frequency. At higher frequencies, the BFICs need to be

miniaturized to maintain the optimal antenna element spacing of� /2 both within and

between each 2x2 subarray which is not always feasible. Take the example as shown in

Fig. 2.10, the element spacing on vertical plane increases to 3.5 mm (0.7� @60 GHz) for

the accommodation of BFICs, RF transmission lines and digital routing [14]. Since at 60

GHz, 0.5 � is 2.5 mm, but the size of quad-core BFICs are 2.5 x 3.3 mm2 which are not

able to leave su�cient vertical spacing between the elements. As a result, the scan range

on E-plane is limited to only ± 15°.

2.2.2 Antenna-in-Package

The idea of this approach is to divide the system into two levels, the �rst level is similar

to antenna-on-PCB which implements antennas directly on PCB with 
ip-chip bonded

BFICs on the opposite side of array. But, usually each chip has relatively larger number

of channels (16-32). Next, the �rst level package tiles with embedded antenna can be

14



Figure 2.9: Implemented PCB with patch antenna on the back side [17]

Figure 2.10: (a) Antenna view. (b) Chip view and 8Ö 16 phased-array. [14]
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Figure 2.11: Demonstrated Antenna-in-Package with LTCC substrate from (a) IBM [25],

[26] (b) Intel [7] (c) Samsung [23]

assembled on the second level low-cost PCB that has bulky digital/DC through ball-grid

arrays (BGAs).

In the early 2010s, as summarized in Fig. 2.11, several companies facilitated multi-

layer Low-temperature co-�red ceramic (LTCC) as substrates in their 60-GHz antenna-in-
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Figure 2.12: (a) Illustration of the antenna-in-package assembly breakout, layer stack-up,

antenna feeds, and board-level mounting concept. (b) Top view and bottom view of a fully

assembled antenna array package with mounted BGA solder balls and four transceiver ICs.

[19]
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package demonstrations because of its capability of 3D design such as cavities, and high

thermal conductivity. In [25], [26], aperture-coupled patch antenna is design in LTCC pack-

age which includes air cavity between radiation patch and antenna ground to enhance the

bandwidth and e�ciency. The transmitter (Tx) and receiver (Rx) ICs are then 
ip-chipped

to the packages and connect to the patch antennas through microstrip transmission lines

and transition vias. Each IC supports sixteen antennas and the whole 28mm x 28mm 288-

pin BGA packages is lastly assembled on a evaluation boards which contains digital control

IO and some other bulky surface-mounted passive components. This array achieves 9 GHz

bandwidth centred at 60 GHz and 5 dBi unit antenna gain across the operating band-

width. Intel [7] also presented a 32-element symmetrical Tx/Rx 60-GHz BFIC mounted

on LTCC which integrates 6x6 patch antennas includes four dummies to achieve 19 dBi

gain with scanning of± 30°. In [23], the key di�erences between prototype and product

level design are discussed, nonstandard fabrication techniques and high manufacture cost

are two major barriers for commercialization of antenna-in-package.

Hence, accompany with thriving and prosperous of advanced PCB process (e.g. Hy-

brid PCB), organic substrates becomes a more attractive package solution. Illustrated

in Fig. 2.12, IBM [19] reported 64-element dual-polarized 28-GHz phased-array antenna

module which the package comprises a two-layer lid that has stacked antenna patch on

it, a two-layer frame to create air-cavity, and a 14-layer organic base substrate. Unlike

previously introduced single-IC implementation, each package has 64 active elements fed

by four ICs and 36 dummies placed at the edge. Fig. 2.13 shows an alternative of re-

alizing antenna-in-package with larger dimension from Qualcomm. In this work, sixteen

modules, each integrates two ICs and 16 active dual-polarized antenna elements, are tiled

on a PCB to form a 256-element antenna array. Each module is fed by two RF com-

mon ports through Wilkinson combining network on PCB. It is clearly seen that the RF

feeding network and PCB stackup can be signi�cantly more complicated than those use

antenna-on-PCB approach, especially in the dual-polarized cases.
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Figure 2.13: (a) Base station antenna tile with 4x4 active patch array and 2x4 dummies

[20]. (b) Gnb prototype photo [21].

2.2.3 Antenna-on-Chip

To further increase the integration level and minimize the transition loss from BFICs to the

antenna, the idea of antenna-on-chip is to implement antenna elements directly on BFICs,

which is also known as wafer-scale phased-array approach. At low-frequency applications,

the antenna size is much larger than the chip size which impedes the realization of on-chip

antenna. However, with the unprecedented growing demand of higher data rate and larger

bandwidth over the past decade, the use of mm-wave and sub-terahertz frequency bands

pushes the miniaturization of antenna arrays and open the door to such solution.

Despite the advantages of achieving the highest integration level by putting almost all

the blocks of Tx/Rx chain in one chip and the better Signal-to-Noise ratio (SNR) by avoid-

ing the long transmission line for RF path transition, low radiation e�ciency is the most

critical drawback of antenna-on-chip applications. A common substrate used in silicon

based CMOS stackup has a low resistivity of about 10 
-cm. This electrical property of

semiconducting substrates help ICs to alleviate latch-up but seriously deteriorate the an-

tenna performance. Instead of being radiated to the air, the electromagnetic wave chooses

the path with lower-resistivity through the substrates and dissipated as heat. In addition,

high dielectric constant of silicon suppresses more RF power in the substrates and gen-
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Figure 2.14: (a) Cross section of high-e�ciency di�erential dipole antenna. (b) Block

diagram and photo of bondwire-stitched 256-element phased array board. [12]
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erates surface waves which distort the desired antenna radiation pattern. Unfortunately,

some of the conventional e�ciency enhancement approaches such as selectively etching an

air cavity under the area of antenna patches becomes no longer easy to apply, it requires

nano-fabrication processes that pose manufacture complexity and di�culty. Several early

investigations of on-chip antennas reported radiation e�ciency of only 10-15% [36], [37].

More recently, implementations of superstrate layers have been reported for improv-

ing radiation e�ciency of on-chip antenna, a representative piece of work is illustrated in

Fig. 2.14a. A 100-� m-thick quartz superstrate (� r = 3.8) is attached on the wafer to act

as a quarter-wavelength impedance transformer between Silicon dioxide and air. Antenna

element is implemented on top of quartz layer, the ground plane and EM-coupled di�er-

ential microstrip feed are on the M4 and M7 layer, respectively. Two separate antenna

elements are placed orthogonally for dual-polarization. The quartz antenna e�ciency can

be further improved to over 70% by using two quartz layer at 60 GHz, however, it causes

the assembly tolerance issue and o�set has to be well-controlled. It is also worth mention-

ing that, by employing redundant interfaces and reticle-to-reticle stitching technique, four

2 x 64-element phased array quadrants successfully form a 2 x 256-element phased-array

(Fig. 2.14b).

2.2.4 Comparison

After surveying three principle topologies of phased array construction, it is instructive to

compare di�erent perspectives of these approaches to have a comprehensive view of their

feasibility. Table. 2.1 comparatively summarizes critical attributes of each method.

ˆ Suitable Frequency: Due to the inversely proportional relationship between per IC

area and antenna operating frequencies, most of the works that implement 2x2 BFICs

with PCB-based antenna are designed at< 60 GHz. The design rule of conventional

PCB forbid �ne structures in traces width, via size and IC package bump. There

are several exceptions above 60 GHz that implement BFICs with large number of

channel and place the chips laterally to the antenna element, but those are designed

for only 1-D array. Because of the 
exibility of two-layer packaging and large number
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Table 2.1: Comparison of various approaches of phased array construction.

Antenna-on-PCB Antenna-in-Package Antenna-on-Chip

Suitable Frequency < 60 GHz 20-100 GHz > 100 GHz

Antenna E�ciency High High Low

Transition Loss High Medium Low

Integration Level Low Medium High

Design Complexity Low Medium High

Array Scalability Easy Easy Hard

Manufacture Cost Low Medium High

of channels per chip, antenna-in-package is suitable for the frequency bands spread

in the range of 20-100 GHz. As for antenna-on-chip, the work demonstrated below

100 GHz is nearly scarce mainly due to considerable antenna element size at lower

frequencies.

ˆ Antenna E�ciency: Because of the low resistivity of silicon substrate, on-chip an-

tenna su�ers from low e�ciency, while both antenna-on-PCB and antenna-in-package

can achieve above 90% of e�ciency by using dielectric materials with low loss tangent

(tan � ).

ˆ Transition Loss & Integration Loss: There is no doubt that antenna-on-chip method

has the highest integration level because it theoretically eliminates the transition loss

from the chip to antenna. However, whether antenna-on-pcb or antenna-in-package

has lower transition loss remains debatable and needs to be assessed case by case.

Compare to antenna-in-package with larger number of channels in each BFIC, 2x2

Quad IC approach in antenna-on-PCB has relatively shorter equal-length connections

from ICs to antennas but requires more stages of power distribution network.

ˆ Design Complexity: Wafer scale antenna has the highest design complexity among

three construction methods, because co-design of beamformer circuits and antennas
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is a necessity for optimal performance which is largely dedicated by foundry-de�ned

layout rules. When designing antenna-in-package, all solder-based bump interfaces

that interconnect between BFICs, the �rst-level package and the second-layer bottom

PCB need to be �ne modeled and characterized to minimize the risk of assembly

failure, thereby requires additional design e�ort in contrast to antenna-on-pcb.

ˆ Array Scalability: Both antenna-on-pcb and antenna-in-package implement multiple

number of BFICs to form beamforming array, each BFIC has identical feeding net-

work to antennas so that the array can be expanded to larger size while preserving

symmetry. Antenna-on-chip has to apply stitching technique and reserve redundant

digital control pin to enable scalability which pose considerable di�culty to achieve.

ˆ Manufacture Cost: The most renowned advantage of directly implementing antennas

on PCB is its lower manufacture and assembly cost than the other two methods, be-

cause Antenna-in-package requires additional package process and each IC has large

I/O count, and Antenna-on-chip requires stitching technique and quartz superstrate,

as both of them remarkably increase the costs.

2.3 Literature on Transmitter Observation Receiver

Although the capability of RF beamforming arrays to generate high EIRP and fast beam

switching in the user direction with limited digital signal processing resources has been

extensively proved to be an future-enabler for 5G NR, there are still two major challenges

to be addressed.

1. 5G employs high-order modulations and OFDM signal for wireless communications

which requires rigorous linearity in order to achieve low error vector magnitude

(EVM) and high adjacent channel power ratio (ACPR). However, power ampli�ers

are non-linear by nature and introduce spectral regrowth. DPD has so far been

widely adopted to improve the linearity.

2. Ideally, in RF beamforming array setup, a single common RF input is splitted equally

into multiple transmitter channels and expected to have same response. In reality,
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not only the unavoidable manufacture tolerance causes channel-to-channel or chip-to-

chip variation, but also phase and amplitude of each channel vary over time because

of aging or deploy environment change. Therefore, amplitude and phase calibration

of each channel have to be performed regularly.

Figure 2.15: Functional block diagram of the four-element array with switch between the

output from the receiving over-the-air (OTA) horn antenna and each of the coupled PA

lines [27]

Both DPD and array calibration call for a feedback path to acquire the sampled output

of each transceiver channel, thus reveal aforementioned challenges. Several studies to

implement feedback path in beamforming array have been reported in literature.

The two most intuitive array feedback architectures are conductive [38], [39] and OTA

[40], [41], [42]. To provide further 
exibility, switchable feedback architectures [43], [44],

[27] are also proposed to receive the sampled power ampli�er output in each channel and

radiated response through FF receiver antenna, one of the examples is displayed in Fig

2.15. However, if there are large number of transmitter channels, inserting couplers to the

output of each PA and adding switches can be very cumbersome, then become no longer

realistic solutions.
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Figure 2.16: (a) Phased-array Tx with DPD using the proposed combined feedback archi-

tecture and OTA calibration. (b) Layout picture of the common FB line for eight transmit

paths. [28]

25




	List of Figures
	List of Tables
	Introduction
	Motivation
	Problem Statement
	Thesis Organization

	Background Theory and Literature Review
	Background Theory
	Literature on RF Beamforming Array Construction Below 100 GHz
	Antenna-on-PCB
	Antenna-in-Package
	Antenna-on-Chip
	Comparison

	Literature on Transmitter Observation Receiver 
	Discussion

	37-40 GHz 16-Element Dual-Polarized RF Beamforming Phased Array Design
	Project Scope
	Antenna Design
	Feeding Mechanism
	PCB Stackup
	Dual-Polarized Patch Antenna

	Array Design
	Decoupling Structure
	Near-Field Probe


	Experimental Validation
	Measurement Setup
	Beamforming Array Assessment
	Array Calibration
	Frequency Response
	Radiation Pattern


	Conclusion and Future Works
	Conclusion
	Future Works

	References

