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Abstract

The 5G and next-generation wireless communications, taking advantage of tremendous
millimeter-wave band resources, bring in extremely high data rate with ultra-low latency.
The increased free-space path loss and high peak-to-power ratio modulated signals de-
mand high-performance phased-array systems. This thesis focuses on the design of area-
efficient and power-efficient CMOS phased-array beamformers for high-data-rate commu-
nications. The neutralized bi-directional technique is utilized to realize the area-efficient
element design. The phased-array system with the cross-polarization leakage canceller
is configured in dual-polarized multiple-in-multiple-out to improve the data rate. Both
the digital pre-distortion and Doherty techniques are applied in the phased-array to im-
prove power efficiency. While the inter-element mismatches introduced by the Doherty
technique due to the PVT variations limit the efficiency enhancement. An inter-element
mismatch compensation technique with the shared lookup table is proposed for improv-
ing the DPD performance in Doherty phased-array systems. Around 3-dB improvement
is achieved for both Error Vector Magnitudes and Adjacent Channel Leakage Ratios with

the proposed compensation.
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Chapter 1

Introduction

1.1 Evolution of Cellular Technologies

During the past decades, wireless communication technology has experienced rapid de-
velopment and truly changed the method of information transfer in the world. Fig. 1.1 il-
lustrates the evolution of cellular technologies since the first-generation (1G) cellular was
adopted. The 1G was first deployed in 1981 based on the analog frequency-modulated
(FM) technique, supporting only voice communications. The digital modulation tech-
nique was implemented in the second generation (2G) cellular systems in 1990, and the
essential short message service (SMS) emerged. Since the first demonstration of the third-
generation (3G) cellular in 2001, wireless communication has ushered in explosive devel-
opment with various data services. According to this trend, a new mobile generation is
almost proposed every ten years. Wireless communication has become an indispensable
part of people’s lives; even a distance of thousands of miles is no longer a barrier. At the
same time, the number of wireless devices is still growing significantly, which results in
ever-increasing data traffic. The exploration for extremely high data-rate wireless com-
munication with ultra-low latency remains an endless desire. The fifth-generation (5G)
new radio (NR) operation frequency is extended towards the millimeter-wave (mm-wave)
bands. Substantial bandwidth resources are available at the mm-wave bands, which means
a higher communication speed than the sub-6-GHz bands. Now we are in the era of 5G,

the study of this thesis focuses on new opportunities and challenges.

1.2 Trend of mm-wave Process

The appropriate manufacturing process is indispensable for realizing mm-wave commu-

nications. The evolution of the mm-wave process is briefly summarized in Fig. 1.2. In
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Figure 1.1: Evolution of Cellular Technologies.

1959, Jack Kilby of Texas Instruments invented and manufactured the world’s first inte-
grated circuit (IC). The reported IC was manufactured by photolithography technology
so that numerous devices and metal interconnections could be fabricated after precisely
controlled process steps and transferred onto the surface of a single semiconductor ma-
terial substrate [1, 2]. This means that the electronics industry can manufacture complex
circuits economically and reliably and marks the beginning of the integrated circuit era.
In 1976, R. S. Pengelly and J. A. Turner reported the first GaAs monolithic microwave
integrated circuit (MMIC) amplifier. The single-stage amplifier in a gallium arsenide
(GaAs) metal-semiconductor field-effect transistor (MESFET) with a gate length of 1 um
obtained a gain of 7-12dB in the X-band [3]. As the first MMIC circuit in the history of
integrated circuits, it has dramatically stimulated the development of GaAs and also the
III-V MMIC industries on a global scale. The gallium nitride (GaN) is more suitable for
high-power scenarios with limited high-frequency performance. The indium phosphide
(InP) process promises excellent high-frequency features with extremely high gain cut-off
frequency f,.... Compared with silicon-based technologies, the III-V process is still at a
high manufacturing cost, and the incompatibility with the silicon-based digital block is

also a drawback.
The silicon-based complementary metal-oxide—semiconductor (CMOS) process scal-
ing, along with Moore’s Law, allows the use of high-performance mm-wave IC. Design-

ing mm-wave front ends in the CMOS process has many advantages. The high integration



1.2 Trend of mm-wave Process 3

[1I-V Compounds

GaN ®mp GaAs ®mp InP
SiGe (BICMOS/HBT)
180nm mp 130nm =P 90nm =P 55nm

> CMOS >
130nm = 65nm =P 40nm =P 16nm Frequency
1GHz 10GHz 100GHz 1THz

Figure 1.2: Evolution of mm-wave process.

CMOS gate length

1987 1992 1997 2002 2007 2012 2017 2022

Figure 1.3: Scaling trend of CMOS technology.

with digital processing circuits enables the design of novel mm-wave transceivers with di-
rect digital modulation schemes. This reduces system complexity and power consumption
and avoids high-speed digital interfaces between digital chips and front-end chips imple-
mented with III-V technology. The CMOS platform also features a low manufacturing
cost, which is well suited for the exponential growth of the wireless communication mar-
ket for consumer applications. In Fig. 1.3, the scaling trend of CMOS technology is
introduced [4]. Its f,... 1s increased along with the process scaling. However, the transis-
tor breakdown voltage is gradually decreased. This thesis selects the cost-effective 65-nm
CMOS with more than 300-GHz f,,,. for the following phased-array system design.



4 Introduction

1.3 Overview of the Thesis

This thesis mainly discusses the mm-wave CMOS phased-array beamformer designs for
low-cost high-data-rate communications. Aiming for the 5G and the next-generation com-
munication requirements, several novel techniques for both building blocks and system
architectures are proposed. The proposed phased-array beamformers in this thesis ful-
fill the targets for area-efficient and power-efficient design. This thesis is structured as
follows.

Chapter 2 mainly presents the 5G standard and the related design parameters. Some
fundamental knowledge of the phased-array theory and basics is also provided. Along
with this, the consideration and requirements for 5G and next-generation communications
are well discussed. The prior arts of the phased-array architecture or key components with
state-of-art performance are briefly reviewed. The limitation of the existing techniques

towards the design challenges is analyzed, which is the critical point of this thesis.

Chapter 3 presents the proposed high-performance bi-directional circuits. These build-
ing blocks are the essential parts in the area-efficient beamformer design. The bi-directional
core is analyzed from the differential capacitive neutralized PA architecture. The unbal-
anced neutralized bi-directional PA-LNA serves as the first stage of the front end, real-
izing a high power-added efficiency (PAE) with a half-reduced chip size. The Doherty
technique combines the bi-directional technique to enhance the back-off power efficiency
further. To minimize the package capacitive loss, a wafer-level chip scale package is co-
designed with the bi-directional Doherty PA-LNA. Besides, the dual-polarized aperture-
coupled antenna is implemented, fitting the narrowed antenna pitch and the increased
operating frequency. The updated active phase shifter (PS) utilizing the bi-directional
core is also introduced, which provides better PVT characteristics. A passive mixed-type
PS is demonstrated at the end of this chapter.

Chapter 4 presents the proposed phased-array beamformer designs. The proposed
beamformers are configured in DP-MIMO architecture to improve the data rate. A cross-
polarization cancellation technique is introduced to minimize the performance degrada-

tion of the cross-polarization leakage.

Chapter 4 also analyzes the implementation of digital pre-distortion (DPD) in phased-
array systems. The influence of inter-element mismatch on the DPD linearization degra-
dation is discussed. An inter-element mismatch compensation technique improves the
DPD performance over PVT variations. The inter-element mismatch compensation proves
significant through simulation and measurement, especially with the Doherty technique.
The 64-element 16-IC beamformer module is demonstrated at the end of this chapter.

With the proposed techniques, excellent array performance is achieved.



1.3 Overview of the Thesis

Finally, the conclusion and future work of this research are presented in chapter 5.






Chapter 2

CMOS Phased-Array Design
Challenges

2.1 Introduction

The 5G technology has three sets of use cases defined as enhanced mobile broadband
(eMBB), ultra-reliable and low latency communication (URLLC), and massive machine
type communication (mMTC). In recent years, with the rapid development of mobile
communications, 5G frequency range 1 (FR1) frequency band resources located at sub-6-
GHz bands are extremely congested, together with the existing 3G, 4G, Wifi, and Blue-
tooth bands [5]. With the merit of abundant frequency resources in millimeter-wave
bands, 5G new radio (NR) Frequency Range 2 (FR2) promises a high data rate and
low communication latency. As shown in Fig. 2.1, the 5G enhanced Mobile Broad-
band (eMBB) scenario even supports over 10-Gb/s throughput among massive wireless
terminals [6]. The 5G NR FR2 spectrum allocation is illustrated in Fig. 2.2. In this thesis,
the phased-array beamformer designs are based on the 5G NR 28GHz n257 (26.5GHz-
29.5GHz) and 39GHz n259 (39.5GHz-43.5GHz) and n260 (37.0GHz-40.0GHz) bands.
The following part of this chapter will introduce the requirement for the 5G standard and
also the challenges for phased-array design. This chapter will also elaborate on some fun-
damental knowledge of the phased-array theory and basics for a better understanding of
the following discussions. A brief description of the previously reported techniques will

be given at the end, together with the existing issues.
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Figure 2.2: 5G NR FR2 Spectrum Allocation.
2.2 Features of 5G NR Cellular Network

2.2.1 Beamforming for Free-Space Path Loss

As mentioned at the beginning of this chapter, the 5G NR communication takes advantage
of the extension towards the millimeter-wave band. In return, it will also suffer from the
intrinsic shortcoming of the millimeter-wave band. Compared with the sub-6-GHz bands,
the over-the-air propagation loss of the 5SG FR2 bands is drastically increased. The free-
space path loss (FSPL) is used to define the propagation loss, and it can be calculated in
decibels by the following equation

4
FS PL(dB) = 20log,(d) + 20log o(f) + 2010g10(77r) 2.1
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where d, f, and c represent the communication distance, operation frequency, and the
speed of light, respectively. It’s easier to calculate that a 100-m electromagnetic broad-
casting will suffer from over 100-dB FSPL at 28GHz. And a 3-dB more FSPL increases
at 39GHz compared with the 28-GHz case.

Limited by the increased FSPL, the beamforming technique based on large-scale
phased-arrays is mandatory to reach a better signal-to-noise ratio (SNR) over long-distance
communication. A phased-array system is composed of multiple beamformer elements.
Each beamformer element has its antenna and PS to control the phase of the input or out-
put signal independently. Antennas are placed in various array patterns, the linear arrays
and rectangular arrays are commonly used for simplicity. A typical 4/2 antenna pitch
is placed to realize the Nyquist sampling [7]. Fig. 2.3 illustrates the basic principle of a
linear phased-array system. Considering only the adjacent two transmitters (TXs) for sim-
plicity, each antenna radiates the individual signal. In an arbitrary direction 6, due to the
physical distance between these two antennas, a phase difference between signals from
these two elements occurs. At the far-field area, the phase difference can be approximated
as follows

2nd
¢ = Zsing (22)

where d and A denote the distance between elements and the wavelength, respectively.
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Figure 2.4: EIRP calculation based on TX-element Pout and the number of elements.

Due to this phase difference, if the antennas are driven with the same phase, the electronic
field generated by these two antennas is not added in phase in this direction, resulting in
a degraded amplitude. However, phase shifters within the TX can easily compensate for
this phase difference, generating the output signals with a phase difference of —¢. The
in-phase spatial combining with a beam angle of § twice the magnitude compared with a
single TX. Because energy is proportional to the square of the electronic-field amplitude,
the energy delivered in this direction is boosted by a factor of 4, which means 6-dB larger
than a single TX case. This conclusion can be extended to the Nyx-element phased-array
system, the far-field energy at the beam pointing direction is increased by Ni,. The
corrsponding array gain Grx agr in decibel is equal to 20log,,Ntx. Similar to the TX
array, multiple receivers (RXs) can also be configured into the Nrx-element RX array to
achieve an array gain of Grx agr-

By utilizing the beamforming technique, mm-wave communication is capable of cov-
ering a long distance with better SNR. The evaluated the radiated power level of the
phased-array, the effective isotropic radiated power (EIRP). As for an ideal phased-array,
EIRP can be calculated by the following equation

EIRP(dBm) = PTx(dBm) + GTX_ANT(dB) + GTX_ARR(dB) (23)

The parameters Prx and Grx_ant represent the single element output power and the an-
tenna gain, respectively. Fig. 2.4 shows the calculated EIRP based on the generalized 5G
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single beamformer element output power satisfying the SNR requirement. The required

S NRgequirea limits the achievable output power as demonstrated below

Prx(dBm) > § NRgequirea(dB) — Grx_ant(dB) — Grx_arr(dB) — Grx_ant(dB)
—Grx arr(dB) + FS PL(dB) + NoiseFloor(dBm)

(2.4)

where the Grx_arr represents the RX array gain. According to this equation, to cover a
300-m communication distance, over 256-element phased-array is required with a higher
than 55-dBm EIRP. The large-scale array size not only increases the total system power
consumption but also means a huge manufacturing cost. Furthermore, a complicated
system design is inevitable, such as a high-order power divider and combiner, a digital
block with massive controlling registers, and well-designed power supply paths. The
area-efficient design is an attractive research topic for reducing system complexity and

cost.

2.2.2 Phased Array Implementation

As mentioned in section 2.2.1, 5G phased-array systems require high-density antenna ar-
rays for beamforming, which can pose challenges in size and cost. One way to address
this is to scale down the antenna pitch, which refers to the spacing between individual
antenna elements, to achieve higher antenna density in a given area. Scaling down the
antenna pitch allows more antennas to be packed into a smaller area, leading to higher
spatial resolution and better beamforming performance. However, there are also some
challenges associated with this approach. One potential issue is the increased complex-
ity of the antenna design and fabrication process, which can increase the cost and time
required for manufacturing. Another important issue to consider is that implementing
a phased-array module becomes more challenging as the antenna pitch is scaled down
closer to the size of the chip. Fig. 2.5 shows the antenna pitch scaling down with the
increasing operating frequency. The typical A4/2 antenna pitch for 28GHz and 39GHz
bands are Smm and 4mm, respectively. Thus, the antenna pitch limits the beamformer
chip size, so area-efficient beamformer design is in urgent demand. Fig. 2.6 demonstrates
the prototype of the 5G NR phased-array implementations. The single-polarized phased-
array module can be referred to Fig. 2.6(a), where the ICs are mounted with the spacing
of typical 4/2 antenna pitch and the symmetrical RF power divider is required. While the
dual-polarized phased-array shown in Fig. 2.6(b) is more complicated than the single-
polarized case, two pairs of the dedicated designed RF dividers are mandatory, and the

spacing for the RF divider interconnections become a constraint issue.
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Figure 2.5: Antenna pitch scaling down with the increasing operation frequency.

2.2.3 High-Order High-PAPR 5G Signals

The 5G-compliant signals are modulated in Orthogonal Frequency Division Multiple
Access (OFDMA) modes. The OFDMA featured in the robust communication wire-
less scheme for multiple users derives from the Orthogonal Frequency Division Multiple
(OFDM). The OFDMA presents a good performance in the presence of multipath due to
its multi-tone carriers and synchronization prefix.

Quadrature Amplitude Modulation (QAM) is also utilized to enhance the data rate.
The QPSK, 16-QAM, 64-QAM, and 256-QAM represent the 2-bit, 4-bit, 6-bit, and 8-bit
amplitude modulation. The high-order modulation brings in a high data rate and suffers
from severe nonlinearity degradation. The higher TX linearity means the higher avail-
able EIRP. As shown in Table 2.1, The Third Generation Partnership Project (3GPP) has
stipulated the requirement for Error Vector Magnitude in specification 38.101-1 [8].

Furthermore, the 5G OFDMA-modulated signals also perform a higher peak-to-average
power ratio (PAPR). Fig. 2.7 shows the concept of PAPR, which is defined as the relation
between the signal maximum power Ppgax and its average power Payg. For an s(¢) signal

inside a period T, the PAPR can be derived from the following equation

2
Pppak  maxjom|s(@)|

PAPR = Z2% = —— 0t
NG g f IsoPde

(2.5)

The PAPR of cellular standards is given in Table 2.2. The SG OFDMA-mode 64-QAM
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Figure 2.6: 5G NR phased-array implementations: (a) single-polarized phased-array
module and (b) dual-polarized phased-array module.

signal reaches an 11.2-dB PAPR, large power back-off (PBO) from the saturated output
power (Psat) point is required. However, the conventional power amplifier (PA) in the
phased-array presents a maximum power-added efficiency (PAE) performance only on
the maximum input or output power level. While the PAE at more than 6-dB PBO region
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Table 2.1: Requirement for Error Vector Magnitude

Modulation )
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scheme for PDSCH
QPSK 17.5%
16QAM 12.5%
64QAM 8%
256QAM 3.5%
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Figure 2.7: Peak-to-average power ratio.

is degraded quickly, severely reducing the system power efficiency.
In a word, the desired phased-array beamformer requires a power-efficient design with

high PBO efficiency and linearization techniques.

Table 2.2: Peak-to-Average Power Ratio of cellular standards

Cellular Standard PAPR
3G WCDMA 3dB
3G HSPA 5-7dB
4G LTE SC-FDMA | 6-8dB
5G OFDMA 64QAM | 11.2dB
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Figure 2.8: Antenna followed by LNA and RF buffer chains.

2.3 5G Phased-Array System Considerations

To meet the 5G NR cellular network’s new features, dedicated design and system con-
siderations of the phased-array systems are required. Similar to the commonly used sub-
6-GHz transceivers, the PA and LNA serve as the first stage of the mm-wave front end,
directly connecting with the antenna port. The performance of PA and LNA almost deter-
mines the whole beamformer system performance. To deliver sufficient output power to
the antenna port and compensate for RF power divider distribution loss in the beamformer
chip, the cascaded buffer and VGA stages are mandatory. Several design parameters can
be a bottleneck of the following system design. As a result, we focus on the most impor-
tant part of them. Excellent RX noise figure (NF) and TX linearity are desired to achieve

the best communication quality.

2.3.1 Front-End Design Parameters

In RX mode, NF and SNR are critical parameters that determine the quality of the received
signal. NF represents the amount of noise the RX adds to the received signal. At the same
time, SNR measures the signal’s strength compared to the background noise level. A
lower NF and higher SNR result in a better-quality signal, allowing for more reliable and
accurate communication. Therefore, understanding these parameters’ concepts and how
to measure and optimize them is crucial for designing and operating effective wireless
communication systems. To quantify how noisy the circuit is, the NF can be defined as
follows

_ SNR,

NF =
S NR oy

(2.6)

which can be rewritten as

NF[dB] = 10log,o(NF) 2.7)



16 CMOS Phased-Array Design Challenges

As for a noiseless circuit, the output SNR should equal the input SNR, meaning NF
is 0dB in the ideal case. While due to the non-ideal characteristics of the transistors and
lossy matching networks, the NF for 5G phased-array systems is usually around 5dB.
Considering the NF with many cascaded stages in the RX chain, as shown in Fig. 2.8, the
total NF can be calculated as

NF,-1 NF,—1 NF,

NF @ =1+ (NF; - 1) + + +o et
total (NF, - 1) G GG, GG, G,

(2.8)

where NF,,, means the NF of the m™ amplifier and G,, means the available power gain of
the m™ amplifier, respectively.

While as for the TX mode, linearity is a crucial parameter that directly impacts the
quality and reliability of the transmitted signal. TX linearity measures how accurately
the transmitter converts the input signal to output without introducing distortion or non-
linearities. If the transmitter introduces non-linearities or distortion, the transmitted signal
can interfere with other signals, creating noise or reducing the system’s overall perfor-
mance. Furthermore, non-linearities in the transmitter can cause intermodulation distor-
tion, which can create unwanted signals that can interfere with other signals in the com-
munication system. To define the harmonic distortion of a nonlinear system, as shown in
Fig. 2.9(a), a single-tone test signal x(f) = Acoswt is applied to the simplified memory-
less systems

V(1) = a1 x(t) + X () + azx> () + - - - (2.9)

with the single-tone input, the output can be expressed as

y(t) = a1 Acoswt + @ A%cos’wt + azA’cos’wr + - - - (2.10)
A? A3
= a1 Acoswr + 22 (1 + cos2wt) + 22 (3coswt + cos3wr) + -+ - Q2.11)
A? A3 A? A3
= 0/22 + (a A + & )coswt + @ cos2wt + & cos3wt + - - - (2.12)

The obtained result comprises several essential components. Firstly, the output con-
tains signals that are the harmonics of the input signal frequency, with amplitudes propor-
tional to the input signal’s amplitude raised to the corresponding power. When the input
frequency is high, it is easier to suppress these harmonics due to the larger frequency dif-
ference between them and the desired signal. Secondly, the fundamental gain is altered
by a1A + a3A3/4. In the CMOS process, where aja3 < 0, high input signal amplitudes

lead to compression of the fundamental gain. The linearity of system components can be
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Figure 2.9: (a) Simplified memory-less nonlinear model for single-tone test and (b) its
gain compression response.

evaluated using the 1-dB compression point as given in Fig. 2.9, which is the point at

which the gain is compressed by 1dB compared to the small signal gain.

The value of the 1-dB compression point can be calculated theoretically by utilizing
the coeflicients in the above equation. This calculation equates the gain to 1dB less than
the ideal linear gain ;. Thus, the following equation can be used to calculate the 1dB
compression point

ay

Ajgg = 4/0.145 (2.13)

as

In more complex application scenarios, a frequency-spanning modulated signal is of-
ten used for data streaming. This modulated signal can be considered a collection of mul-
tiple tones, which can cause intermodulation effects within the system. Intermodulation
occurs when two or more signals with different frequencies are combined in a non-linear
system, creating additional frequencies known as intermodulation products. To evaluate
a modulated signal, it is important to analyze the intermodulation products and identify
sources of distortion that may degrade signal quality. By simply applying the two-tone
input signals with a given frequency spacing and measuring the resulting intermodulation
products, it is possible to obtain insights into the system’s linearity and distortion char-
acteristics, which can be used to optimize performance and improve signal quality. As
demonstrated in Fig. 2.10(a), by replacing the two-tone signal x(f) = A cosw;t+Acosw,t

into the Equation 2.9, the output results can be derived as follows
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Figure 2.10: (a) Simplified memory-less nonlinear model for two-tone test and (b) its
intermodulation response.

y(t) = a1(Acoswt + A,coswst) (2.14)
+ a(Acosw t + Arcoswt)? (2.15)
+ a3(A coswf + Aycoswot) + - - - (2.16)

through the use of standard trigonometric identities, the two relevant distortion terms with

frequencies near w; and w,, that is

3Q3A%A2

TCOS(Q,a)l — W)t 2.17)
and

3Q3A1A§

TCOS(Q,(UQ —w)t (2.18)

These two terms are defined as third-order intermodulation (IM3) products. All other
terms are irrelevant, as they have frequencies far from w; and w;,. In practice, they would
be suppressed by the transmit antenna frequency response and, therefore, effectively not

transmitted. The IM3 is commonly referred to as the third-order intermodulation dis-
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tortion (IMD3). The IMD3 is highly related to the system adjacent channel leakage ratio
(ACLR) performance. The IM3 and IMD3 are demonstrated conceptually in Fig. 2.10(b).
The third-order intercept point (IP3) is defined as the cross-point of the linear extension
of the fundamental output and IM3 product. And the IIP; can be calculated by equating
the fundamental and IM3 amplitudes

3
|l Ayps| = 'Z%Afm (2.19)
thus
4|la
Anps = 4/ 3 — (2.20)
3 (0%}

an important relationship between IIP; and P1dB can be derived from the follows, which
is useful in the ACLR analysis in Section 4.2

Anps | 4
= 2.21
Aas 0.435 2:21)

~ 9.6dB (2.22)

Up to now, the key RF front-end design parameters are introduced and analyzed for
The key RF front-end design parameters are now introduced and analyzed for RX-mode
and TX-mode considerations. These design parameters are extremely useful for the fol-

lowing understanding and system design.

2.3.2 Error Vector Magnitude

Error Vector Magnitude (EVM) is the root mean square (rms) of the error vectors com-
puted and expressed as a percentage of the EVM Normalization Reference. The error
vector magnitude is the length of the vector—at the detected symbol location—which
connects the 1/Q reference-signal vector to the I/Q measured-signal vector. Fig. 2.11(a)
shows the calculation of the EVM metric as well as a diagram showing how a single error
vector is calculated. According to Fig. 2.11(a), EVM can be calculated by

\/# ZnN;OI Ierr[n]2 + Qerr[n]2

EVM(%) = 100% x —
EVM Normalization Reference

(2.23)

where n and N represent the symbol index and the number of symbols, respectively. I

and Q. are calculated by It — Ieas and Qrer — Omeas, rESpPeCtively.
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Figure 2.11: (a)The definition of EVM and (b) Required EVM against BER with different
modulation schemes.

Considerable spectrum resources could be utilized in the millimeter-wave band to im-
prove the wireless capacity. Complex modulation schemes with higher order, such as
64-QAM and 128-QAM, will also be employed. However, a small enough error vector
magnitude (EVM) should be maintained from the transmitter to the receiver for such mod-
ulation schemes after the demodulation. Thus, improving the system EVM is one of the
most important design challenges for mm-wave transceivers. Increasing the modulation
order requires an improvement to the system EVM. Fig. 2.11(b) shows the EVM require-
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Figure 2.12: Link budget examples for (a) 5G downlink and (b) 5G uplink.

ment against the bit error rate (BER) regarding different modulation schemes. To realize a
BER of 1073, EVMs of —22.5 dB, —25.5 dB and —28.4 dB are required for 64-QAM, 128-
QAM and 256-QAM, respectively, through the transmitter to the receiver. Due to limited
power and cost budgets, the transceiver design progress becomes extremely challenging.
In recent years, the direct-conversion architecture has been widely adopted for mm-wave
transceivers. The reduced number of building blocks due to the system’s simplicity helps

to achieve a compact and low-power system.

System SNDR optimization is very important to millimeter-wave transceivers. The
much wider channel bandwidth significantly increases the input noise floor. Taking the
5G NR application mentioned in Chapter 1, for example, a 6-dB noise floor increase
could be calculated regarding the 100-MHz channel bandwidth in FR1 and the 400-MHz

channel bandwidth in FR2. As a result, to maintain enough transceiver EVM, careful
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design considerations and evaluations will be required for the gain level, linearity, and
noise figure.

Moreover, the increased requirement on EVM will demand a lower phase noise of
the RF phase-locked loop. Usually, baseband carrier tracking circuits can suppress the
influence of phase noise. However, the carrier tracking bandwidth will be limited by
the sub-carrier spacing for OFDM-mode data transmission. Therefore, stringent phase
noise requirements still need to be satisfied. While on the other hand, the phase noise
requirement for single-carrier (SC) mode data transmission can be relaxed due to the

wider carrier tracking bandwidth.

2.3.3 5G NR Communication Link Budget

The 5G communication link budget is a tool used to determine the minimum power re-
quired to achieve the desired level of performance in a wireless communication system.
It considers factors such as transmitted power, antenna gain, FSPL, and noise to optimize
the network’s performance. Higher frequencies used in 5G networks result in higher path
loss and more susceptibility to attenuation by obstacles, so higher transmitted power is
required. To obtain sufficient 5G communication distance, a large array size is required
for a 5G base station (BS) using a CMOS millimeter-wave phased-array transceiver. The
5G NR standard allows a maximum EIRP of 75 dBm100 MHz to the base station and
43 dBm to user equipment (UE). Fig. 2.12 shows link budget examples for a 400-MHz
downlink in 64-QAM and a 400-MHz uplink in 16-QAM. The array sizes are 256 for the
BS and 4 for the UE. The communication distance is 500 m, corresponding to a line-of-
sight (LOS) FSPL of 115 dB at 28 GHz. Usually, the differential topology PA is adopted
in the 5G transmitter for larger power delivery.

Within a reasonable power consumption, a single-element transmitter output power
of around 10 dBm can be realized for the 64-QAM modulation scheme in the CMOS
process. Thus, an array size of over 256 will be required to realize a 60-dBm EIRP. The
60-dBm EIRP is calculated based on the 30-dBm TX array output, 24-dB antenna array
gain, and 2-dB single antenna gain with the package, including the implementation loss.
In this case, 1-dB implementation loss caused by a 256-element non-ideal antenna array
is considered in calculating equivalent single antenna gain. After receiving, assuming a
5-dB RX NF, the downlink maintains SNR over 26 dB with a 10.8-dB margin for the
down-conversion and demodulation. Similarly, the uplink from UE to BS can be referred
to in Fig. 2.12(b). The 4-element TX EIRP is around 28dBm, with the 13-dBm single-
element output power in 16-QAM. Also, the antenna gain with the package, including

implementation loss, is around 3 dB due to the much smaller array size. The calculated
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SNR of the uplink is over 20 dB, and a 1.8-dB margin is left.

2.3.4 PVT Issue of Phased-Array

Phased-array systems are susceptible to a phenomenon known as the PVT (Process, Volt-
age, Temperature) issue, which can cause the system to experience errors in beamforming
and image quality. The PVT issue arises due to variations in the electronic components of
the system, which can lead to variations in the system’s phase, voltage, and temperature.
In order to make the chip work after fabrication in all the possible conditions, we simulate
it at different PVT corners. There are many transistors on the single chip as we are going
to lower nodes, and all the transistors in a chip cannot have the same properties. Process
variation is the deviation in the parameters of the transistor during the fabrication. During
manufacturing a die, the area at the center and the boundary will have different process
variations. This happens because layers that will be fabricated cannot be uniform all over
the die.

Below are a few important factors that can cause the process variation: the wavelength
of the UV light, manufacturing defects, oxide thickness variation, dopant and mobility
fluctuation, transistor width, RC variation, channel length, doping concentration, metal
thickness, impurity concentration densities, diffusion depths, imperfections in the manu-
facturing process like mask print and etching. These variations will cause parameters like
threshold voltage and threshold voltage depending on parameters like doping concen-
tration, surface potential, channel length, oxide thickness, temperature, source-to-body
voltage, and implant impurities.

As we go to the lower process nodes, the supply voltage for a chip will also be less.
Let us say the chip is operating at 1.0V. So, this voltage may vary in certain instances. It
can go to 1.2V or 0.8V. To take care of this scenario, we consider voltage variation. There
are multiple reasons for voltage variation. The current flow over the power grid network
causes an IR drop—the Supply noise caused by parasitic inductance in combination with
resistance and capacitance. When the current flow through parasitic inductance, it causes
the voltage to bounce. The supply voltage is given to any chip externally from the DC
source or some voltage regulator. The voltage regulator will not give the same voltage all
the time. It can go above or below the expected voltage. Hence, if the voltage changes, it
will change the current, making the circuit slower or faster.

The transistor density is not uniform throughout the chip. Some regions of the chip
have higher density and switching, resulting in higher power dissipation. Some regions
of the chip have lower density and switching, resulting in lower power dissipation. Hence

the junction temperature at these regions may be higher or lower depending upon the
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density of transistors. Because of the variation in temperature across the chip, it introduces

different delays across all the transistors.

The temperature variation concerns the junction and not the ambient temperature.
The temperature at the junction inside the chip can vary within a big range, which is why
temperature variation must be considered. The delay of a cell increases with an increase
in temperature. Nevertheless, this is only true for some technology nodes. For deep sub-
micron technologies, this behavior is contrary. This phenomenon is called a temperature

inversion.

The accuracy of phase and gain are essential in controlling the beam direction and sup-
pressing the side lobes. However, these can be affected by the process, the environmental
temperature, and the control voltage fluctuation. These factors can cause phase-shift inac-
curacy and gain fluctuation and thus leads to the unstable performance of phase shifters.
These factors must be considered carefully in the design of the phase shifter. Besides,
considering the integration of the multi-path power-combined PAs in the beamformer,
the PVT issue will become more severely. The analysis and proposed solution will be
illustrated in Chapter 4.

2.4 Prior Arts of 5G Phased-Array Beamformers

Widespread research has been focused on the 5G mm-wave phased-arrays in the past few
years [9-30]. The high-performance phased-array system should feature high EIRP for
maintaining the link budget and compact system design to adapt to the narrowed antenna
pitch.

2.4.1 Antenna Sharing with TRX Switch

One popular solution to reduce the phased-array complexity is to share the same antenna
port between the TX and RX paths, as shown in Fig. 2.13. An additional transceiver
(TRX) switch is inserted between the antenna port and the PA’s output (i.e., LNA’s input).
The TRX switch is usually realized by A/4 transmission lines (TLs) together with the
shunt transistors. Some TRX switches were reported with the same principles as the TL-
based switch. The TL-based TRX switch is bulky and lossy even at the millimeter-wave
band. In general, its insertion loss is high than 1.5dB. This insertion loss directly degrades
the TX-mode output power and the RX-mode noise figure (NF).
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Figure 2.13: Conventional phased-array architecture with antenna sharing.

2.4.2 DP-MIMO Configuration

The multiple-input-multiple-output (MIMO) configuration is also widely utilized, espe-
cially in sub-6-GHz communication scenarios. The basic topology of the MIMO system
is given in Fig. 2.14. The channel capacity C for ideal MIMO is defined by [31]

C =nBWlog,(1 + SNR/n) (2.24)
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Figure 2.14: Multiple-input-multiple-output configuration.

in this equation, the n is the number of the different data streams, and BW is the avail-
able bandwidth of the streaming signal. By transmitting only 2 data streams, the dual-
polarized MIMO (DP-MIMO) can be realized together with the dual-polarized antenna.
The miniaturized dual-polarized patch antenna is suitable for phased-array integration.
The phased-array beamform elements can share an identical design with the orthogonal
vertical-polarized (V-pol.) and horizontal-polarized (H-pol.) directions. Like the MIMO
system, the DP-MIMO can improve the data rate and reduce the module cost. However,

it suffers from channel correlation and desires high channel isolation.

2.5 Power-Efficient Power Amplifiers

In conventional phased-array beamformer designs, the differential PA is a better choice
than the two-way single-ended in-phase-combined PA for additional common-mode re-
jection [32-37]. The biases are usually optimized at class-AB to enhance the AM-AM
linearity. The optimization of the class-AB PA is mainly focused on the transformer-based
matching networks and the passive power-combiners, improving only the peak power ef-
ficiency performance.

As mentioned at the beginning of this chapter, due to the high PAPR of 5G-standard
OFDMA-mode modulated signals, the power efficiency of phased-array beamformers is
easily degraded in the deep PBO region. The extra energy dissipation will bring in a severe
thermal issue, especially in large-scale phased-arrays. In order to further enhance the
output power as well as the PAE at deep PBO regions, several solutions are available for
mm-wave PA design, such as mixed-signal PAs, out-phasing PAs, envelope-tracking PAs,
and Doherty PAs. The mixed-signal PAs need external digital controls [38—40] which
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increases the system control cost. The outphasing PA as shown in Fig. 2.15(a) consists
of two or more PAs, which are driven by a signal that is phase-modulated to produce
an output signal that is a combination of the amplified outputs of the PAs [41]. The
main advantages of outphasing PAs are high power efficiency. However, there are also
some drawbacks to this technology. One of the main drawbacks is the need for accurate
phase and amplitude control of the individual PAs, which can be challenging to achieve
in practice. Any errors in the phase or amplitude control can lead to distortions in the
output signal, which can cause interference with other communication channels. Besides,
outphasing PAs are sensitive to variations in the input signal amplitude and phase, which
means backend overhead is required to generate the outphasing signals [42—-45].

As the other PBO efliciency enhancement technique, the envelope-tracking PA is
shown in Fig. 2.15(b). The envelope-tracking PAs save the PA DC power consumption in
PBO by a dynamic power supply. This methodology can achieve peak PAE at multiple in-
put power levels. By having the supply voltage tracks the input power of the amplifier, the
following PAE curves can be seen relative to the back-oftf power of the signal. However,
the analog supply modulator often presents tough design trade-offs among its efficiency,
dynamic range, and speed. This becomes particularly challenging for signals with large
PAPRs and high modulation rates. Modulating a supply voltage can cause issues with

linearity normally overlooked and assumed to be solved with digital pre-distortion.

As for Doherty PAs, the 4/4 TL-based impedance inverter load modulation network
has been widely used [46-52]. Fig. 2.16(a) demonstrates the basic topology of the parallel
Doherty PA. Unlike the conventional power combining of two identical PA paths, the
Doherty PA comprises the main PA path and the auxiliary PA path. The main PA stage
biased in class-AB mode is always on from the small signal power region to the saturated
power region. In contrast, the auxiliary PA stage is biased in class-C mode, which is
turned off at higher than 6-dB PBO and is gradually opened when the PBO is less than
6dB. The A/4 TL-based impedance inverter is designed with a characteristic impedance
of Ryy. The load modulation for the main PA path is adjusted by the variant output
impedance of the auxiliary PA path. Fig. 2.16(b) compares concept efficiency with the
class-AB PA.

Nowadays, instead of the bulky and lossy 4/4 TL, as shown in Fig. 2.17(a), the
transformer-based passive networks are selected together with the capacitors to realize
both impedance matching and load modulation. This impedance inverter can be substi-
tuted by the m-shaped C-L-C equivalent model in the mm-wave band, as shown in Fig.
2.17(b). By reorganizing the positions of inductors and capacitors toward the output balun
demonstrated in Fig. 2.17(c), the inductors can be absorbed into the balun as a part of the
leakage inductance [53]. Thus the chip area can be further reduced. Fig. 2.17(d) and Fig.
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Figure 2.15: Concept of the (a) basic out-phasing PA and (b) envelope-tracking PA.

2.17(e) show the topology of the compact transformer-based output combiner with its EM
model. As a promising solution for improving PBO efficiency, many high-performance
stand-alone Doherty PAs have been demonstrated for 5G applications so far [53-62].
However, the integration of the Doherty technique in phased-arrays is still not well stud-
ied yet. The reported Doherty PAs are usually bulky and cannot fit the antenna pitch for

mm-wave beamformer design.

2.6 Linearization Techniques for 5G Systems

2.6.1 Power Amplifier Linearization Techniques

At the transmitter side, the PA is the bottleneck for the distortion of the whole system.
The effect of distortion can be decomposed into two parts: 1) the effect on the amplitude
referred to as amplitude to amplitude (AM-AM) and 2) the effect on the phase referred
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Figure 2.16: (a) Concept of the basic parallel Doherty PA with (b) its efficiency compared
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to as amplitude to phase (AM-PM). PAs intended for complex modulation are often op-
erated in class-AB mode to meet simultaneous requirements for high efficiency and rea-
sonable linearity. Nonetheless, the class-AB biasing leads to additional AM-PM distor-
tion [63, 64]. Consequently, it degrades linearity metrics, such as EVM and ACLR, in
complex-modulation systems. This motivates significant research efforts on the sources
of AM-PM distortion [65, 66] and the implementations of class-AB PAs with mitigated
AM-PM distortion [67-70]. The reported AM-PM linearization techniques mainly com-

prise the PMOS varactor-based compensation, second harmonic trap, and transformer-



30 CMOS Phased-Array Design Challenges

MainE N4
o — Out
—0

Au

' Impedance }
v nverter 1—_

i
at

Aux

|||J
|||J

X
@ (b)

i Absorbed + _

i byBalun } =

if{l
\T < T/
\4
HH
{Hn

........ R Out Out
*—0a —0

<
‘A& Aux -|
:I__ :__ Aux. Path Zin

unjeg abejg "xny
unjeg abejg ulep

I‘ | | = H
Output Combining

(€)

Figure 2.17: (a) Conventional output combiner with A/4 transmission line. (b) Output
combiner with equivalent m-shaped C-L-C impedance inverter and the (c) reorganized
model together with balun. (d) Inductors absorbed into the balun as a part of the leakage
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based feedback correction. Besides, as for the power-combined PAs, especially the Do-
herty PAs. The class-C biased auxiliary path will bring in more AM-AM and AM-PM
issues. The linearity correction for Doherty PAs is mainly through the adaptive bias net-
work (ABN). The ABN adjusts the class-C stage bias according to the detected input
swing envelope. With the dedicated optimization, the AM-AM distortion can be signifi-
cantly compensated [56, 71-73].

Well, the mentioned linearization techniques mainly focus on stand-alone PA designs.
The linearization improvement will suffer from the PVT variations when integrated into

the phased-array systems.
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2.6.2 Digital Pre-Distortion

As another cost-effective linearization solution, the digital pre-distortion (DPD) technique
can also be applied to correct the distortion introduced by the PA nonlinearity in the base-
band [74, 75]. Recently, there have been more and more demonstrations of the phased-
array DPD strategies [76-90]. Fig. 2.18(a) shows a simplified DPD-PA cascade system.
The DPD features an excellent linearization capability and the ability to preserve over-
all efficiency. It takes full advantage of advances in digital signal processors and A/D
converters. The technique adds an expanding inverse nonlinearity in the baseband that
complements the compressing characteristic of the power amplifier. Ideally, the cascade
of the pre-distorter and the power amplifier becomes linear, and the original input is am-
plified by a constant gain. With the pre-distorter, the power amplifier can be utilized up
to its saturation point while maintaining good linearity, significantly increasing its effi-
ciency. The DPD algorithm needs to model the PA behavior accurately and efficiently for
successful DPD deployment.

DPD implementations can be classified into memoryless models and models with
memory. Memoryless models focus on the power amplifier that has a memoryless non-
linearity. The current output depends only on the current input through a nonlinear
mechanism. This instantaneous non-linearity is usually characterized by the AM/AM
and AM/PM responses of the power amplifier, where the output signal amplitude and
phase deviation of the power amplifier output are given as functions of the amplitude of
its current input. Memoryless polynomial and look-up table (LUT) based algorithms are
two key algorithms for memoryless models. The memory model is commonly used as
the signal bandwidth becomes broadened. Power amplifiers exhibit memory effects for
wider bandwidth due to the different PA non-linearity frequency responses. This is es-
pecially true for those high-power amplifiers used in wireless base stations. Besides the
wideband frequency memory effect, the causes of the memory effects can be attributed
to components in the biasing network or the power supply that have frequency-dependent
behaviors or thermal constants of the active devices. As a result, the current output of the
power amplifier depends not only on the current input but also on the past input values.

In other words, the power amplifier becomes a nonlinear system with memory.

Memoryless pre-distortion can achieve only very limited linearization performance
for such a power amplifier. Therefore, digital pre-distorters must have memory struc-
tures. The most important algorithm for models with memory for Digital pre-distortion
implementation is the Volterra series and its derivatives. The most general way to intro-
duce memory is to use the Volterra series. However, the large number of coefficients of

the Volterra series makes it unattractive for practical applications. This thesis uses the
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Figure 2.18: (a) The inverse nonlinear operation of the DPD; (b) Predistorter with memory
model.

memory polynomial model derived from the Volterra series with compact memory length
and depth. Fig. 2.18(b) demonstrates the indirect learning architecture for the digital
pre-distorter [91].

The discussion above about the DPD technique is limited to single PA or TRX cases.
Considering the DPD implementation applications in phased-array systems with multiple
beamformer elements, the linearity improvement can be limited due to the different beam-
former characteristics. This issue will be analyzed in detail in Chapter 4, with a possible

solution proposed.
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2.7 Summary

In this chapter, the main concepts and standards for 5G NR FR2 networks are introduced,
followed by the challenges facing the design of millimeter-wave CMOS transceivers. Be-
sides, the most important challenges and requirements of the phased-array systems are
discussed. The design limitations and existing techniques for the area- and power-efficient
systems are further explored. Beamforming importance and realization conditions are also

explained in this chapter.






Chapter 3

Area-Eflicient Bi-Directional Technique

3.1 Introduction

The phased-array system plays a very important role in millimeter-wave communications.
A large-scale array size is necessary for a sufficient EIRP to maintain the long commu-
nication distance. The area-efficient technique is desired to reduce the whole system’s
physical size and manufacturing cost. The importance of area efficiency has been men-
tioned in Chapter 2. The detailed analysis of the proposed area-efficient technique with be
discussed in this chapter. The proposed bi-directional technique is derived from the con-
ventional capacitive neutralization technique. The Doherty technique is then implemented
with the bi-directional core to enhance the PBO efficiency with less die area penalty. After
that, the active vector-summing phase shifter (VSPS) utilizing the proposed bi-directional
core is demonstrated. A bi-directional passive mixed-type phase shifter (MTPS) is also
designed for better PVT characteristics than active PSs. The single-ended bi-directional
variable gain amplifier (VGA) is given at the end.

3.2 Neutralized Bi-Directional Technique

3.2.1 Conventional Capacitive Neutralization

The capacitive neutralization is a popular PA structure, as shown in Fig. 3.1(a). Common-
source differential pair is used for the largest output swing from each PA stage at low
supply. Stability and isolation of the PA are simultaneously achieved by neutralizing each
stage using cross-coupled drain-gate feedback capacitors. Neutralization increases the
gain with no penalty in power consumption. Unconditional stability results from the near

unilateral behavior of each stage, which permits simplified inter-stage matching with on-
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Figure 3.1: (a) Conventional differential PA core with capacitive neutralization and (b) its
equivalent model for the PA transistor.

chip coupling transformers [32, 92, 93]. As shown in Fig. 3.1(b), the Miller effect of the
PA transistor can be analyzed for its equivalent model. Assuming a positive voltage gain
of Ay, the voltage gains for OUT- to IN+ and for OUT+ to IN+ can be written as Ay and
—Ay. Thus, the total Miller capacitance Cy from OUT- and OUT+ are equal to

Cu = ng(l —Ay)+Cc(1 + Ay) 3.1
Suppose the gain Ay is much greater than 1, the Miller capacitance Cy; can be simplified
as

Cym = (Cc — Cog)AyCe — Cygq (3.2)

The Cy; can be fully neutralized when choosing Cc = Cy.

3.2.2 Neutralized Bi-Directional Core

The proposed neutralized bi-directional core is realized by replacing the C¢ pair in Fig.
3.1 with the other transistor pair severed as LNA-mode transistors. Fig. 3.2 (a) shows
the circuit schematic of the bi-directional gain amplifier. Two differential pairs in cross-
coupling connection are included in the neutralized bi-directional core. The mode selec-
tion of the core is realized by switching the tail transistors M3 and M6. Fig. 3.2 (b) and (¢)

further explain the TX-mode and RX-mode core operations. By selecting the same tran-
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sistor size among M1, M2, M4, and M5, the gate-drain capacitance neutralization could
be maintained in both operating modes. Improved amplifier gain and reverse isolation
are achieved. Moreover, to minimize the required chip area, the TL-based passive match-
ing components for the gain amplifier are shared between TX mode and RX mode. In
millimeter-wave frequencies, the required matching conditions for the proposed core will
not change dramatically during the mode switching. Therefore, properly-sized TLs could
be selected to achieve low-loss matching in both TX and RX modes. High-performance
and area-efficient bi-directional amplifiers could be realized.

Fig. 3.3 (a) and (b) show the simulated performance of the bi-directional gain ampli-
fier. The achieved TX-mode and RX-mode gain are around 8 dB and 10 dB, respectively.
Within 26.5 GHz to 29.5 GHz, the return losses are always better than -8 dB. The power
consumptions are 9 mW in TX mode and 10 mW in RX mode. Furthermore, orthogonal
gain and phase tuning is always demanded by millimeter-wave beamformers for a sim-
ple control algorithm and fast calibration. In this work, the TX-mode amplifier is further
reused as the VGA in each beamformer path. The tail bias is controlled by the high-
resolution DACs for providing the fine gain tuning. Fig. 3.3 (c) and (d) demonstrate the
VGA performance. The simulated gain coverage with transistor process corners is also
shown in the figure. Thanks to the neutralized bi-directional technique, the phase varia-
tion during the gain tuning is suppressed by the gate-drain capacitance neutralization. As
shown in Fig. 3.3 (d), within 8-dB gain tuning range, the phase variation is less than 2.5°
at 28 GHz.

3.2.3 Class-AB PA-LNA

In RF front-end design, the PA, LNA, and antenna interface almost dominate the sys-
tem performance. The low-loss antenna interface is attractive for maintaining TX output
power level and reducing RX NF. Also, the A/2 antenna pitch is scaling down along with
the increasing operation frequency, less than 5-mm antenna pitch is available when op-
erating at 28GHz or even higher frequency band. Thus, compact packaging method is
desired. The PA power delivery and LNA NF are required to be optimized together with
the TRX switch considering the insertion loss and chip area.

Fig. 3.4 shows the circuit schematic of the PA-LNA along with the packaging connec-
tion. To minimize the chip area cost, the unbalanced neutralized bi-directional technique
is adopted in this work. Compared with the neutralized bi-directional technique men-
tioned in Chapter 3.2.2, two extra capacitors C,n, are attached to the LNA transistors for
compensating the extra gate-drain capacitance from the PA transistors. Therefore, even

with different transistor sizes, the unbalanced neutralized bi-directional core could still
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maintain the gate-drain capacitance neutralization in both PA mode and LNA mode. Fig.
3.5 shows the layout optimization of unbalanced neutralized PA-LNA cores. The first
version of the PA-LNA core is shown in Fig. 3.5(a), where the larger interconnection loss
exists for both LNA mode and PA mode. Besides, the achievable PAE is relatively low
due to the only tail bias control in the PA mode. While the updated version of the PA-
LNA core, as shown in Fig. 3.5(b), provides individual PA biases by inserting additional
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Figure 3.3: Simulated S parameters of the gain amplifier in (a) TX mode and (b) RX
mode. Simulated (c) variable gain of the TX-mode amplifier and (b) the corresponding
phase variation at 28 GHz.

DC-block capacitors to enhance the PA PAE. At the same time, the PA-mode parasitic
inductance is still higher because of the long interconnection path between the PA tran-
sistors’ drain and the output transformer-based matching network. The updated version
of the PA-LNA core is used in the 28-GHz PA-LNA designs. While for the following
39-GHz PA-LNA research, the compact PA-LNA core with minimized PA-mode para-
sitic inductance is required due to the more severe parasitic influence of high operation
frequency. It can be demonstrated in the final version of the PA-LNA core as shown in
Fig. 3.5(c). The further narrowed core size provides higher PA-mode saturated output
power and peak PAE.

The matching network towards the antenna port is configurable with a switching tran-
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Figure 3.4: Circuit schematic of the proposed PA-LNA with antenna sharing.

sistor M1. By switching the on/off state through the bias VGSW, the matching point can
be closer for both the load-pull optimum impedance in PA mode and the optimum noise
figure impedance in LNA mode. The proposed PA is biased in class AB condition to im-
prove the PA-mode power efficiency at the deep PBO region. An adaptive antenna-sharing
network is co-designed with the core circuits to improve the PA-mode power delivery and
LNA-mode NF. At 28 GHz, the simulated insertion loss of the antenna-sharing network
1s 0.5dB in PA mode and 1.5dB in LNA mode.

To evaluate the performance of the PA-LNA, a standalone PA-LNA is fabricated for
on-wafer measurement. Fig. 3.6 (a) presents the measured PA-mode linearity. The
achieved saturated output power is 16.2dBm and the output P4g is 13.4dBm. Fig. 3.6
(b) demonstrates the corresponding power-added efficiency (PAE). The proposed PA re-
ports a maximum PAE of 30.7%, including the TRX switch. Thanks to the class AB bias
condition, the maintained PAE at 6-dB PBO is 11.5%. The measured LNA-mode NF is
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Figure 3.6: (a) Measured PA-mode linearity and (b) the corresponding PAE.

further shown in Fig. 3.7. Keysight PNA-X N5247A and the cold-source method are used
for the NF measurement. Within the frequency range of 26.5GHz to 29.5GHz, the NF is
from 4.3dB to 5.3dB.
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3.3 Bi-Directional Doherty PA-LNA with WLCSP

Facing the complex modulated signals in 5G, the PA efficiency in the deep PBO re-
gion also demands further improvement. Moreover, the packaging design is critical to
the overall performance of 5G millimeter-wave phased-array systems. Accurate package
modeling and optimizations are required to decrease the insertion loss. In this work, a bi-
directional Doherty PA-LNA is proposed and co-designed with WLCSP. The TX back-off
power efficiency can be enhanced by utilizing the Doherty technique. Meanwhile, a larger
TX output power is realized through the combined output, which is good for reducing the

array size.

3.3.1 Doherty PA-LNA

Fig. 3.8(a) and Fig. 3.9(a) show the bi-directional Doherty PA-LNA in PA mode and
LNA mode, respectively. It consists of a 90° hybrid coupler, a main PA path with LNA,
and an auxiliary PA path for Doherty operation. The main PA path with LNA is designed
based on an unbalanced neutralized bi-directional technique [9, 10]. A minimized on-chip
area could be realized by the shared inter-stage passives between PA and LNA. When the
Doherty PA-LNA operates in PA mode, the main PA path is biased at class-AB while
the auxiliary PA path is biased at class-C to perform the Doherty load modulation. The

same driver stages are applied for both the main and auxiliary PA paths to minimize the
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Figure 3.8: (a) Proposed bi-directional Doherty PA-LNA in PA mode. Simulated PA-
mode Doherty load modulation characteristics of (b) main PA path and (c) auxiliary PA
path, measured results of the stand-alone bi-directional Doherty PA-LNA TEG (d) PA-
mode power gain and output power, and (e) PA-mode PAE vs. power back-off.
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output combining mismatch. Fig. 3.8(b) and (c) demonstrate the simulated Doherty load
modulation characteristics of the main PA path and auxiliary PA path, respectively. The
auxiliary PA path is gradually turned on from the 6-dB PBO point, and the load impedance
seen into the main PA path is slowly descending at the same time. Until the saturation
region, the same load impedance is reached for both the main PA path and the auxiliary PA
path. Fig. 3.8(d) and (e) show the measured PA-mode results compared with its simulated
results. To minimize the degradation between the measured results and simulated results,
the transistor cores are modeled with EMX and the passives are modeled by Ansys HFSS
during the post-simulation. In measurement, a standalone bi-directional Doherty PA-LNA
achieves an 18.9-dBm Psat and a 30.4% peak PAE in PA mode with a 1-V supply voltage.
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Figure 3.10: (a) The top view and (b) cross-sectional view of the dual-passivation WLCSP
process.

The measured PAE at 6-dB and 8-dB PBO are 17.8% and 12.0%, respectively.

In LNA mode, the 1:2 balun at the auxiliary PA stage is capable of providing an
impedance up-scaling to isolate the auxiliary path and suppress the loading effect. The
simulated impedance seen from LNA input to the off-state PA auxiliary path is shown in
Fig. 3.9(b). The extra capacitor Cgx is designed to be neutralized by the Cyq of the PA-
mode transistors along with the C,yq of the LNA-mode transistors. Therefore, the Miller
effect is minimized and the LNA-mode stability is also enhanced. The NF is measured
by Keysight PNA-X N5274B network analyzer. The Noise Figure Cold Source option is
selected with the Scalar Noise calibration. Fig. 3.9(c) presents the measured LNA-mode
NF, a 4.8-dB NF at 40GHz and a less than 5.8-dB in-band NF are obtained in LNA mode.

3.3.2 Package and Antenna Design

Wafer Level Chip Scale Package (WLCSP) refers to the technology of packaging an inte-

grated circuit at the wafer level instead of the traditional process of assembling individual
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Figure 3.11: (a) Optimized 3D WLCSP EM model at the antenna port, (b) proposed bi-
directional Doherty PA-LNA with WLCSP co-design, (c) simulated packaging insertion
loss with the transmission-line rematching network.

units in packages after dicing them from a wafer. This process is an extension of the
wafer Fab process, where the device interconnects and protection is accomplished using
the traditional fab processes and tools. In the final form, the device is a die with an array
pattern of bumps or solder balls attached at an I/O pitch that is compatible with traditional
circuit board assembly processes. WLCSP is a true chip-scale packaging (CSP) technol-
ogy, since the resulting package is the same size as the die. WLCSP technology differs
from other ball-grid arrays (BGAs) and laminate-based CSPs in that no bond wires or
interposer connections are required. The key advantages of the WLCSP are minimized
die-to-PCB inductance, reduced package size, and enhanced thermal conduction charac-
teristics. The Cuppi layer is used as RDL and isolated by two dielectric layers PBO1 and
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Figure 3.13: (a) Conventional phased-array architecture with antenna sharing. (b) Pro-
posed phased-array architecture in bi-directional technique.

PBO2.

Fig. 3.11(a) shows the WLCSP 3D EM model for antenna and IC interconnection.
In order to minimize the package capacitive loss and improve the bandwidth, the RF pad
size is minimized and the ground shield under the signal bump is removed. The additional
metal-to-substrate loss of the signal bump from the P-doped substrate is smaller than
the capacitive loss introduced by the ground shield [94]. A transmission lines (TLs) re-
matching network is inserted between PA-LNA and the WLCSP model, as shown in Fig.
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Figure 3.14: (a) Comparison between the conventional PA, LNA, and TRX switch with
PA-LNA, and (b) comparison between the conventional Doherty PA, LNA, and TRX
switch with Doherty PA-LNA

3.11(b). The TL stub is shared with the calibration path to save the chip area and further
reduce insertion loss. Fig. 3.11(c) shows the WLCSP EM simulated results with TL
re-matching network, a less than 1.2-dB insertion loss is realized from 30GHz to S0GHz.

The dual-pol. aperture-coupled structure is selected and optimized for the wide-band
gain feature [95-97]. Its 3D EM model is given by Fig. 3.12(a) in I'-type slot configura-
tion. As shown in Fig. 3.12(b), a higher than 5-dB single-element wide-band antenna gain
with larger than 25-dB isolation at 40GHz is realized according to the antenna simulated
results.

3.3.3 PA-LNA Area-Power-Efficiency Analysis

This section will discuss the area and power efficiency of the proposed class-AB PA-LNA
and Doherty PA-LNA at the system level. The comparison with state-of-the-art stand-
alone PAs will also be demonstrated.

The conventional and proposed phased-array architectures with antenna sharing are
depicted in Fig. 3.13(a) and Fig. 3.13(b), respectively. By employing the bi-directional
technique, the PA-LNA block can replace the PA, LNA, and TRX switch of the con-

ventional phased-array architecture, resulting in less overhead area for LNA and TRX
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class-AB PA and (c) Doherty PA. (d) Conceptual power-efficiency and area-efficiency
comparison.

switches, thus achieving higher area efficiency. Additionally, the PA-mode Psat and PAE
of the proposed PA-LNAs include the TRX-mode switching loss. In contrast, a TRX
switch loss of around 1.5 dB must be accounted for in stand-alone PAs, making this work
more power-efficient. To further demonstrate the area-efficiency of this work, a compari-
son between the conventional PA, LNA, and TRX switch with PA-LNA, and a comparison
between the conventional Doherty PA, LNA, and TRX switch with Doherty PA-LNA are
presented in Fig. 3.14(a) and Fig. 3.14(b), respectively. Assuming that each path occu-
pies the same area and excludes the additional area for the TRX switch, it is evident that
only 50% and 66.7% of the area are required for the PA-LNA and Doherty PA-LLNA, re-
spectively. In other words, compared with the stand-alone PAs, the PA-LNA and Doherty
PA-LNA only occupy 50% and 66.7% equivalent areas in PA mode.

As for the Doherty PA in Fig. 3.15(c), it doubles the output power compared with
class-AB PA as shown in Fig. 3.15(a), similar to the two-way power-combined class-
AB PA in Fig. 3.15(b). Assuming no combiner loss, the 6-dB PBO efficiency of the
Doherty PA is around two times compared with class-AB PAs. From Fig. 3.15(d), it is
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Figure 3.16: (a) The trend of area versus. Psat by power-combining and (b) the trend of
backoff PAE versus. Psat by power-combining.

easy to find that the Doherty technique enhances the PBO efficiency while maintaining the
same area efficiency. The power-combining technique effectively improves output power,

and its insertion loss directly determines the PA performance. Extrapolated from the
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reported papers, the area and PAE trends versus Psat with multi-stage RF combiners can
be depicted as Fig. 3.16(a) and Fig. 3.16(b), respectively. As for the ideal trends without
power-combining loss in dotted lines, every two times of area with lead to doubled Psat,
while the PAE keeps same. However, in practice, around 0.5-dB power-combining loss
should be considered. Thus as for real cases in solid lines, the area is doubled but results
in less than doubled Psat, degrading the PAE performance.

According to the above analysis, as proof of PBO efficiency enhancement by the Do-
herty technique, Fig. 3.17 compares the Doherty PA-LNA compared with a two-way
symmetrical power-combined PA-LNA, 1.78 times PAE improvement is obtained at 6-dB
PBO region.

To further demonstrated the advantages of the proposed PA-LNA, the comparison of
the state-of-the-art PAs from 20GHz to SOGHz are given in Fig. 3.18. From Fig. 3.18(a),
the proposed PA-LNAs proved area-efficient in this work by fully absorbing the chip area
for LNA. The compact size with a 1-V power supply is compatible with scaling down
phased-array applications. Furthermore, good power efficiency performance is obtained
based on the 65nm CMOS technology in Fig. 3.18(b). Due to the switchless bi-directional
operation, this work suffers from no additional saturated output power and PAE degrada-
tions. As mentioned above, the equivalent PA-mode area equals 50% and 66.7% for
PA-LNA and Doherty PA-LNA, respectively. Furthermore, a general 1.5-dB TRX switch

loss should be compensated during the comparison with stand-alone PAs. Thus, demon-
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strated in the red triangle markers, this work performs excellent area-power-efficiency,

which makes this work more attractive for 5SG phased-array applications.
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3.4 Bi-Directional Building Blocks

3.4.1 RF Phase Shifter Considerations

As the key component of the phased-array system, RF phase shifters (PS) with high
phase shifting resolution can suppress the side lobes and minimize the beam-pointing er-
ror. Aiming for the increasing carrier frequency bands and beamformer integration level,
compact PS designs supporting bi-directional operation are desired. The design consid-
erations for the 5G NR and next-generation PSs are illustrated in Fig. 3.19, where the
pros and cons of the three popular bi-directional PS architectures are demonstrated. The
active vector-summing phase shifter (VSPS), which is composed of a vector-summing
poly-phase filter (PPF) or quadrature all-pass filter (QAF) together with the VGA stage,
is able to perform phase shifting while maintaining a relatively smaller insertion loss. The
bi-directional VSPS reported in [9] is designed with the bi-directional core. Thus, the area
of the beamformer element can be further shrunk down. However, the linearity degrada-
tion introduced by PVT variations and the additional power consumption limit its usage.
Moreover, precise calibration is required to compensate for the I/Q imperfection. The
path-to-path mismatches make the calibration more complicated, which means dedicated
LUTs for each element are necessary, tremendously increasing the controlling cost for
large array systems. Compared with the active VSPS, the passive VSPS based on the hy-
brid coupler with a bi-phase vector modulator requires no additional power consumption
and provides better PVT features due to the lack of active VGA stages. However, like
the active VSPS, the passive VSPS also requires the frequency response of the passive
I/Q generation components and limits symmetrical layout design for the I/Q vector sum-
ming and the bandwidth. The passive reflection-type phase shifters (RTPSs) based on the
90° directional hybrids have also been reported in [98—100]. The RTPS can provide not
only high-resolution phase shifting by tuning the reflection load but also better linearity
compared with the VSPS. However, the operating bandwidth for RTPS is limited by the
90° directional hybrid’s intrinsic frequency feature. Besides, multiple DACs are manda-
tory for the precise bias control of such RTPS. To mitigate such drawbacks, the passive
mixed-type phase shifter (MTPS) is proposed by combining the switch-type phase shifter
(STPS) and RTPS, where the RTPS serves as the fine-tuning stage for higher PS reso-
lution requirements. The MTPS desires a dedicated design for each phase-shifting stage
and needs an additional 180° phase-shifting stage. However, it can provide relatively wide
bandwidth by optimizing each stage and the additional techniques to compensate for the
switch transistors’ frequency response, which can be a good candidate for next-generation

communications with a simple digital control algorithm.
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Figure 3.19: Summary of phase shifter architectures.

3.4.2 28-GHz Balanced Active Bi-Directional Phase Shifter

The usage of active phase shifters further helps the bi-directional beamformers to shrink
in size [9]. The area consumption overhead for gain compensation, which is required in
beamformers with passive phase shifting solutions, can be removed. However, conven-
tional bi-directional active vector-summing phase shifters (VSPS) (Fig. 3.20 (a)) based on
the switchable poly-phase filters (PPFs) suffer from imperfect switching operation. The
parasitic resistance of switches introduces unbalanced vector summing. Complicated con-
trol tables are required for compensating the magnitude and phase errors. Additionally,
the overall achievable RF-path gain is degraded by using multiple switchable PPFs.

To address these issues, Fig. 3.20 (b) presents the balanced active bi-directional phase
shifter in this work. The proposed phase shifter consists of a non-switchable PPF, bi-
directional VGAs Al and A3 for the I path and bi-directional VGAs A2 and A4 for
the Q path. The VGA circuits for Al to A4 are similar to the neutralized bi-directional
gain amplifier. Two bi-directional cores with flipped output are included for covering the
complete 360° phase shifting in vector-summing operation. Fig. 3.20 (c) and (d) further
explain the TX-mode and RX-mode operations, respectively. In TX mode, the generated
1/Q signals by the PPF are first sent to A1 and A2. Due to their constant input impedance,
A1l and A2 will directly function as the I/Q VGAs. In this condition, A3 and A4 will be
set with fixed gain and serve as another driving stage for the PA. Balanced I/Q summing
and improved linearity over phase shifting could be achieved in TX mode. In RX mode,
the PPF can operate as the quadrature adder with its reciprocal characteristic. However,
the orthogonality of PPF is sensitive to the mismatch between the 1/Q input impedances.
Therefore, A3 and A4 in RX mode will function as the I/Q VGAs, while A1l and A2 with
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Figure 3.20: Block diagrams of (a) conventional active bi-directional phase shifter and
(b) proposed balanced active bi-directional phase shifter. Operations of proposed phase
shifter in (¢) TX mode and (d) RX mode.

fixed gain will serve as the isolation buffers. Identical I/Q input impedances could be
provided to the PPF and balanced vector summing could also be realized in RX mode.
Moreover, the overall gain performance of the proposed phase shifter is improved due to
the usage of one single non-switchable PPF.

The non-switchable PPF used in this work is designed with tunable capacitance. It
can be configured for different operating center frequencies. The frequency band from
26.5 GHz to 29.5 GHz is covered by the PPE. The I/Q imbalance caused by the process

variation could also be compensated by the tunable capacitance through calibration. Fig.
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Figure 3.22: Measured (a) phase shifting and (b) RMS gain and phase errors for the
proposed beamformer.

3.21 shows the simulated image rejection ratio (IRR) of the PPF in corner conditions
after the compensation. Process corners of the varactors and resistors are considered in
this simulation. Considering the 400-MHz channel bandwidth defined in 5G NR standard,
the simulated IRRs are always better than 37.1 dB.

Fig. 3.22 demonstrates the measured phase shifting performance of the proposed

beamformer. The PPF setting is fixed in this measurement. This work covers 360° phase
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Figure 3.23: (a) Circuit schematics of single-ended three-stage bi-directional RF VGA.
(b) Mixed-type RF phase shifter topology with (d) the measured insertion loss. Measured
results of the single TX-mode beamformer element: (c) VGA additive phase variations,
(e) phase-shifting coverage with the corresponding (f) phase and gain rms errors.
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shifting. From 26.5 GHz to 29.5 GHz, the introduced RMS phase error and RMS gain
error are less than 2° and 0.4 dB, respectively, without any compensation tables. The
proposed phase shifter also realizes a 13-dB gain in TX mode and a 10-dB gain in RX
mode. The PA could be directly driven by the phase shifter in this work. The area and
power efficiencies of the proposed beamformer are further improved.

3.4.3 39-GHz Bi-directional VGA and Mixed-type Phase Shifter

A three-stage single-ended bi-directional VGA with attenuators is presented in Fig. 3.23(a).
Two single-direction VGAs are connected end-to-end and controlled by mode-switching
bias. The bi-directional operation is supported by limited power consumption. The single-
ended topology is also convenient to fit the irregular layout shape. Fig. 3.23(b) shows the
mixed-type RF phase shifter, composed of a reflection-type phase shifter (RTPS), a 45°
switch-type phase shifter (STPS), and a 90° STPS. The 45° stage and 90° stage are both
designed in a bridged-T type low-pass structure [101]. A 90° directional coupler with
around 25-Ohm characteristic impedance is implemented in RTPS to enlarge the phase
shift coverage. The tunable capacitive reflection load is designed with two switching ca-
pacitors and a varactor, realizing the fine phase-tuning function. The 180° phase shift
is fulfilled by swapping the outputs of the following differential stages. The measured
insertion loss of the mixed-type PS is shown in Fig. 3.23(d). The Measurement results
shown in Fig. 3.23(c,e,f) are based on the single TX-mode beamformer element. The
additive phase variation introduced by the bi-directional VGA is demonstrated in Fig.
3.23(c) with the calculated phase rms error. Fig. 3.23(e) and (f) perform the measured
beamformer phase coverage with the corresponding phase and gain rms error. 360° phase
coverage is achieved from 37-GHz to 43.5-GHz band, less than 2.00° phase rms error and

less than 1.03-dB gain rms error are obtained within the targeted 39-GHz band.

3.5 Summary

In this chapter, the element-beamformer building blocks are designed based on the neu-
tralized bi-directional architecture for saving chip area and manufacturing costs. The bi-
directional technique could reduce the occupied on-chip area for each beamformer. The
stand-alone 28-GHz PA-LNA realizes 16.4-dBm saturated output power with a 32% peak
PAE in PA mode. It also achieves good linearity with a 14.9-dBm P,45. In LNA-mode,
4.4-dB~5.3-dB NF is realized from 26.5GHz to 29.5GHz band. A 39-GHz bi-directional
Doherty PA-LNA is proposed to enhance the power PBO efficiency regarding the high

PAPR 5G signals, meanwhile costing down the system by the unbalanced neutralized
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Table 3.1: Summary of the bi-directional PA-LNA design history

Year 2018" 2019" 2018* 2019" 2020" 2021°
Ref [9] [10] [34] [102] [103]
. JSSC2020 | JSSC2021 | RFIT2018 ELEX2023 | JSSC2023
Doherty
PA-LNA PA-LNA . PA-LNA
Topology Diff. PA Doherty PA | PA-LNA
Core vl Core v2 Core v2
Core v3
Freq. [GHZ] 28 28 39 39 41 39
Psat [dBm] 154 16.4 16.3 16.2 194 18.9
OP1dB [dBm] 13.0 14.9 14.9 13.9 18.6 17.0
PAEpgak [%] 20 32 30.3 26.5 30.4 30.4
PAE ©6-dB 4 9 - 8.2 19.2 17.8
PBO [%]
NF [dB] 4.6 <5.3 - 5.1 - 4.8
Core Chi
ore P 0.11 0.11 0.08 0.11 0.22 0.22
Area [mm?]

* My own work.

# Previous work in our lab.

bi-directional operation. The measured stand-alone Doherty PA-LNA achieves 18.9-dBm
saturated output power with 17.8% PAE at 6-dB PBO in PA mode and obtains a 4.8-dB NF
at 40GHz in LNA mode. Table 3.1 summarizes the design history of the bi-directional PA-
LNA. Based on the optimized final version of the unbalanced neutralized bi-directional
PA-LNA core, the bi-directional Doherty PA-LNA achieves closer performance towards
the stand-alone Doherty PA.

The area-efficient bi-directional PSs are also proposed with 360° phase coverage. The
measured rms phase and rms gain errors are less than 2° and 1.1dB, respectively. Table 3.2
compares the phase shifters for 5G applications with the proposed phase shifters in this
thesis. The research demonstrated in this chapter is the foundation for the phased-array

system designs.
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Table 3.2: Comparison of the phase shifters for 5G applications

This Work | [104] IEICE2020 | [105] ICTA2020 | [106] RFIC2020
Architecture | 2S¢ | MTPS Active STPS Passive
VSPS VSPS VSPS
Freq. [GHz] 28 39 28 39 39
Gainyg [dB] 10 | -13 3.7 116 17.8
Coverage [°] | 360 | 180 360 180 360
Gain Errop, [dB] | <04 | <1.03 <0.2 <0.4 <0.28
Phase Erryp, [°] <2 <2 <1.2 <3.1 <1.1
Ppc [mW] 20 0 252 0 0
Core Chip 027 | 017 0.32 0.15 0.14
Area [mm?]




Chapter 4

Power-Efficient Phased-Array
DP-MIMO System

4.1 Introduction

Based on the 5G requirement introduction in Chapter 2 and the beamformer-element
building blocks designed in Chapter 3, this chapter focuses on the system challenges
and targets for the high-data-rate power-efficient phased-array beamformer designs. This
chapter mainly comprises two key ideas: the cross-polarization cancellation to support
DP-MIMO better and the inter-element mismatch compensation to improve the DPD per-
formance in phased-array applications. Both the proposed techniques enhance the avail-

able EIRP and system power efficiency.

4.2 Cross-Polarization Leakage Cancellation

4.2.1 Millimeter-Wave DP-MIMO Communications

As demonstrated in Fig. 4.1(a), 5G millimeter-wave DP-MIMO systems utilize the cross-
pol. isolation between H-pol. and V-pol. to simultaneously transmit two data streams. To
evaluate the performance of the idea DP-MIMO systems, the channel capacity under 2x2
DP-MIMO configuration could be represented with Eq. (4.1) [31, 107].

C = Blog, [det (1 + %HHH)] 4.1)
In this equation, B is the channel bandwidth and vy, is the signal-to-noise ratio (SNR). n =
2 is selected here to keep the total transmitted power constant in DP-MIMO. The channel
information is included in the 2x2 channel matrix H. For ideal line-of-sight (LOS) DP-
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Figure 4.1: (a) Ideal dual-polarized multiple-in-multiple-out (DP-MIMO) operation. (b)
DP-MIMO operation with rotation and coupling during propagation.

MIMO operation, the H-pol. and V-pol. signals are completely isolated. Therefore, the

channel matrix Hjg, could be represented as follows

elen 0
} 4.2)

O e] 22

H ideal = [

In Higea, @11 and ¢, denote the phase shifting caused by propagation. Considering a
communication distance of d, ¢;; and ¢,, could be derived with 271%. By applying Higeq
to Eq. (4.1), the ideal DP-MIMO channel capacity could be calculated with Eq. (4.3).

2
Citeal = Blogs (1 + %) 43)

From Eq. (4.3), we can find that using DP-MIMO in ideal conditions significantly boosts
the channel capacity. While in the real case, the rise of cross-pol. leakage will always
limit the achievable DP-MIMO capacity. As shown in Fig. 4.1(b), both the coupling from

the antenna and the polarization rotation due to module placement can generate such
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Figure 4.2: Calculated required SNR, available TX output power, and TX efficiency
against (a) A and (b) ¢y.

leakages. To explore their influence on channel capacity, the channel matrix H,., under

leakage condition could be represented as follows

'\/1 —_ aej‘pll \/Bej()oﬂ
Hyo = 4.4)

\/aejsm N _Bejsm
Here, Va and +/B are the magnitudes of the cross-pol. leakage components, where 0 <
a < land 0 < B < 1. The phase of the leakages are denoted with ¢, and ¢,;. The
corresponding channel capacity Cj.,x could be derived by applying H, to Eq. (4.1).
The calculated result is shown in Eq. (4.5) (the bottom of the next page). If we assume

a = =Aand ¢ — @11 = p12 — Y2 = @, the channel capacity under leakage condition
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could be further simplified with Eq. (4.6).

2
C... = Blog, (1 n @) - DA - A)cos2p + ) (4.6)

2

From Eq. (4.6), we can find the first term inside the brackets of C;eak is the same as
the one inside Cjqe,. While the second term, which is always negative, represents the
capacity degradation caused by the cross-pol. leakages. The worst condition is obtained
when A=0.5 and ¢=0°. The corresponding channel capacity C;’eak could be represented

with Eq. (4.7), which is the channel capacity for a single-in-single-out (SISO) scenario.

Croax = Blogz (1 + 70) 4.7)

To compensate for the degradation caused by the cross-pol. leakage, the channel SNR
Yo is required to be improved. Fig. 4.2(a) and (b) demonstrate the required y, against A
and ¢, respectively. The DP-MIMO capacity is fixed at 1.5 Gb/s in this calculation, and
the channel bandwidth is 100 MHz. In 5G millimeter-wave transceivers, the channel SNR
7o 1s usually dominated by the transmitter side. The transmitter will require additional
power back-off (PBO) to improve yy. Thus, the system power efficiency will be in turn
degraded. An example for explaining the efficiency degradation is also presented in Fig.
4.2.

As shown in Fig. 4.3(c) and (d), conventional 5G MIMO operation usually relies on
the receiver digital baseband (DBB) or an analog-domain leakage cancellation. However,
the channel capacity cannot be recovered regarding severely-coupled MIMO channels and
the TRX nonlinearity. In DP-MIMO, this situation becomes even worse because of the
H-pol. and V-pol. streams usually come from the same directions. The cross-pol. leak-
age before the receiver DBB or the leakage cancellation worsens the TX-to-RX linearity.
In this condition, the transmitter EVM must be further improved, leading to larger PBO
and lower power efliciency, as mentioned previously. To improve the DP-MIMO capacity
without sacrificing power efficiency, the cross-pol. leakage cancellation is required to be
performed at the transmitter side. This function could be realized at the transmitter dig-
ital baseband as shown in Fig. 4.3(a) and (e). However, the digital processing regarding
the multi-Gb/s data rate in 5G is power-hungry. An additional resolution will also be re-

quired for the digital-to-analog converters (DACs) to support accurate cancellation, which

2 2
(1 ¥ %) - %(a + - 2af + 2B — a)(1 = B) cos(12 + @21 — 11 — m)]

4.5)

Cieak = Blog,
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Figure 4.3: Cross-pol. leakage cancellations with (a) TX analog to TX digital baseband
(DBB) loopback, (b) TX analog to TX analog loopback, (c) RX DBB, (d) RX DBB to
RX analog loopback, (¢) RX DBB to TX DBB loopback, and (f) RX analog to TX analog
loopback. (g) Signal flow chart for the proposed cancellation technique.
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is power-consuming. Therefore, a power-efficient analog-assisted cross-pol. leakage can-
cellation technique is introduced in this work. Fig. 4.3(b) shows the operation of the pro-
posed technique. A cross-pol. leakage canceller is utilized for generating the cancellation
signals. This TX analog loopback cancellation is suitable for communications with mul-
tiple user equipment. The calibration signal can be a single tone or modulated signal in
the real use case, while the ERIP must obey the limitation of no more than 55-dBmMHz.
The envelop detector is required when using a modulated signal as the calibration signal.
Fig. 4.3(g) shows the signal flow chart of the proposed cancellation. A one-time factory
calibration could initially decide the settings of the canceller. During the transmitter oper-
ation, a magnitude and phase loopback calibration could be performed to compensate for
the temperature variation. Regarding severely-coupled DP-MIMO channels, a receiver-
to-transmitter loopback cancellation, similar to precoding, could be further performed as
shown in Fig. 4.3(f). If the latency requirement is relaxed, the strength of the leakage
signals could be detected at the receiver side and sent back to the transmitter for this can-
cellation. The cross-pol. leakages introduced from the transmitter to the receiver could
be cancelled by the proposed cancellation technique in this condition.

The proposed canceller is designed based on the vector modulator. Regarding a leak-
age component A; e/#L, the achievable suppression ratio with a cancellation signal Ace/¢c
could be calculated with the following equation

|A Lem|
|Ape/¥r + Acel¥c]

= 20log ! (dB)

VAA? + 2AA cos Ag + 1

LeakageSupp. =
(4.8)

In this equation, AA = 2‘—‘; is the magnitude error and A¢ = ¢¢ — ¢, is the phase error.
Fig. 4.4 presents the calculated suppression ratio against the corresponding AA and Ag.
To maintain an over 40-dB cross-pol. leakage suppression ratio, AA should be less than
0.3dB and Ag should be less than 1.8°. The proposed canceller is therefore designed with
fine-grained phase tuning and magnitude tuning for a high-accuracy and fast cancellation.

4.2.2 Cross-Pol. Leakage Canceller

To improve the DP-MIMO EVMs and the corresponding system power efficiency, a high-
accuracy cross-pol. leakage cancellation circuit is introduced in this work. Fig. 4.5
shows the block diagram of the proposed cross-pol. leakage canceller. It comprises two
bi-directional variable gain amplifiers (VGAs) and two cross-pol. leakage cancellation
paths. The proposed canceller can be configured into three operating modes. In normal
TX mode, the H/V bi-directional VGAs operate in TX mode and the H/V cancellation
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Figure 4.4: Calculated cross-pol. leakage suppression ratio against AA and Ag.

paths are disabled. The RX mode operation is similar to the normal TX mode. Only the
RX-mode H/V bi-directional VGAs are turned on to support the bi-directional operation.
In cross-pol. leakage cancellation mode, the cancellation paths are operating together with
the TX-mode H/V bi-directional VGAs. The required H-to-V and V-to-H cancellation
signals are created by the magnitude and phase control circuits along the cancellation
paths.

The cancellation path in this work is designed to realize high-resolution and orthogo-
nal magnitude and phase tunings. Each cancellation path includes two VGAs and a phase
shifter. Fig. 4.6(a) shows the circuit schematic of the VGA. The VGA is designed with a
cascode stage, a common-source stage and an adjustable attenuator. The passive compo-
nents for matching are designed based on the low-loss and configurable transmission lines
(TLs). To realize high-resolution magnitude tuning, a 10-bit DAC is utilized to control
the adjustable attenuator. A shunt TL stub is connected to the attenuator to compensate

for the parasitic capacitance and suppress the phase variation.

Fig. 4.6(b) shows the circuit schematic for the cancellation phase shifter. The reflection-
type phase shifter is selected here to achieve fine phase shifting with minimized insertion
loss and area [100, 108]. The 90° directional coupler is realized with two top-thick metal
layers. The phase difference between the through port and the coupling port is optimized

in electromagnetic (EM) simulations. The reflection load in this work includes two se-
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Figure 4.5: Block diagrams of proposed cross-pol. leakage canceller in (a) TX mode, (b)
RX mode, and (c) cross-pol. leakage cancellation mode.
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ries of LC resonators with different resonating points. 360° gain-invariant phase shifting
could be obtained with the dual-voltage control. The occupied area for the phase shifter
is 0.16mm?. Further area reduction could be realized using switch-type phase shifters and

the resonator-based fine-tuning stage.

Fig. 4.6(c) presents the circuit schematic of the H/V single-ended bi-directional
VGAs. Two single-direction VGA chains are directly combined to support the bi-directional

operation with a minimized area. The mode selection is realized by switching the bias.

Fig. 4.7(a) and (b) summarize the measured variable gain performance of the cancel-
lation path with a 2-dB tuning step. The simulated single-stage VGA performance with
transistor process corners is also included. Two VGAs in this work provide a 32-dB gain
tuning range. The achieved tuning resolution is less than 0.2dB with the help of the high-
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resolution DACs. Furthermore, the measured phase variation overall gain tuning states
is less than 2.3° at 28GHz. Phase-invariant gain tuning is obtained by the cancellation
path. Fig. 4.7(c) and (d) present the phase-shifting performance of the cancellation path.
The simulated phase coverage over process corners of the varactor and MOM capacitor
are also included. 360-degree phase shifting could always be achieved from 26.5GHz to
29.5GHz in both simulation and measurement. The corresponding RMS gain error over
the whole 5G 28-GHz band is less than 0.98dB.

The cancellation performance in this work is further evaluated over temperature and
supply voltage. Four H-pol. and four V-pol. transmitters along with the cancellation
circuits are utilized for this simulation. The outputs of H-pol. transmitters and V-pol.
transmitters are ideally combined, respectively. Before the cancellation, around -10-dB
cross-pol. coupling is manually added between the output nodes of H-pol. and V-pol.
transmitters. Fig. 4.8(a) demonstrates the H-to-V isolations with different cancellation
temperatures. With a cancellation at 27°C, the cross-pol. isolation is always better than
20dB from -40°C to 120°C. Within 0°C to 60°C, the cross-pol. isolation is better than
30dB. Fig. 4.8(b) presents the H-to-V isolations over different supply voltages. With a
cancellation at 1-V, the cross-pol. isolation is always better than 23dB considering +5%

supply voltage variation.

4.2.3 28-GHz Phased-Array Beamformer

Fig. 4.9 shows the block diagram of the proposed 28GHz beamformer chip. Area-efficient
neutralized bi-directional architecture is employed to share the same signal chain be-
tween the TX and RX [9]. Totally eight element-beamformers (4H+4V) are integrated
to support the DP-MIMO. In this work, the magnitude and phase detection circuits along
with on-chip coupling networks are implemented to the chip. The output signals from
each element-transmitter could be selected and distributed to the on-chip detection block
through the coupling network. The signals will be down-converted to a much lower fre-
quency for accurate detection. A cross-pol. leakage canceller mentioned in the previous
section is also inserted at the H/V combining port for suppressing the cross-pol. leak-
age introduced from the polarization coupling and rotation. This work could maintain

low-cost, power-efficient and high-performance 5G DP-MIMO systems.

4.2.4 Measurements

The proposed phased-array beamformer chip is fabricated in a 65-nm CMOS process
with WLCSP. Fig. 4.10 shows the chip micrograph, including the package. The chip

size is 4mm X 4mm. Table 4.1 summarizes the core area consumption breakdown for
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Figure 4.6: Circuit schematics of (a) single-ended variable gain amplifier (VGA), (b)
reflection-type phase shifter in cancellation path, (c) and single-ended bi-directional vari-
able gain amplifier.

the whole chip. Based on the compact neutralized bi-directional architecture, the pro-
posed element-beamformer occupies only 0.48-mm? on-chip area. Table 4.1 also shows

the power consumption breakdown. The proposed chip consumes 745mW in TX mode
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path.

and 352mW in RX mode for each polarization. Thus, the power consumption for each
element-beamformer is 186mW in TX mode and 88mW in RX mode. The cancellation
path introduced in this work only consumes 10mW. Thanks to the power-efficient circuits
introduced in this work, a peak TX-mode efficiency of 22% per antenna path is achieved.
High-efficiency and low-cost 5G millimeter-wave DP-MIMO systems could be realized
by the proposed chip.

The on-wafer characteristics of the proposed chip are first evaluated. Fig. 4.11 sum-
marizes the on-wafer measured performance of the single-path element-beamformer. The
simulated performance with different temperatures is also provided. Fig. 4.11(a) and (c)
show the measured TX-mode and RX-mode frequency responses. Within 26.5GHz to
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Figure 4.8: Simulated cross-pol. isolation against (a) the temperature and (b) the supply

voltage.
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Figure 4.9: Block diagram of proposed bi-directional phased-array beamformer chip with
cross-pol. leakage cancellation.

30.5GHz, the proposed beamformer achieves around 25-dB gain in TX mode and around

18-dB gain in RX mode. Fig. 4.11(b) presents the TX-mode linearity. The measured

on-wafer saturated output power is 16.1dBm at 28GHz. The corresponding output Pyqp is
13.7dBm. Fig. 4.11(d) demonstrates the measured RX-mode NF. At 28GHz, the achieved
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Table 4.1: Core Area and Power Consumption Breakdowns

Core Area PDC
Block Sub-Block
[mm?] [mW]
PA | 132
PA-LNA 0.11
& LNA | 50
s E
S £ . TX | 39
% “é Bi-Dir. Phase Shifter 0.27
= g RX 19
a TX | 10
Isolation Buffer 0.10
RX 11
. TX 21
é = RF Buffer & VGAs 0.30
s Q‘:‘ RX 32
@)
Canceller 0.42 10x2

|

¥ &2
D g

Figure 4.10: Die micrograph of the proposed 28-GHz beamformer chip.
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Figure 4.11: Simulated and measured (a) TX-mode gain, (b) TX-mode linearity, (c) RX-
mode gain, and (d) RX-mode NF.

NF is 4.9dB.

The TX-mode beamformer is further evaluated with the modulated signals. Single-
carrier-mode (SC-mode) and standard-compliant 5G NR OFDMA-mode signals are uti-
lized in this measurement. Fig. 4.12(a) and (b) present the measured OFDMA-mode
EVMs with 100-MHz and 400-MHz channel bandwidths, respectively. The measured
EVMs are normalized to the RMS magnitude of the constellations. The peak-to-average
power ratio (PAPR) for 400-MHz 64-QAM OFDMA-mode modulated signal is 11.6dB.
When the output power P, is low, the EVMs are dominated by the output noise floor.
Therefore, in this region, the measured EVMs with 100-MHz bandwidth are better than
the ones with 400-MHz bandwidth. When the P, is large, the nonlinearity of the TX-
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Figure 4.12: Measured OFDMA-mode EVMs with (a) 100-MHz bandwidth and (b) 400-
MHz bandwidth for TX-mode beamformer. 5SG NR MCS index table 2 for PDSCH is
applied (Table 5.1.3.1-2 in 3GPP TS 38.214 V16.1.0.) Measured SC-mode EVMs (c) in
64-QAM and (d) in 256-QAM for TX-mode beamformer.

mode beamformer mainly decides the achievable EVMs. Thus, the measured EVMs are
almost the same between Fig. 4.12(a) and (b) in large P, region. This work achieves
minimum 64-QAM EVMs of -40.3dB with 100-MHz bandwidth and -37.0dB with 400-
MHz bandwidth. The measured 64-QAM output power is 7.1dBm, with an EVM of
-25dB. A 256-QAM output power of 2.5dBm is also maintained with -32-dB EVM. Fig.
4.12(c) and (d) further demonstrate the measured EVMs with SC-mode modulated sig-
nals against the output power. Compared with the 5G NR OFDMA-mode signals, the
SC-mode modulated signals have lower PAPRs (7.7dB for 64-QAM and 8.2dB for 256-
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Figure 4.13: (a) Measured output power, output noise floor, IM3, and SNDR for RX-
mode beamformer in normal-gain mode. (b) Measured RX-mode SNDRs with different
gain settings.
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Figure 4.14: Photograph of proposed 64H+64V phased-array module.

QAM). Therefore, the EVMs of the TX-mode beamformer at large output power regions
are improved. With 400-MHz channel bandwidth, the TX-mode beamformer in this work
can deliver 11-dBm SC-mode output power in 64-QAM with -25-dB EVM. 6.1-dBm out-
put power can also be supported in 256-QAM with -32.4-dB EVM.

Fig. 4.13(a) demonstrates the measured performance of the RX-mode beamformer.
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Figure 4.15: Measured beam patterns in (a) azimuth plane and (b) elevation plane.

The output power, output noise floor and IM3 are measured at 28GHz against the input
power. The input P4 is -29dBm. The corresponding signal-to-noise-and-distortion ratio
(SNDR) is calculated with 400-MHz channel bandwidth. In this work, the RX-mode
beamformer achieves a peak SNDR of 41.2dB. The measured dynamic range regarding
a 25-dB SNDR is from -57dBm to -30dBm. The SNDR at a high input power region
could be further improved by reducing the RX-mode gain. Fig. 4.13(b) shows the RX
SNDRs with different gain settings. With -6.9-dB gain, the measured NF of the RX-mode
beamformer is 16.3dB at 28GHz. The achieved SNDR is improved to -35.4dB regarding
an input power of -20dBm.

To evaluate the OTA performance of this work, the packaged chips are further imple-
mented into the 64H+64V dual-polarized phased-array transceiver modules. Fig. 4.14
shows the photograph. Sixteen of the packaged chips are mounted to the backside of the
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TX-mode beamformers.

module. Each chip has eight antenna ports and is connected to the 2x2 dual-polarized
antenna array in frontside through the PCB vias. For distributing H-pol. and V-pol. sig-
nals among the chips, totally four 1-to-8 dividers/combiners are utilized on the PCB. To
improve the cross-pol. isolation of the H/V signal distribution network, the ground-wall
shieldings are included between the distributions. The simulated cross-pol. isolation for
the H/V signal distribution network on the PCB is better than 37dB from 26.5GHz to
29.5GHz. On the front side of the module, a 16x4 dual-polarized antenna array is imple-

mented.

Fig. 4.15(a) demonstrates the measured V-pol. beam patterns in the azimuth plane
for the proposed phased-array module. The proposed module is capable of scanning the
beam from -40° to +40°. The measured sidelobe level is always less than -9dB without any
amplitude tapering. The observed asymmetry of the beam patterns is possibly caused by
the element pattern and the imperfections during the measurement. Fig. 4.15(b) presents
the measured elevation-plane beam patterns within +30°. A 2x4 array is used in this
measurement. The sidelobe level is always less than -9.6dB. Fig. 4.16 shows the measured
V-pol. EIRP against the activated element number. The saturated EIRP realized by 64
TX-mode beamformers is 52.2dBm.

Two of the 64-element phased-array transceiver modules are evaluated in a SISO sce-
nario with modulated signals. In this measurement, one phased-array module is operating
in TX mode, while the other one is operating in RX mode. The communication distance is
1 meter, which is limited by the size of microwave anechoic chamber. The beam direction
is fixed with 0°. The SC-mode and OFDMA-mode modulated signals for the TX-mode



4.2 Cross-Polarization Leakage Cancellation

79

Modulation QPSK 16QAM 64QAM 256QAM
Mode Single-Carrier Single-Carrier Single-Carrier Single-Carrier
SISO SISO SISO SISO
Symbol rate 2.5GSymbol/s 2.5GSymbol/s 2.5GSymbol/s 0.8GSymbol/s
Data rate/BW. 5Gbl/s 10Gb/s 15Gb/s 6.4Gbl/s
‘ - a . - . [N : » : v e " - ooao.boooso..‘os
T R BT
Constellation N :
. 2 P IR
TX EIRP 31.0dBm 28.3dBm 27.9dBm 21.2dBm
TX EVM (RMS) -30.0dB -29.3dB -29.4dB -34.3dB
TX-to-RX EVM
(RMS) -22.5dB -22.2dB -22.3dB -28.4dB
Modulation QPSK 16QAM 64QAM 256QAM
Mod OFDMA OFDMA OFDMA OFDMA
ode SISO SISO SISO SISO
MCs* 5G NR MCS4 5G NRMCS10 | 5GNRMCS19 | 5G NR MCS27
BW. 400MHz 400MHz 400MHz 400MHz
s | BoeS 4§ T
X . . & ® O 2
Constellation & O
i ] &
= = C?G 8o b Lo foaosa-oo |
TX EIRP 43.2dBm 42.8dBm 42.8dBm 40.2dBm
TX EVM (RMS) | -26.2dB(4.9%) -26.0dB(5.1%) -25.8dB(5.2%) -29.9dB(3.2%)
Tx'tf;':n’é)EVM -25.8dB(5.2%) | -25.5dB(5.3%) | -25.3dB(5.4%) | -29.8dB(3.3%)

*5G NR MCS index table 2 for PDSCH is used. (Table 5.1.3.1-2 in 3GPP TS 38.214 V16.1.0).
**For OFDMA-mode measurement, 64-element array transmitter is used. For SC-mode measurement, 8-element array

transmitter is used.

Figure 4.17: Measured constellations and EVMs in single-in-single-out (SISO) scenario.

module are generated by the Keysight arbitrary waveform generator (AWG) M8195A
along with an up-conversion mixer. The LO for the up-conversion mixer is generated by
the Keysight signal generator N5183B. The phase noise is low enough, which will not in-
fluence the measured EVMs. The received signals from the RX-mode module are directly
analyzed by the Keysight real-time oscilloscope UXR0334A. The upper side of Fig. 4.17
presents the measured SC-mode constellations and EVMs. In SC-mode measurement,
eight TX-mode beamformers and four RX-mode beamformers are activated. As shown
in Fig. 4.17, the proposed module is capable of supporting maximum data rates of SGb/s
in QPSK, 10Gb/s in 16-QAM, 15Gb/s in 64-QAM, and 6.4Gb/s in 256-QAM. The cor-
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Figure 4.18: (a) Equipment setup for cross-pol. leakage cancellation and (b) measured
output spectra for H- and V-polarizations.

responding TX-to-RX EVMs are -22.5dB, -22.2dB, -22.3dB, and -28.4dB for QPSK, 16-
QAM, 64-QAM, and 256-QAM, respectively. The bottom side of Fig. 4.17 demonstrates
the measured constellations and EVMs with standard-complaint 5G NR OFDMA-mode
signals. Sixty-four TX-mode beamformers and four RX-mode beamformers are utilized
in this measurement. The PBO of the TX-mode module is reduced for improving both
the EIRP level and the transmitter power efficiency. Considering the increased EIRP
from the TX side, the RX-mode beamformer in low-gain mode is used in this measure-
ment for improving the input-referred linearity. As shown in Fig. 4.17, the 64-element
TX-mode module is capable of delivering 43.2-dBm EIRP in QPSK with -26.2-dB TX
EVM, 42.8-dBm EIRP in 16-QAM with -26.0-dB TX EVM, 42.8-dBm EIRP in 64-QAM
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Figure 4.19: (a) Equipment setup for DP-MIMO measurement and (b) performance sum-
mary before and after proposed cancellation.

with -25.8-dB TX EVM, and 40.2-dBm EIRP in 256-QAM with -29.9-dB TX EVM. By
de-embedding the ideal array gain (36.1dB) and the simulated antenna gain (4.9dB), the
average TX output power including the packaging and implementation loss is 1.8dBm
per path in 64-QAM. The measured TX-to-RX EVMs are -25.8dB in QPSK, -25.5dB in
16-QAM, -25.3dB in 64-QAM, and -29.8dB in 256-QAM.

As mentioned in chapter 4.2.1, the cross-pol. leakage introduced from the PCB and
propagation will degrade the channel capacity of DP-MIMO systems. An analog-assisted
cross-pol. leakage cancellation technique is proposed in this work to improve both the
DP-MIMO EVM and the transmitter power efficiency. Fig. 4.18(a) demonstrates the
equipment setup and the cancellation procedure. In this measurement, 4H+4V TX-mode

beamformers and 4H+4V RX-mode beamformers are adopted. To verify the cancellation
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performance over propagation, the TX-mode and RX-mode modules are placed with 30°
rotation. Single-tone test signals with frequencies of 27.0GHz and 26.9GHz are firstly
sent to the H-pol. and V-pol. of the TX-mode module, respectively. At the RX side, the
cross-pol. leakage could be observed from the H-pol. and V-pol. output spectra. Accord-
ing to the leakage observed at the RX side, the canceller at the TX side is activated and
configured to suppress the cross-pol. leakage. Fig. 4.18(b) shows the output spectra for
the RX-mode module before and after the cancellation. Before the cancellation, around -
15-dB cross-pol. leakage could be observed for both H-pol. and V-pol. output spectra due
to the rotation and coupling. After the cancellation, the V-to-H leakage is suppressed to
-41.3dB, while the H-to-V leakage is suppressed to -45.4dB. The DP-MIMO performance
before and after the cross-pol. leakage cancellation is also evaluated. Fig. 4.19(a) demon-
strates the equipment setup. The settings for the TX-mode and RX-mode modules are
kept the same with the ones used in Fig. 4.18. The rotation between the modules is also
30°. Two-stream 400-MHz standard-compliant 5G NR modulated signals in SC-FDMA
mode are generated simultaneously from the Keysight A WG M8195A. The data patterns
are fully independent between these two data streams. The generated data streams are up-
converted by two external mixers for the TX-mode module. The H-pol. and V-pol. output
signals of the RX-mode module are directly analyzed by the Keysight real-time oscillo-
scope UXR0334A. Fig. 4.19(b) summarizes the measured TX-to-RX constellations and
EVMs before and after the proposed cancellation. The output EIRPs for H- and V-pol.
signals are kept the same for comparison. The achieved TX-to-RX EVM is improved
from -22.7dB to -25.1dB in 64-QAM. The DP-MIMO EVMs including the coupling and
rotation are improved with the help of the cross-pol. leakage cancellation technique.

To perform the cross-pol. leakage cancellation for 64H+64V TX-mode beamform-
ers, the designed chip can operate in a primary-secondary configuration. As shown in
Fig. 4.20(a), a 4H+4V transceiver module with a coaxial connector interface in this work
could be utilized as the primary transceiver. It could provide cross-pol. cancellation func-
tion and input signal buffering for the secondary 64H+64V TX-mode module. In this
condition, the secondary 64H+64V TX-mode transceiver module will bypass the cancel-
lation function and operates in normal TX mode. Fig. 4.20(b) demonstrates the measured
DP-MIMO constellations and TX-to-RX EVMs for 64H+64V TX-mode beamformers
and 4H+4V RX-mode beamformers. With 100-MHz channel bandwidth, the measured
TX-to-RX EVMs are -34.3dB in QPSK, -33.3dB in 16-QAM, -32.9dB in 64-QAM, and
-32.9dB in 256-QAM. With 400-MHz, the achieved TX-to-RX EVMs for QPSK, 16-
QAM, 64-QAM, and 256-QAM are -30.4dB, -29.6dB, -29.4dB, and -29.4dB, respec-
tively. The measured V-pol. and H-pol. EIRPs in 64-QAM with 400-MHz bandwidth are
38.4dBm and38.6 dBm, respectively.
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Table 4.2: Performance Comparison of 28-GHz Phased-Array Transceivers Supporting

DP-MIMO
This work Qualcomm [13] IBM [12] UCSD [14] Tokyo Tech [9]
Process 65nm CMOS 28nm CMOS 0.13um SiGe 0.18um SiGe 65nm CMOS
Carrier Frequency 28GHz (n257) 28GHz (n257) 28GHz 29GHz 28GHz (n257)
TX P1dB/path 13.7dBm 12.0dBm 14.0dBm 12.0dBm 11.3dBm
TX Psat/path 16.1dBm 14.0dBm 16.4dBm N/A 15.1dBm
52.2dBm 35.0dBm 54.0dBm 26.5dBm@P 45 45.6dBm
Saturated EIRP
(64 elements) (8 elements) (64 elements) (4 elements) (32 elements)
RX NF 4.9dB @28GHz 4.4~4.7dB 6.0dB@28GHz 4.8dB 4.2~5.0dB
RMS Gain Error 0.12dB@28GHz N/A Gain Var.< 1.5dB 0.6dB 0.2dB @28GHz
RMS Phase Error 0.4°@28GHz N/A < 1°@28GHz <4° 0.4°@28GHz
16xH-TRX,
4xH-Beamformer, 24xTRX, 4xH-Beamformer, 4xH-Beamformer,
Integration/chip 16xV-TRX,
4xV-Beamformer IF, LO 4xV-Beamformer 4xV-Beamformer
IF, LO (w/o PLL)
TX:186mW TX:119mW(P,45) TX:319mW TX:232mW
TX:220mW
PDC/path @16.1dBm/path @11dBm/path @16.4dBm/path @15.1dBm/path
RX:150mW
RX:88mW RX:42mW RX:206mW RX:112mW
Area/path 0.48mm? 0.68mm?>* 2.55mm?>* 1.62mm>* 0.58mm?
QPSK, 16-QAM, QPSK, QPSK, 16-QAM,
5G NR SISO
64-QAM, 256-QAM 16-QAM, 64-QAM N/A N/A 64-QAM, 256-QAM
Modulation Supported
OFDMA-Mode OFDMA-Mode OFDMA-Mode
Cross-Pol. Leak Cancel Yes No No No No
Rotation btw. TX & RX Yes No No No No
41.3dB for V 36dB for V
20.2dB
Cross-Pol. Isolation 45.4dB for H N/A N/A 27dB for H
(TX only)
(from TX to RX) (TX only)
5G NR 64-QAM 256-QAM 64-QAM(SC-Mode) 64-QAM
N/A N/A
2x2 DP-MIMO EVM=3.4% | EVM=3.4% EVM=5.0% EVM=4.9%

* Estimated from paper.
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ode DP-MIMO DP-MIMO DP-MIMO DP-MIMO
MCS 5G NR MCS9* | 5G NR MCS16* | 5G NR MCS27* | 5G NR MCS27*
BW. 400MHz 400MHz 400MHz 400MHz
TX-to-RX '
Constellation
) &
Tx'tz;':n’éfv“" -30.4dB(3.0%) | -29.6dB(3.3%) | -29.4dB(3.4%) | -29.4dB(3.4%)

*5G NR MCS index table 1 for PDSCH is used. (Table 5.1.3.1-1 in 3GPP TS 38.214 V16.1.0).
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(b)

Figure 4.20: (a) Equipment setup for primary-secondary DP-MIMO operation. (b) Mea-
sured DP-MIMO constellations and EVMs for 64H+64V array module.
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Table 4.2 compares this work with several state-of-the-art 28-GHz phased-array transceivers
supporting DP-MIMO. With the proposed analog-assisted cross-pol. leakage cancellation
technique, this work achieves over 40-dB cross-pol. isolation. The 64H+64V phased-
array transceiver modules in this work could support 2x2 DP-MIMO communications.
Moreover, the area-efficient neutralized bi-directional beamformer achieves 16.1-dBm
TX-mode saturated output power and 22% per path peak TX-mode efficiency. The mea-
sured RX-mode NF is 4.9dB at 28GHz. The occupied on-chip area for each beamformer
is only 0.48mm? due to the completely shared circuits between TX and RX modes. Low-
cost and power-efficient millimeter-wave DP-MIMO systems could be supported by this
work for the 5G NR.

4.2.5 Summary

In this work, an analog-assisted cross-pol. leakage cancellation technique is utilized for
the 28-GHz DP-MIMO systems to improve the DP-MIMO EVMs and efficiency. Over
40-dB cross-pol. isolation is achieved after the proposed high-accuracy cancellation. The
element-beamformer in this work maintains low-cost and high-efficiency features with
the neutralized bi-directional architecture. 16.1-dBm TX-mode saturated output power
along with a 22% maximum TX-mode efficiency is realized with 0.48mm? on-chip area.
The proposed 64H+64V array modules achieve 3.4% EVM with standard-compliant DP-
MIMO signals in 256-QAM. Low-cost and high-efficiency 5G NR millimeter-wave DP-
MIMO systems could be realized.

4.3 Inter-Element Mismatch Compensation for Shared-
LUT DPD

4.3.1 DPD Architecture in Phased-Array System

As mentioned in Chapter 2, DPD is essential to suppress the nonlinearity and enlarge the
output power for 5G mm-wave phased-array beamformers. In this section, as shown in
Fig. 4.21, the concept of the shared-LUT DPD with inter-element mismatch compensa-
tion is discussed and contrasted with the conventional phased-array DPD strategies. The
prefix “single”, “combined” and “shared” are defined by the different approaches of the
LUT generation and are not related to the LUT structure itself. Only one LUT is com-
monly applied for the phased-array system to simplify the baseband. In general, DPD

captures the beamformer element output and applies inverse nonlinear operation upon the
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input. Based on a widely-used memory polynomial model [74], the pre-distorted input

signal of a uniform linear array (ULA) can be expressed as

K_ —

)

m

Zm(n) = dpxm(n — @lx(n — g)I* 4.9)
k=0 ¢

Il
[«

where x,,(n) is the m™ baseband input signal, z,,(n) is the m" pre-distorted signal. The
maximum nonlinear order K, maximum memory depth Q and DPD coefficients akmq define
the memory polynomial model together. Thus, the corresponding m™ element output

ym(n) can be denoted as

Ym(1) = zm(n)e*™ Ay (4.10)

where e/#m is the m™ phase shift and A, is the m™ PA gain. This DPD strategy requires in-
dividual basebands for each phased-array element, which is impractical. In hybrid beam-
forming systems, the DPD LUT has to be shared among all the elements and ICs. There-
fore, the linearity improvement achieved by DPD is sensitive to the path-to-path AM-AM
and AM-PM mismatches caused by the PVT variations. To demonstrate this issue, as a
simplified strategy, the single-LUT DPD is shown in Fig. 4.21(a) [76]. The single-LUT
DPD captures the response from a single path, assuming the DPD extracted from an ar-
bitrary element m, the output mismatch between this element and m™ element is given
by

Esingle(n) = Zmo(n)(ejtpmAm - ej‘pmoAmo) (41 1)

where z,,,(n) is the pre-distorted signal generated by the arbitrary element my, which is
a constant matrix. The linearity improvement is degraded by the existence of Egg1e(7).
And the error is also subject to change with the different paths, which brings in more
uncertainty. While, the conventional combined-LUT DPD in Fig. 4.21(b) captures the
responses from all paths and minimizes the errors by digital-domain response combining
[77-80]. The digital-domain computational complexity can be relieved by the approach of
far-field combining as shown in Fig. 4.21(c), while additional calibration antenna and tim-
ing alignment are required to synchronize with the source signal [81-90]. Besides, along
with the increasing operation frequency and phased-array size, the narrowed beamwidth

makes it difficult to conduct the comined-LUT in far-field, which means the receiver lo-
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Figure 4.21: DPD strategies for phased-arrays: (a) conventional single-LUT DPD, con-
ventional combined-LUT DPD (b) with digital response combining and (c) with far-field
combining, and (d) proposed shared-LUT DPD with inter-element mismatch compensa-
tion.

cation and accurate beam direction are required in advance. The combined-LUT DPD
output y.(n) and the optimized coeflicient z,p(72) can be represented as follows

1 < .
You(n) = 55 D e Ary (4.12)
m=1
yopt(n)
() = 22 4.13
o) = (4.13)

where e/#r is the optimized phase shift and A,y is the optimized PA gain. The output
mismatch can be expressed as

Ecombine(”) = Zopt(”)(eﬂpmAm - ej‘poptAopt) (414)

Thus, the achievable linearity improvement could be better than the single-LUT DPD but



88

Power-Efficient Phased-Array DP-MIMO System

Monte-Carlo Without With
Settings Compensation | Compensation
) =
2dB Gain | <« * <§F
RMS Error | =fg =
< + \ <
Pout Pout
={ . A =
10° Phase | o 3 o
RMS Error Z / \ =
Pout Pout
=
1dB Psat g _\
RMS Error <§( >\ ¢
Pout
(@
PA1
— A ¢ D>—a
>R\
BB —®—-— A e,
. . P e _F\
Mixer . . Spectrum
— A INAeanEcl)  Analyzer
P L O\
Gain Phase Doherty PA Psat
RMSErr. RMSErmr. Model RMSErr.

Figure 4.22: The Monte-Carlo simulation of a 16-element ULA with different DPD strate-
gies: (a) offset-mismatch settings with given gain and phase rms errors, and (b) the sim-
plified simulation testbench.

is still limited by the AM-AM and AM-PM mismatches among different elements.
As illustrated in Fig. 4.21(d), this work introduces a shared-LUT DPD with the inter-

element mismatch compensation technique to further improve DPD performance in 5G
hybrid beamforming systems. Before DPD LUT extraction, the path-to-path AM-AM
and AM-PM mismatches are corrected through the inter-element mismatch compensation
system. In this way, the errors could be minimized after compensation, which provides
a prerequisite for sharing the same DPD LUT among the entire phased-array without
compromising DPD performance.

To demonstrate the performance with the conventional and proposed DPD strategies,
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Figure 4.23: The Monte-Carlo simulation of a 16-element ULA with different DPD strate-
gies: (a) the simulated ACLR vs. EIRP performance. The 16-element ULA simulated (b)
ACLR vs. gain rms error and (c) ACLR vs. phase rms error.

an ACLR versus EIRP simulation of a 16-element ULA is conducted using Keysight Sys-
temVue software in Fig. 4.22. The simulation condition and a simplified testbench are
also shown in Fig. 4.22(a) and Fig. 4.22(b), respectively. 2-dB gain offset rms error
and 10° phase offset rms error are assigned by the Monte-Carlo setup. Besides, an ad-
ditional 1-dB saturated output power offset rms error is also assigned to demonstrate the
process variation due to the different manufacturing lots and implementation mismatches.
The AM-AM and AM-PM characteristics of a Doherty PA are extracted and applied to

the ACLR simulation. All samples are simulated at the same input power level. Each
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Figure 4.25: The ACLR vs. EIRP variation due to the random Pout probability distribu-
tion of samples.

PBO point is adjusted so the +30- worst-case ACLR becomes less than the required —26-
dBc level. By means of the proposed shared-LUT DPD with the inter-element mismatch
compensation technique, the average value and the standard deviation of the simulated
ACLR can be improved, as shown in Fig. 4.23(a). The proposed technique can realize the
smallest PBO and the highest EIRP characteristics. To evaluate the required calibration
resolution, the 16-element ULA ACLR vs. gain and phase rms errors are performed as
shown in Fig. 4.23(b) and Fig. 4.23(c), respectively. In order to minimize the calibrated
ACLR degradation below 0.5dB, the 0.4-dB gain rms error is required for the VGA res-
olution, which means a finer resolution is required for amplitude detection. The ACLR
degradation will in return cost more power back-off for EIRP. While the phase rms error
mainly degrades the side lobes of the beampattern, the non-linearity contribution is not
obvious.

It is worth noticing that the ACLR versus EIRP tendency of the proposed shared-LUT
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Figure 4.26: (a) The concept of gain and phase compensation and (b) the proposed Vth,
gain and phase compensation. Monte-Carlo simulation over process variations of (¢) AM-
AM and AM-PM with gain/phase compensation only, and (d) AM-AM and AM-PM with

gain/phase/Vth compensation method.

DPD with compensation is opposite with the
in Fig. 4.23(a). To make a reasonable expla

combined-LUT DPD and without DPD cases
nation, the influence factor of the ACLR will
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be introduced first. The ACLR of the RF devices is frequently dominated by the 3rd-order
intermodulation distortion (IMD?3) of the device. The ACLR of a wideband carrier can
be related to the two-tone IMD3 performance by a correction factor. This correction is
due to the fact that the ACLR performance is degraded by the IMD3 performance. This
degradation is due to the effects of the various intermodulation products that form from
the spectral density of the spread-spectrum carrier. A useful relationship for ACLR to
IMD3 is as follows [109, 110]

ACLR =IMD3 + C, (4.15)

where C, is the correction factor related to the number of subcarriers. For the two-tone

test, as mentioned in Section 2.3.1, it is easily to find the relationship below

IMD3 = IM3 — Pout = IM3 — Pin - G (4.16)
IM3 =3Pin+ G - 2IIP3 =3Pin+ G — 2IP45 — 19.2dB 4.17)

where Pout and Pin represent the output power and input power of the device, respectively.
IM3 is the 3rd-order intermodulation product and G means the linear power gain. Thus,
IMD3 can be referred to IP ;4 as follows

IMD3 = 2Pin — 2IP,4s — 19.2dB (4.18)

which means ACLR is dominated by IP,45 at a given input power level. The higher IP,45
brings a better ACLR. Based on this conclusion, the single-element ACLR tendency can
be analyzed as shown in Fig. 4.24. It is evident that phase offset error does not influence
IP,4g, resulting in no change of ACLR. This also corresponds to the result in Fig. 4.23(c).
As for the gain offset error case, the PA saturates in advance and IP;45 becomes lower
when a higher gain occurs. This means a degraded ACLR with a larger Pout and vice
versa. On the contrary, when the Psat offset error generates a higher Psat, the gain remains
constant, which leads to a larger IP,4g. Thus the larger Pout means a better ACLR in the
Psat offset error case. During the Monte-Carlo simulation in Fig. 4.22(a), the EIRP
variation due to the random Pout probability distribution of samples can be represented
by Fig. 4.25. When the dominant error is the Psat offset, a higher average Pout results in
a higher EIRP and, therefore a better ALCR. Conversely, a lower average Pout will lead

to a lower EIRP and a worse ALCR. On the other hand, when the dominant error is the
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Figure 4.27: System block diagram of the proposed inter-element mismatch compensa-
tion.

gain offset, a lower average Pout will result in a better ACLR, and conversely, a higher
average Pout will result in a degraded ACLR. The ACLR distributions are related to the
IP,4p variations of all the samples.

To draw a conclusion, the gain and Psat offset rms errors contribute to different ACLR
trends. The ACLR is fully dominated by the Psat offset error in the proposed shared-LUT
DPD with compensation case and mainly dominated by the larger gain offset error in the
combined-LUT DPD and without DPD cases.

The gain and phase offset calibration is applied for accurate beamforming in a phased-
array system, which can mitigate AM-AM and AM-PM offset mismatches over the phased-
array elements. However, the strong nonlinearity of Doherty PA cannot be compensated
by the simple gain and phase offset compensation since the class-C biased amplifier is
very sensitive to the transistor threshold voltage (Vth) variation. Thus, as shown in Fig.
4.26(b), Vth mismatch compensation is mandatorily required for a phased-array beam-
former using Doherty PA for optimizing array EVM and ACLR characteristics. To verify
the difference towards the conventional gain/phase compensation in Fig. 4.26(a), a Monte-
Carlo simulation about AM-AM and AM-PM of the single TX element with Doherty PA
is conducted, where the same simulation samples are used for two compensation methods.

The gain/phase compensation and the proposed gain/phase/Vth compensation results are
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Figure 4.28: Schematic of the proposed Vth detection circuit in (a) Vth detection mode
and (b) normal TX operation mode. And (c) the simulated Vth detection varies with the
temperature variations at different process corner conditions.

shown in Fig. 4.26(c) and Fig. 4.26(d), respectively. Obviously, with the gain/phase offset
compensation, the large mismatch remains in both AM-AM and AM-PM characteristics.
While the AM-AM and AM-PM can be compensated from the back-oft power level along
to the peak power level by using the gain/phase/Vth method.
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Figure 4.29: Measurement flow diagram of the proposed Vth detection and compensation.

4.3.2 Inter-Element Mismatch Compensation

Fig. 4.27 shows the detailed implementation of the proposed on-chip inter-element com-
pensation system, the AM-AM and AM-PM mismatches are detected by em-bedded self-
test circuitry and compensated over inter-element and inter-chip. Therefore, the nonlin-
earity characteristics at the TX operating points between different elements are minimized
and a shared-LUT DPD could be applied to the entire phased-array. Fig. 4.28(a) and (b)
demonstrate the Vth detection mode and normal TX mode, respectively. The Vth mis-
match of the Doherty PA is detected by an on-chip threshold voltage detector and 10-bit
ADC, and is compensated by tuning the gate bias through the digital interface. The Vth
detection is conducted by turning on the SWpgr. the PA transistors are configured in
diode-connection mode and operated in the subthreshold region. The drain current is
controlled by the current mirror. The 10-bit ADC reads out the gate voltage of the diode-
connected transistor as Vth [111]. The simulated Vth detection varies with temperature
at different process corner conditions can be referred to in Fig. 4.28(c). When it operates
in normal TX mode, SWpgr is turned off. Thus, the power PMOS array is turned on and
the PA transistors are placed in the saturation region. Considering the Vth detection and
compensation in a phased-array system, a measurement flow diagram is shown in Fig.
4.29. When detecting the Vth of a specific beamformer element, only the SWpgr of this
element is turned on, while all other element switches are closed. Then Vth detection
is conducted element by element with no input signal required and all the ADC read-

outs are sent to a control program with GUI. One reference element is necessary with a
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Figure 4.30: (a) Block diagram of the calibration block and (b) the operation of phase
detection. The measured detected (c) gain rms error and (d) phase rms error.

reference Vth value, e.g., Vthl in Fig. 4.29. The optimal reference Vth value can be se-
lected by conducting continours-wave measurements with several ICs. The Vth mismatch
AVth between the other detected Vth value and the reference Vthl can be calculated by
Vth-Vthl, then a compensated bias of Vgs+AVth is written into the DAC to perform the
compensation. The Vth compensation is conducted before the following gain and phase
compensation to minimize the mismatches inside between the Doherty PA’s main path
and auxiliary path.

The gain and phase offset mismatches are detected by an on-chip calibration block

and compensated by tuning the VGA and phase shifter in each beamformer element. Fig.
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Figure 4.31: Measured AM-AM and AM-PM compensation over (a) temperature varia-
tions and (b) supply voltage variations.

4.30(a) shows the block diagram of the calibration block. To perform this calibration, e.g.,
at 39GHz, the 39-GHz+~150-kHz output signal from each TX output is re-directed and
down-converted to a ~150-kHz calibration signal. The 39-GHz calibration LO is reused
and divided for digital clock generation. Then, a 10-bit ADC and a 12-bit counter-based
phase-to-digital converter (PDC) are utilized for accurate magnitude and phase detection.
The readouts of ADC and PDC are sent to the control program. Then, the compensated
bias codes are written into the DACs of VGA and PS. Fig. 4.30(b) shows the operation
of phase detection. The calibration signal is transformed into a square wave by the lim-
iting amplifier as the input of PDC. The original RF signal’s phase information is main-
tained in the transformed square wave signal. The PDC is mainly composed of a 12-bit
counter, a falling edge detecter, and a 12-bit D flip-flop. The phase detection resolution



98 Power-Efficient Phased-Array DP-MIMO System

39GHz Bi-Dir. Doherty Beamformer Chip
| H4
TX Mode ] H3
5 | H2
> c |{H-pol. RFVGA Doherty H1| | |-
- o0 PA-LNA .
— 235 PS
g_l g S I ye]
i = E o Q
I = - S
Bias 3
RX Mode o
=
Inter-element v v e
; igi Gain Cal. <
Mismatch D(l:gt;tlal <4—| Vi1 Det. |4 Phase Cal } -E ©
Compensation : : [T
Qc
TX Mod . g
ode b~
o
Q_<
- c .
5 o =
o 23 S
£l £5 a
— =N L}
o = —
>:|:. PS Doherty J‘
RX Mode LV-pol. RFVGA PA-LNA
H/V Leakage || Constant Gain || Phase
Canceller gm bias SPI|[LUT ) LDO Ctrl. Ctrl. o°

Figure 4.32: Block diagram of the 39-GHz CMOS bi-directional phased-array TRX sys-
tem.

is determined by the frequency ratio between the clock signal and the calibration signal,
i.e., 2!2:1. The detected phase is evaluated by the 12-bit countered output value at each
falling edge of the input signal. The measured magnitude and phase detection results are
also shown in Fig. 4.30(c) and (d). The measured rms error for magnitude detection is
0.043dB, while the measured rms error for phase detection is 0.06°[112].

The inter-element mismatch compensation is conducted at the beginning of the mea-
surement. And repeated compensation at a certain time interval is required considering
the environmental variations. The inter-element mismatch compensation time is related
to the read-and-write operations through the digital interface. In this work, a 25-MHz
SPI clock is utilized. The compensation for one chip costs around 0.2ms. The registers
for LUT storage are integrated inside the on-chip digital block. To perform the on-chip
calculation for compensation, the additional digital comparator and the supporting logic

circuits are necessary.

Fig. 4.31 shows the measured AM-AMs and AM-PMs of the element transmitter

before and after the proposed inter-element mismatch compensation over temperature and



4.3 Inter-Element Mismatch Compensation for Shared-LUT DPD 99

Figure 4.33: Die micrograph of 39GHz CMOS bi-directional phased-array TRX.

supply voltage variations. The mismatches caused by the temperature and supply voltage

drifts can also be significantly corrected.

4.3.3 39-GHz Phased-array Beamformer

Fig. 4.32 illustrates the block diagram of the 39-GHz phased-array beamformer. The pro-
posed chip consists of four horizontal-polarized and four vertical-polarized beamformer
elements. Each element is composed of a bi-directional Doherty PA-LNA, a three-stage
bi-directional RF VGA, and an RF phase shifter. The neutralized bi-directional technique
is used to minimize the required chip area [9]. The cross-pol. leakage canceller is also
utilized to reduce the cross-pol. leakage to support the DP-MIMO better [10]. To realize
an efficient shared-LUT DPD phased-array system, this work introduces a built-in inter-
element mismatch compensation technique by cooperating with the Vth detection block

and calibration block. The power supplies of beamformer elements will suffer from differ-
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Table 4.3: Core Area and Power Consumption Breakdowns
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ent on-board distribution losses without the on-chip LDOs, which introduces additional
phase and gain errors for the phased-array system. In this work, the on-chip LDOs are uti-
lized to provide a precise 1-V power supply with high stability. The following part of this
section will introduce the detailed circuit implementation of the proposed phased-array

beamformer.

4.3.4 Measurements

The proposed 39-GHz phased-array beamformer chip is fabricated in standard 65-nm
CMOS technology. Its die micrograph is shown in Fig. 4.33 with a chip size of 4. 5Smmx5mm.
The area breakdown and power consumption breakdown of building blocks are available
in Table 4.3. The consumed power for each element is 402mW at saturation point in TX
mode and 87mW in RX mode.

Fig. 4.34 summarizes the on-wafer measured single-element beamformer character-
istics. Fig. 4.34(a) demonstrates the TX/RX-mode frequency responses. The single-
element beamformer achieves around 28.5-dB gain in TX mode and 27.5-dB gain in RX
mode, respectively. With 400-MHz channel bandwidth, the calculated SNDR of the RX-
mode beamformer is shown in Fig. 4.34(b). A higher than 35-dB RX-mode SNDR is
realized.

The 5G standard-compliant OFDMA-mode modulated signals are utilized for evalu-
ating the TX-mode beamformer. As shown in 4.34(c) and (d), the proposed TX-mode
beamformer achieves 10.2-dBm output power in 64QAM with —25.1-dB EVM without
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Figure 4.34: Measured single-element beamformer characteristics: (a) TX/RX gain and
(b) RX-mode SNDR, TX OFDMA-Mode (c) EVMs and (d) ACLRs with 400MHz band-
width without DPD.

DPD. The corresponding 64-QAM ACLR is —30.7dBc. A 256-QAM EVM of -31.6dB
is also maintained with 3.9-dBm output power and —36.3-dBc ACLR.

To perform the over-the-air (OTA) communication with a large array size, the 16-
IC phased-array dual-polarized PCB module is implemented including 64 horizontal-pol.
and 64 vertical-pol. beamformer elements. Fig. 4.35(a) shows the front-side photograph
of the 16-IC module. The 16-IC module is controlled by Xilinx Zynq UltraScale+ FPGA
Kit. Fig. 4.35(b) shows the antenna array photograph at the back side. Each of the IC in
the module is connected to a 2x2 dual-pol. antenna sub-array through the wide-band slot

feedings. The PCB cross-sectional view is also demonstrated in Fig. 4.35(c).
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Figure 4.35: (a) Front-side photograph of proposed 16-IC phased-array module. (b) The
64-element dual-polarized aperture-coupled antenna array at the back-side. (c) 7-layer
PCB cross-sectional view.

Fig. 4.36(a) shows the measured saturated EIRPs at the broadside against the number
of activated beamformers. The proposed mismatch compensation technique is conducted
to realize a better EIRP result. The measured single-element saturated EIRP is 20.1dBm,
calculated by the saturated TX output power of 18.9dBm and Ganr sg — ILwicsp. The
single-element antenna gain Ganr sg With the WLCSP insertion loss ILw; csp equals 1.2dB.
The measured saturated EIRP at room temperature reaches 55.2dBm for the 64-element
phased-array module. The 64-element saturated EIRP can be estimated by 18.9dBm+
20log 064 + Gant arr — ILwicsp, resulting in a 0.2-dB Gant arr — ILwicsp. In this case,
the antenna pattern gain Gant_arr 1 around 1-dB smaller than the single-element antenna
gain Ganr sg due to the additional coupling among the antenna array. Additional thermal

solutions, such as heatsinks with high thermal conductivity and thermal area, are manda-
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Figure 4.36: Measured TX-mode phased-array module continuous-wave features: (a) the
saturated EIRPs at broadside against the number of beamformers and (b) measured 16x2
elements beam pattern in azimuth plane.

tory to maintain the high EIRP performance. Fig. 4.36(b) shows the measured 16x2
elements beam patterns in the azimuth plane. The phased-array module is able to cover
+45° scanning angle with <—10-dB sidelobe level. No tapering window is appended

during the measurement.

To validate the proposed shared-LUT DPD with the inter-element mismatch compen-

sation, an OTA measurement with the proposed phased-array module is performed. Fig.



104 Power-Efficient Phased-Array DP-MIMO System

16-IC Phased-Array I e V-pol.==
Transceiver Module  EERY R 70 2 U A ; 4
w/ heatsink = ] 0 Horn
e 1 Antenna
0oo IC IC2 ) m > ooo
ooo ooo
Center Freq.
D000 @ 39GHz £oa
Keysight Signal Generator )
VXG M9384B with Signal _ '
Studio N7614C for DPD Keysight Oscilloscope
Test D UXR1102A
oc supply [E788] =
(@)
Modulation 16QAM OFDMA 64QAM OFMDA
MCS* & BW MCS 10/ 400MHz@39GHz MCS 19 / 400MHz@39GHz
Pout 11.4dBm/path 11.3dBm/path
DPD Yes Yes Yes Yes
Inter-element Mismatch NO NO Yes

Compensation

&
Sy

TX ACLR -28.7dBc -32.4dBc -28.7dBc -32.1dBc
TX EVM (RMS) 7.5% (-22.50B) | 5.6% (-25.0dB) | 7.6% (-22.4dB) | 5.6% (-25.0dB)

*5G NR MCS index table2 for PDSCH is used. (Table 5.1.3.1-2 in 3GPP TS 38.214 V15.2.0)

©)

Constellation

Rng-1.5 dBm
400MHz
' 16QAM

LogMag w/o DPD w/ DPD, w/o Comp. |
Bl -25.9dBc ACL Ryax -28.7dBc ACLRyax ‘
0

(d)

Figure 4.37: (a) Equipment setup for 2-IC 5G OFDMA-mode OTA measurement with
shared-LUT DPD. (b) Thermal imaging photograph of the PCB module with temperature
difference between IC1 and IC2. (c¢) Measured constellations, EVMs and ALCRs in both
16QAM and 64QAM OFDMA-mode with and without proposed inter-element mismatch
compensation, (d) measured 400MHz 16QAM OFDMA-mode ACLRs and (e) measured
400MHz 64QAM OFDMA-mode ACLRs.

4.37(a) shows the equipment setup for this measurement. The Keysight signal generator
VXG M9384B i1s used to generate the 5G-standard OFDMA-mode modulated signals.
The Keysigh real-time oscilloscope UXR1102A is used to analyze the far-field signal
caught by the horn antenna. To better extract the nonlinear behavior with the memory
effect, the close-loop memory polynomial model is utilized. The DPD loop is controlled
by Keysight signal studio N7614C for DPD Test, and the functions of Crest Factor Re-
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Figure 4.38: (a) Equipment setup for TX-to-RX OTA SC-mode measurement in SISO
scenario and (b) measured SC-mode constellations and EVMs.

duction (CFR) and Envelope Tracking (ET) are disabled during the measurement. Several
types of PVT variation are considered in phased-array. Because the measured beamformer
chips are manufactured in the same lot, the process influence is not obvious during the
measurement. The simulated performance with process variations are given in Fig. 4.26.
Considering the feasibility of the experiment, the temperature variation is performed to
demonstrate the inter-element mismatch compensation. Two of the ICs, eight beamformer
elements, located at relative distal positions are activated for EVM and ACLR measure-
ments. The proposed compensation technique can be extended to full phased-array sys-
tems. Additional temperature difference is introduced between IC1 and IC2 by adding
heat sink only to IC1. As demonstrated in Fig. 4.37(c), the measured temperatures with
a thermal camera are 47.0°C and 77.8°C for IC1 and IC2, respectively. The DPD LUT
is then extracted from IC1 and applied to both IC1 and IC2. The measurements are con-
ducted in the condition with the proposed compensation technique or by turning off both
the Vth compensation and gain/phase calibration. To minimize the input difference in-
troduced by different DPD LUTs, the measurements are based on the same shared-LUT
and referred to a fixed Pout per path. The 2-IC subarray achieves 30.3-dBm EIRP and
6% TX efficiency with an 11.3-dBm Pout per path. The measured 5G standard-compliant
OFDMA-mode EVMs with shared-LUT DPD are improved from —22.5dB to —25.0dB
in 16QAM and —22.4dB to —25.0dB in 64QAM. The corresponding ACLRs are sup-
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pressed from —28.7dBc to —32.4dBc in 16QAM and —28.7dBc to —32.1dBc in 64QAM.
Fig. 4.37(d) and (e) show the spectra measured in 400-MHz 16-QAM and 400-MHz 64-
QAM, respectively. More than 6.5-dB ACLR enhancement is achieved by the proposed
inter-element mismatch compensation with shared-LUT DPD. Significant improvement
in linearity and power efficiency can be realized by utilizing the inter-element mismatch
compensation in 5G NR applications.

The SC-mode OTA measurement is also performed as shown in Fig. 4.38(a). The SC-
mode root-raised-cosine filtered signals are generated by Keysight arbitrary waveform
generator M8195A. The corresponding roll-off factor is 0.35. The 64-element TX-mode
beamformers and 4-element RX-mode beamformers are placed 2.5 meters apart in the
measurement. The measurements are conducted after calibration without DPD and the
broadside beam direction is selected during the measurement. Due to the different EVM
requirements for different modulation schemes, this measurement is aiming for the high-
est EIRP on the base-station side with the EVM requirement fulfilled. As summarized in
Fig. 4.38(b), under 400-MSymbol/s baudrate, the 64-element module can realize —20.8-
dB EVM with 49.6-dBm EIRP in 16-QAM, -25.0-dB EVM with 47.8-dBm EIRP in
64-QAM and -31.6-dB EVM with 45.1-dBm EIRP in 256-QAM. The corresponding 64-
to-4 elements TX-to-RX EVMs are —18.6dB, —22.4dB and —29.4dB, respectively. The
64-element module can also support 21-Gb/s SC-mode data streaming. The measured
64-element TX EVM is —25.2dB with 43.2-dBm EIRP in 3.5GSymbol/s 64-QAM modu-
lation. The corresponding 64-to-4 elements TX-to-RX EVM is —22.5dB. The 64-element
TX module cannot support 256-QAM with 3.5-GSymbol/s baud rate due to the high EVM
requirement of 256-QAM modulation.

4.3.5 Summary

Table 4.4 compares this work with the state-of-the-art 39-GHz phased-array beamformers.
The proposed bi-directional Doherty beamformer achieves excellent transceiver continuous-
wave characteristics. A bi-directional Doherty PA-LNA is proposed and co-designed with
WLCSP. The PA mode realizes 18.9-dBm saturated output power and 17.8% PAE at 6-dB
PBO due to the Doherty technique. Thanks to the proposed inter-element mismatch com-
pensation technique, the AM-AM and AM-PM characteristics are minimized between
different elements over PVT variations, which enhances EVM and ACLR characteristics.
The measured EVM and ACLR in 64QAM are improved from —22.4dB to —25.0dB and
from —28.7dBc to —32.1dBc, respectively, with a shared-LUT DPD. In 64-to-4-element
TX-to-RX communication, the 64-element module achieves a 55.2-dBm saturated EIRP
and also supports 21-Gb/s SC-mode data streaming at 43.2dBm.
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Table 4.4: Comparison With State-of-the-art 39GHz Beamformers.

[28] CMU [11] Tokyo Tech | [24] Samsung | [25] UCSD
This work
JSSC2020 JSSC2019 ISSCC2020 TMTT2020
0.18um
Process 65nm CMOS 65nm CMOS 65nm CMOS 28nm CMOS
SiGe BiCMOS
Freq. Band 39GHz 39GHz 39GHz 39GHz 39GHz
Beamformer Bi-directional Class-AB PA, Stacked PA,
Dual-band PA,LNA PA,LNA,PS
Integration Doherty PA-LNA, PS LNA,PS LNA,PS
TX Psat* 18.9dBm 16.7dBm 15.5dBm >16.5dBm 12.0dBm
55.2dBm 53.0dBm 51.0dBm
TX EIRPsat in CW N/A N/A
64 elements 64 elements 64 elements
PA Peak PAE 30.4% 22.2% 25.5% N/A N/A
PA PAE @6dB PBO 17.8% <10%" 9.5%" N/A N/A
TX Peak Efficiency 19.3% N/A 9.5%" N/A 5%
TX:402mW @18.9dBm TX:116.2mW TX:105mW TX:250mW
TX:375mW
PDC/path 181mW @Static @Static @6dBm @11dBm
RX:125mW
RX:87mW RX:37.6mW RX:39mW RX:150mW
Area/path 0.82mm?>"* 0.48mm? 1.78mm?>" 0.77mm?*" N/A
Modulation
° 64QAM 64QAM N/A N/A 64QAM
3 Scheme
=
8 Data Rate 21Gb/s 1.5Gb/s N/A N/A 30Gb/s
43.2dBm ] 34.0dBm
EIRP in SC 6.5dBm"™" N/A N/A
64 elements 64 elements
Modulation
64QAM* N/A 64QAM 64QAM N/A
@ Scheme
=]
S
o E Inter-Element No Yes
g § No N/A No No N/A
E Mismatch Comp. w/ DPD | w/ DPD
=)
TX Pout/path [dBm] | 11.3 11.3 11.3 N/A 3.6 6 8.8 N/A
TX EVM [dB] N/A -224 =25 N/A -24.6 -34 =27 N/A
TX ACLR [dBc] -254 | -28.7 -32.1 N/A N/A -36.5 | N/A N/A

* Estimated from paper.
# Probe measurement without packaging.
* 2-1C measurement results.

T Refer to OP1dB point.
** On-chip LDO and WLCSP included.
“* Only single-element data is available.






Chapter 5

Conclusion and Future Work

5.1 Conclusion

This thesis introduces the millimeter-wave CMOS phased-array beamformer designs for
the low-cost and high-data-rate 5G and next-generation wireless communication net-
works. The 5G cellular network technical background and existing solutions are discussed
at the beginning. Several novel building blocks and system architectures are proposed
aiming at the challenges of millimeter-wave phased-array designs. Detailed analysis and
design methodology are demonstrated in the following chapters. In this thesis, the pro-
posed beamformers realize high area efficiency and power efficiency, which can be good
candidates for the 5G NR applications and are also feasible for the next generation.

The operation frequency extension to millimeter-wave bands not only brings in huge
bandwidth resources but also results in new design challenges. The extremely increased
FSPL requires sufficient EIRP from base stations. The large-scale phased-array is manda-
tory to maintain the communication link budget. The array size can be traded off with the
single TX-element output power to realize a given EIRP. Moreover, high-order modula-
tion and high PAPR 5G-standard OFDMA-mode signals put up with a stringent require-
ment for the power back-off and beamformer linearity. The design of low-cost beamform-
ers is becoming an increasingly important research topic.

The high-performance neutralized bi-directional circuits are proposed and optimized
to significantly narrow the beamformer die area and lower the manufacturing cost. A
novel bi-directional Doherty PA-LNA is proposed to enhance the TX back-off efficiency,
which retains the merit of bi-directional operation with minimized die area penalty. The
WLCSP co-design is implemented with less packaging insertion loss for better power
efficiency. The bi-directional Doherty PA-LNA realizes 18.9-dBm saturated output power
and 17.8% PAE at 6-dB PBO in PA mode. The proposed Doherty PA-LNA outperforms
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the two-way power-combined class-AB PA by achieving approximately 1.8 times higher
PAE at a 6-dB PBO region. Additionally, the Doherty PA-LNA occupies only 66.7% of
the equivalent area in PA mode, making it a more efficient and area-saving option. The
area-efficient bi-directional phase shifters are also proposed with 360° phase coverage.

The measured rms phase and rms gain errors are less than 2° and 1.1dB, respectively.

The DP-MIMO configuration is able to increase the spectrum efficiency, thus improv-
ing the data rate. While, the cross-polarization leakage from the chip side, antenna side,
and polarization rotation degrade the achievable DP-MIMO EVM and power efficiency.
The cross-polarization leakage cancellation is proposed and demonstrated within a 28-
GHz phased-array beamformer. Over 40-dB cross-polarization isolation is achieved with
rotation between TX and RX. Around 7-dB EVM improvement is obtained in DP-MIMO
with the cross-polarization leakage cancellation. Based on the 400-MHz 5G signals, 2x2
DP-MIMO communication in 256QAM can be supported with 3.3%EVM. Besides, the
background cancellation is supported by reusing the calibration block, no other measure-

ment equipment is required.

As an effective approach to improving the system linearity and power efficiency,
the DPD technique is widely utilized in sub-6GHz communications. As for the hybrid
phased-array systems, the shared-LUT is desired to simplify the baseband complexity.
The nonlinearity improvement is limited due to the different characteristics of the differ-
ent beamformer elements. This inter-element mismatch is even enlarged with the Doherty
technique. To address this issue, an inter-element mismatch compensation technique is
utilized to improve the DPD performance over PVT variations. The measured 64-QAM
OFDMA-mode EVM and ACLR with the shared-LUT DPD are improved from —22.4dB
to —25.0dB and from —28.7dBc to —32.1dBc, respectively.

The polarization correction and inter-element mismatch compensation improve sys-
tem EVM, resulting in better power efficiency. In 64-to-4-element TX-to-RX commu-
nication, the 64-element module achieves a 55.2-dBm saturated EIRP and also supports

21-Gb/s single-carrier data streaming at 43.2dBm.

Fig. 5.1 compares the phased-array beamformer designs with the state-of-art 5G
phased-arrays. The design target is to deliver higher output power with less area cost,
meanwhile consuming less DC power. This work demonstrates its area efficiency, as
shown in Fig. 5.1(a), by comparing the area per element with the average output power
of the transmitter under 5SG NR 64-QAM modulation. Furthermore, Fig. 5.1(b) illustrates
the TX efficiency of this work compared to other 5G phased-arrays, in terms of both peak
and average PAE. Besides, similar to the definition of power efficiency by normalizing

pout to DC power consumption, the area efficiency can also be referred to the follows
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vs. TX backoff output power under 5G NR 64-QAM modulation, and (b) TX backoff
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From Fig. 5.2, this work realizes the best area efficiency with reasonable power effi-

ciency at a higher output power level. To draw a conclusion, this thesis introduces novel
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techniques to enhance the area efficiency and power efficiency for 5SG and next-generation
applications. The high-performance phased-array beamformer design featured in low-cost

high-data-rate could be realized.

5.2 Future Work

Today, we are living in the era of 5G and looking forward to the upcoming generation.
As advanced manufacturing process becomes cheaper and more sophisticated, high-speed
network access is becoming more common across various consumer electronics. How-
ever, the attempt to pursue higher communication speed will never stop. What’s more, the
network development towards the future is not only the Internet of Everything, but also
the smarter information interaction environment. This section will discuss a brief outlook

for future directions based on the research proposed in this thesis.

5.2.1 Next-Generation Network Exploration

Since the 1980s, mobile communication has revolutionized the world, transforming every
aspect of our lives. With the specificated mMTC, uRLLC, and eMBB application sce-
narios, 5G has brought endless surprises to people. The capability of the next-generation

networks will be far beyond the innovation of communication. With the flourishing of
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Figure 5.3: Next-generation network enables intelligent intereaction beyond communica-

tion

big data, artificial intelligence (Al), and machine learning (MI), we can envision the In-

telligence of Everything in the near future. Fig. 5.3 illustrates the simplified scenarios for

the next-generation network, supporting the smart society and with everything sensed and

connected intelligently.

The future research direction is summarized as the following four points:

1y

2)

3)

Tbs-level data rate with extreme-low latency: With the booming computational ca-
pability, the data for information exchange is increased exponentially. Some emerg-
ing applications will require data rates higher than 100Gb/s with extreme-low la-

tency.

Energy-efficient system: Power consumption is always a big consideration in circuit
design. The power consumption determines the life length of the wireless circuit.
So a low power consumption is desired, which suffers a trade-off with high perfor-

mance.

Coverage extension in non-line-of-sight (NLOS): The non-line-of-sight is used to
define the situation when the TX and RX are not in direct line-of-sight. Since
the beamforming technique is widely utilized at millimeter-wave bands to maintain

the link budget in long-distance communication, the beam width becomes sharper
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Figure 5.4: High-performance THz phased-array system

along with the increased array size. This makes communication easier obscured
by obstacles, especially the dense high-rise buildings in the urban area. Based on
strong computing power, each network terminal shares the information with each
other like a server. The communication system can serve as a sensotr, exploring
radio wave transmission, reflection, and scattering to sense and better understand

the physical world, ultimately providing a broad range of new services.

4) Integrated terrestrial and non-terrestrial networks: The integration with non-terrestrial
networks, as shown in Fig. 5.3, makes it possible to deliver worldwide coverage.
As the cost to manufacture and launch satellites decreases, plenty of low- or very
low-earth orbit satellites will become a reality in non-terrestrial networks. The
integration of terrestrial and non-terrestrial networks promises low-latency long-
distance communication. This is good for auto-driving and remote sensing and

imaging applications.

5.2.2 High-Performance THz Phased-Array

With the extension of operation frequency towards the THz-band, the next-generation
communication envisions up to Tb/s-level peak data rate, 10~100-Gb/s experienced rate
and sub-millisecond level latency. However, the propagation models and characteristics
of the THz-band need to be studied and tested thoroughly to design suitable network
topologies. In addition, baseband circuits such as ADCs, DACs, and digital processing
circuits must provide ultra-wideband operation while consuming low power and small
area. Besides, the RF beamformer IC alone is not feasible for THz-band applications,
additional IF ICs or up-conversion functions are mandatory. Thus, the accurate GHz-to-
THz frequency generation for LO source with ultra-low jitter and phase noise is desired
[113-115]. Most importantly, the large carrier aggregation at THz bands requires de-
signing a high-performance THz phased-array system. The high-order modulation and

ultra-massive MIMO for spatial multiplexing are still effective in further improving the
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Figure 5.5: (a) Three-way asymmetrical Doherty PA-LNA and (b) the efficiency perfor-
mance concept.

peak data rate. However, this provides a higher SNR requirement for the THz commu-
nication link budget. A possible research direction for the THz phased-array is shown in
Fig. 5.4.

At THz bands, the smaller than chip size 4/2 antenna pitch limits the two-dimensional
implementation on the PCB side. However, this makes the antenna integration on-chip
become possible. Besides, according to the rule of thumb that the designed operation
frequency is less than one-third of the f., the advanced CMOS process with less than
10-nm gate length is required. Along with the CMOS scaling, the breakdown voltage
decreases while the leakage current increases. Besides, the THz phased-array system is
rather power-hungry than the 5G NR FR2 system due to the even higher FSPL, a sufficient

TX output power is very useful to reduce the total system size. In this case, the high-



116 Conclusion and Future Work

performance InP process with THz-level f,,x can be a good candidate. To minimize the
chip-to-chip interconnection loss between the CMOS-based IF chip and InP-based RF

front-end, the 3D die-to-die heterogeneous integration can be implemented.

5.2.3 Energy-Efficient System

In future work, energy-efficient design is inevitably a big challenge for next-generation
communications. The higher frequency bands, wider bandwidth, and denser distribution
of massive antenna arrays in future phased-array systems will enable a single system to
integrate wireless signal sensing and communication. The power-efficient base stations
are desired. To reduce the total power consumption for phased-array while maintaining
EIRP level, further improvement of PA architectures is required, which is also meaningful
to lower the phased-array thermal issue. In addition to the base-station side, low-cost and
low-power user equipment is urgently demanded to extend the battery life. That is to say,
the high-performance PA-LNA becomes increasingly important in future phased-array
systems.

As an extension of the area-efficient bi-directional technique in this work, one of the
possible solutions of three-way asymmetrical Doherty PA-LNA aiming for the deep PBO
power efficiency is shown in Fig. 5.5(a). By constructing the PA transistors ratio of
main PA, auxiliary-1 PA and auxiliary-2 PA as 1:3:4, both the 6-dB and 12-dB PBO
power efficiency can be improved. As shown in Fig. 5.5(b), compared with the two-way
symmetrical Doherty PA, the additional 12-dB PBO efficiency enhancement is attractive
due to the large PAPR high-order modulated signals.

The other bottleneck of the energy-efficient system is the output-matching passives,
especially the transformer-based inductive components. Along with the increased carrier
frequency, the PA transistor at the final stage of the TX chain still requires a relatively large
size to provide sufficient TX output power, which means an unignorable device capaci-
tance for output matching. While the required inductance becomes smaller and smaller
to perform the LC resonance at the desired frequency and also prevent self-resonance.
The smaller inductance shrinks down the passive footprint size, however limits the cou-
pling factor k,, between the transformer windings. The maximum achievable transformer

efficiency 1 can be derived from the follows [116]

5.2)

1
77 =
L+ mog(L+ V1 +42,0005)

where Qp and Qg are the quality factor of the transformer’s primary and secondary wind-
ings. Although the Qp and Qs can be improved by selecting the thick metal layers with a
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given manufacturing process, the available 7 still hardly surpasses 80%, which extremely
degrades the THz-band PA PAE performance. To figure out this issue, several promising
passive structures can be implemented, such as the distributed-balun and slotline-based
balun architectures [117-119]. What’s more, the high-performance power-combining

technique is also one of the most attractive topics for future energy-efficient systems.
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