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Abstract

This dissertation presents a study of 300GHz-band CMOS transceiver and phased-array
systems that are based on subharmonic mixing. 300GHz-band is one of the main candi-
dates for the next generation of wireless communication systems (6G). This thesis covers
the design details of the transceiver RF front-end including the mixers, LO chain com-
ponents, and the PCB implementation for the phased-array system. Using the CMOS
process to build 300GHz-band transceivers is an attractive option considering the low
cost and the compatibility with the digital integrated circuits. However, the main obstacle
resides in the low maximum oscillation frequency (fiax) of the CMOS transistors which
barely exceeds 300GHz for small transistor sizes. As a result, the implementation of re-
liable power amplifiers (PAs) and low noise amplifiers (LNAs) is quite difficult and still
not demonstrated well in the literature. Most of the recent works eliminate the RF am-
plifiers and adopt the mixer-last transmitter (TX), mixer-first receiver (RX) architecture
instead. The design using the mentioned architecture is still challenging considering that
the linearity and noise requirements of the mixers are very critical. In addition, the free
space path loss of the 300GHz-band is approximately 20dB higher than the loss of the cur-
rently popular 5G bands around 30GHz, making it more difficult to achieve the required
signal-to-noise-ratio (SNR) for a long-distance high-data-rate wireless link. Overcoming
the SNR degradation may cause a drastic increase in the area and the power consump-
tion, so careful design and implementation techniques are necessary. Two 300GHz-band
transceiver systems are discussed in this thesis; a low-power transceiver with a single-
mixing-path, and a phased-array transceiver with output power improvement and image
rejection techniques. The low-power transceiver utilizes a subharmonic mixer with novel
circuit techniques to provide suitable system performance and to meet the link budget
requirements. The subharmonic mixer is chosen in this work to reduce the LO frequency
and the design complexity. Other parts such as the LO chain components are also designed
using special circuit techniques to reduce the overall power consumption. The transceiver
proposed in this thesis achieves a 34Gb/s maximum data rate over a 1cm distance while
consuming 0.41W from a 1V supply. Compound semiconductor (InP) PAs and LNAs are

added to the system to study the "hybrid-transceiver" option, and as a result, the max-
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imum data rate is improved to 56Gb/s with higher order modulations such as 64QAM
becoming usable as well. The phased-array transceiver utilizes the subharmonic mixer
with a bi-directional architecture. The TX mode is based on the outphasing technique to
improve the average output power, and the RX mode adopts the Hartley architecture to
cancel any undesired image signals. Thanks to the bi-directional operation, the TX and
the RX share the antenna, and that makes it easier to implement a phased-array due to
the small chip size. The measured beam range of the implemented array is from -18° to
18°. The maximum data rate of the TX mode is 52Gb/s and the maximum data rate of the
RX mode is 36Gb/s. Apart from the systems mentioned above, the thesis also explores
frequency multiplication techniques at mm-wave frequencies due to their critical role in
sub-THz systems in general. The introduced systems are implemented in 65nm CMOS
technology and the effectiveness of the proposed techniques was verified in clean-room

and over-the-air measurements.
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Chapter 1
Introduction

We have been experiencing a massive evolution of the wireless communication technolo-
gies in the last 20 years due to the exponential growth of data consumption worldwide
[1]. Every year, the communication technologies are becoming a more essential part of
our lives as social media, e-commerce, live-streaming, and video download applications
are seeing a rapid growth in the recent years. Being connected became much more vital
after the global spread of COVID-19 as remote education and work was the only way to
keep productive during quarantine. The start of 5G infrastructure deployment in the last
couple of years is another sign that we are entering a new era of communications where
being connected all the time is the norm. Mainly, Frequencies below 6GHz were used for
communication systems due to the small path-loss and the relatively low-loss implemen-
tation options. However, these frequencies are crowded with many applications and the
achievable data rate is quite limited. The 5G regulated by the 3rd Generation Partnership
Project (3GPP) utilizes higher frequencies in the millimeter wave (mm-wave) bands to
provide higher data rate links at the expense of shorter communication range. Phased-
arrays are also essential for the operation of the 5G transceivers to overcome the increase
of the path-loss. 5G systems are expected to reach data rates as high as 10Gb/s with
low latency. Furthermore, 5G is targeted to be a technology that supports future industry
and society, for use cases demanding particular requirements and high performance. The
5G technology will be set to a constant evolution in the next years to deal with the wide
range of applications. In the recent years, a lot of efforts were made to implement high
performance millimeter-wave transceivers for 5G and for the 60GHz standards as well
[2-6].

Ten years from now, the next generation of wireless communications, which is going
to be potentially called “6G”, is anticipated to be introduced. After achieving many use

cases and solutions for social issues by 5G, the fusion of several use cases and the needs



2 Introduction
Extreme high Extreme low
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Figure 1.1: 6G technology requirements.

Figure 1.2: 6G technology possible applications

for new use cases will appear. However, the combination of requirements of the new use
cases cannot be covered by the 5G performance. Fig.1.1 shows the requirements that will
be aimed for in the 6G technology [7]. More diverse and new requirements that are not
fulfilled by the 5G and its evolution are considered with new use cases expected to appear
after the deployment of 5G. Extremely higher data rates (>100Gb/s), low latency, wide
coverage, low cost and energy, high reliability, and massive connectivity are the main
requirements considered in the current vision for 6G.

Some of the applications that represent new use cases for 6G are shown in Fig.1.2.
Using extremely high data rate wireless communication can provide solutions to the cur-
rent bottlenecks [8]. In addition, light field and holographic displays demand hundreds of
Gb/s communication speeds that cannot be satisfied by the 5G technology [9]. Uncom-
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pressed video streaming and massive sensor networks are also among the applications
that are still out of reach for the current technologies.

One of the driving factors of the emerging of 6G is that the 5G millimeter-wave fre-
quency bands (e.g. 28GHz and 39GHz) do not have enough bandwidth to accommodate
the speed and capacity requirements of the 6G use cases. Hence, higher frequency bands
are being considered, especially in the sub-THz (0.1-1THz) region. High data rates were
demonstrated using transceivers operating around 100GHz [10-15], but the lack of stan-
dardization and the existing regulations and applications make it difficult to realize the
same data rates when actual deployment is considered. On the other hand, one of the
most appealing candidates to be utilized in 6G is the 300GHz-band which roughly covers
the frequencies from 250GHz to 320GHz. The 300GHz-band has three main charac-
teristics that make it a very desirable choice for some 6G applications: (i) the available
bandwidth is very wide with much less crowdedness compared to the lower frequency
bands, (ii) electronic devices can still operate at this band with acceptable performance
compared to the higher frequencies, and finally (iii) the short wavelength at 300GHz-
band which enables miniature antenna implementation with an order of several hundred
pum. The 300GHz phased-array technology that is introduced in the following chapters
is expected to be one of the key enabling technologies for 6G as it makes it possible to
satisfy the data rate and latency requirements. Other 6G enabling technologies also in-
clude non-Terrestrial Networks for wide coverage, wireless power transfer for low energy
solutions and massive connectivity, and new network topologies.

In this thesis, the design of a future 6G 300GHz-band wireless transceiver system is
studied. Leveraging the advantages of the 300GHz-band requires special design consid-
erations to overcome its big challenges such as the high path loss (around 20dB more than
the 5G bands), the high component losses, the limited performance of the main system
components, and other challenges that will be mentioned later in this thesis.

1.1 Standards and Regulations for 300GHz-band

As the 300GHz-band is starting to attract attention recently, efforts have been made to
standardize this band. The Institute of Electrical and Electronics Engineers (IEEE) intro-
duced IEEE Std. 802.15.3d-2017 which is an amendment of the IEEE Std. 802.15.3d-
2016 to define a wireless PHY layer that operates at 100Gb/s [16]. The standard covers
the frequencies between 252.72GHz and 321.84GHz. 69 channels with 8 supported band-
widths from 2.16GHz and up to 69.12GHz which is quite massive and should easily fulfill
the requirements of 6G new use cases. The standard channels are shown in Fig.1.3.
According to the decisions at the World Radio Conference 2019 (WRC-2019), the
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Figure 1.3: IEEE Std. 802.15.3 channel plan.

mentioned standard bands can be used for THz communications, but the radio astronomy
and satellite services must be protected [17]. The bands 275-296GHz, 306-313GHz, 318-
333GHz, and 356-450GHz have no specific conditions to protect Earth exploration and
satellite service applications [18, 19], so a very wide bandwidth is still available to use
without potential interference concerns.

The standards and regulations of the 300GHz-band may keep getting updated in the
coming years based on the interference analysis and the new challenges to appear before
the deployment.

1.2 300GHz-band CMOS Transceivers

Many works have utilized the 300GHz-band to achieve high data rates up to 120Gb/s us-
ing compound semiconductors or SiGe as in [20-33]. The high f;,.x makes it possible to
design power amplifiers (PA) and low noise amplifiers (LNA) with high gain and good
linearity resulting in an excellent EVM performance. However, the compound semicon-
ductor process-based systems are costly, very difficult to integrate, and large-scale digi-
tal circuits are not feasible in most cases, reducing the system’s overall feasibility. The
CMOS process is still more desirable as the main system process due to its low cost, ex-
cellent area efficiency, and high integration ability. Implementing the whole transceiver
system using CMOS process means that both the RF front-end, the A/D and D/A inter-
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Figure 1.4: Generic architecture for the 300GHz-band transceiver.

faces, the control/calibration circuits, and the processing circuits can be all integrated on
one chip. System-on-chip (SoC) which is very common in mobile devices can also be
realized by the full-CMOS implementation. However, there are many design difficulties
that must be faced to make the operation of the transceiver acceptable. One large draw-
back of the CMOS process is its low fi.x which does not normally exceed 300GHz. As a
result, the RF-side amplifiers (PA and LNA) are not feasible so far, causing the dominance
of the mixer-last (frequency-converter-last) TX, mixer-first RX architecture in the recent
works [34—47]. For transceiver systems with amplifiers, lower frequencies were used as
in [10, 48—50]. The mixer-last TX mixer-first RX architecture suffers from the limited
linearity, high noise figure, and LOFT radiation from both the TX and the RX (LO emis-
sion). Fig.1.4 shows the general architecture of a heterodyne 300GHz-band mixer-last
TX mixer-first RX transceiver. Besides the challenging mixer design, the LO generation
circuit design is also very critical considering the very high operation frequency. The
CMOS-based transceivers usually utilize LO frequencies in the D-band (110-170GHz)
to realize LO buffering with decent driving power to be applied to the mixer. Several
up-conversion steps and/or subharmonic mixing are the main techniques used to reduce
the LO frequency. Consequently, frequency multiplier design in the D-band is very cru-
cial to achieve the required performance of the LO chain. Additionally, circuit-level and

architecture-level novel techniques are essential for the wireless link to be realized.

1.3 Overview of This Thesis

The main aim of this thesis is to study the 300GHz-band transceiver implemented using

CMOS process and to develop techniques for achieving wireless communication while
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keeping the power consumption to an acceptable value. PCB implementation for simple
transceivers and phased-array transceivers is also considered.

This thesis is organized as follows: Chapter 2 introduces the main concepts and chal-
lenges that face the design of 300GHz-band CMOS circuits and transceivers. In this
chapter, the most important challenges and requirements of the transceiver systems are
discussed. The CMOS transistor limitations at high frequencies, LO chain and mixer re-
quirements are explored. Beamforming importance and realization conditions are alos
explained in this chapter.

Chapter 3 presents several frequency multiplier topologies for F-band and D-band
LO signal generation with high output power, low power consumption, and harmonic
suppression. Both single-ended and differential solutions are considered.

Chapter 4 presents a 300GHz-band CMOS transceiver system based on subharmonic
mixing architecture. The system presented in this chapter achieves 300GHz wireless com-
munication while consuming lower DC power than the recent designs. A subharmonic
mixer with high conversion gain and acceptable linearity is presented in this chapter. A
hybrid transceiver architecture that includes both CMOS up-/down-conversion circuitry
and InP amplification circuitry is also presented in this chapter to study the alternative
solutions for high performance 300GHz links.

Chapter 5 presents a 300GHz-band CMOS bi-directional phased-array transceiver
system that provides critical features for millimeter-wave links such as beamforming.
Output power improvement and image rejection techniques which are included in the
system are also explained in this chapter. This chapter also explores the possible phased-
array architectures for 300GHz-band systems and explains the details of the stacked an-
tenna solution.

Finally, the conclusions and future directions of this research are presented in chapter



Chapter 2

300GHz-Band CMOS Phased-Array
Design Challenges

As discussed in the previous chapter, realizing a 300GHz-band wireless link using the
CMOS process is very challenging and requires taking many factors into consideration.
This chapter explains in detail the main obstacles and challenges that face the implemen-
tation of a practical 300GHz-band CMOS transceiver system with an acceptable power

consumption and manufacturing cost.

2.1  fi.x of the CMOS Transistor

One of the most important parameters used to evaluate the transistor performance at
millimeter-wave and sub-THz frequencies is the maximum oscillation frequency (fiax)-
Jfmax 1S the frequency at which the maximum available gain becomes 1 and is the maxi-
mum frequency the transistor can oscillate at. Beyond that frequency, it is not possible to
achieve any gain from the transistor. To determine the value of f;,,, for a transistor using
the S-parameters, the maximum available gain (Gymax) or MAG) is calculated first. MAG
is the theoretical gain achieved when the input and the output impedances of the transistor

are perfectly matched. It can be calculated as:

S —
Ga(max) = m (K_ K2 - 1) (21)
|12l

where §j; are the s-parameters of the transistor, and K is the stability factor which is

calculated as follows:

_ 1 =181 = 1Snl* + |IDI?
218128211

K (2.2)
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Figure 2.1: Simulated maximum available/stable gain for several transistor sizes in 65nm
CMOS process.

given that
D = 81180— 51252 (2.3)

This definition of MAG is only applicable when the device is stable unconditionally
(K > I), which is the case at higher frequencies. When the device is conditionally sta-
ble (K < 1), the maximum stable gain (MSG) is used and it is defined as:

1S21]
Gymaxy)y = — 24
) =g @4

Fig.2.1 shows the simulated MAG/MSG for several transistor sizes in CMOS 65nm
process. The frequency at which the MAG becomes 1 (0dB) is the f,,.x. Beyond that
frequency, it is not possible to achieve any gain from the transistor. It can be observed
that the fi.x 1s less than 300GHz making it extremely difficult to implement a reliable
amplifier circuit.

The fiax 18 also closely related to the parasitics of the transistor and its interconnects.
The following formula clarifies the effect of the main parasitics on the f.x [51, 52]:

fonan = /1 (2.5)
2 \/Rgnggd/ (Cgs + ng) + (Rg + 7ep + RS) 8ds
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Figure 2.2: Possible 300GHz-band system architecture options for different LO frequen-
cies. (a) Simple fundamental mixing. (b) Both LO and IF are in the D-band. (c) Subhar-
monic mixing.

where fr = gn/2m(Cq + Cyq) is the cut-off frequency, R, and R; are the gate resistance and
the source resistance, respectively. rg, is the equivalent non-quasi static resistance, gqs 1S
the drain-source conductance, Cyq is the gate-drain capacitance, and C, is the gate-source

capacitance.

It is clear from (2.5) that the f,,.x degrades as the parasitic resistance and capacitance
increase. The gate resistance has the largest effect, so careful optimization of the gate con-
nection can be one way to improve the overall frequency characteristics of the transistor.
Also, (2.5) explains the reason behind the better performance of the smallest transistor in
Fig.2.1 at high frequency compared to the larger ones. As a result, even when amplifica-
tion is realized around 300GHz using CMOS transistors by applying suitable optimization
to the transistor size and layout, the achieved output power will be low due to the small

transistor size as in [53, 54] for example.

Taking the points mentioned above into consideration, the work in this thesis adopts
the mixer-last TX mixer-first RX architecture to overcome the f;,., limitations. However,
Jfmax and gain improvement techniques are applied to the LO buffering circuits which op-
erate between 100GHz and 150GHz as will be explained in the later chapters.
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2.2 LO Generation

As mentioned in Chapter 1, the LO signal generation chain of 300GHz-band systems is
a very critical part, and it decides how well the mixer operates by providing the suitable
driving power and the suppression of the undesired harmonics. The frequency of the
LO signal is decided depending on the system overall architecture, but because the RF
frequency is extremely high, it is quite difficult to reduce the LO frequency to less than
100GHz. Fig2.2 illustrates several system architecture options that have been demon-
strated in the literature (showing only the transmitter part). The simple fundamental mix-
ing option in Fig2.2(a) is the most challenging to implement due to the high LO frequency
as the <100GHz IF signal is supposed to be directly up-converted to a much higher fre-
quency band. This option is rarely used due to the complex and power consuming LO
generation circuit required to provide a suitable driving power using CMOS. The second
option in Fig2.2(b) assumes an IF signal up-converted first to the D-band before getting
up-converted again by the RF mixer. This option requires much lower LO frequency, and
hence, a much simpler and less power consuming LO chain circuitry. The main issue
in this option is the high IF signal frequencies in the D-band which are also required to
occupy a very wide bandwidth as well. Implementing a reliable wideband CMOS ampli-
fier that operates with suitable linearity characteristics at such frequencies is not straight
forward, and the amplifier may cause the overall system linearity to degrade due to the
poor CMOS gain performance in the D-band. Instead of increasing the IF frequency
to such high frequencies, subharmonic mixing can be used as illustrated in Fig.2.2(c).
The LO signal frequency is kept at around half the RF frequency in the D-band, and the
IF frequency is set somewhere below 100GHz. This enables wideband IF amplification
with decent linearity while utilizing a high power LO chain that consumes acceptable DC

power.

The architecture in Fig.2.2(c) is adopted in all systems presented in this thesis due
to its compatibility with the CMOS process. However, a subharmonic mixer with good
linearity and high conversion gain is required to make the transceiver system feasible as

will be shown in the later chapters.

Another issue that is related to the LO chain of 300GHz-band systems is the appear-
ance of undesired harmonics at the output. Due to the frequency multiplication, many
undesired harmonics appear at the output of the LO chain. These harmonics may up-
convert undesired signals to the RF band, and they may cause serious linearity issues to
the RF mixer. A detailed discussion about the requirements and the design techniques of

the frequency multipliers is introduced in the next chapter.
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2.3 Error Vector Magnitude

Bit Error Rate (BER) is one of the most common indicators to evaluate the communica-
tion system performance. It is the ratio between the number of bit errors and the total
number of transmitted bits during a time interval. For wireless communication to take
place, a BER of 107 is considered acceptable. The BER is directly related to two other
parameters that can be calculated directly from circuit component characteristics; signal-
to-noise ratio (SNR) and error vector magnitude (EVM). Both of these parameters are
closely related to each other as well, and the following equation estimates the that rela-

tion as calculated in [55]:

1
EVM?

SNR =~ (2.6)

Fig.2.3 plots the relation between BER and SNR for several modulation schemes. As
can be expected, higher SNR values are required for higher-order modulation schemes to
achieve the required BER as the number of levels increases. A 9.8dB SNR (around -9.8dB
EVM) is required to achieve QPSK wireless communication, while a 16.5dB (around -
16.5dB EVM) SNR is required to achieve 16-QAM link and so forth.

In the real case, there are many additional factors that increase the EVM and degrade
the overall BER. The distortion caused by the non-linearity of the devices must be added
to the equation by replacing the SNR by signal-to-noise and distortion ratio (SNDR),
where the distortion is usually dominated by the third-order inter-modulation components
(IM3). Additional EVM degradation factors including carrier phase noise (¢z,,s), image
signals or I/Q mismatch, LO feedthrough (LOFT) if in-band, and the gain flatness (GF)
of the RF band. The equation (2.6) becomes as follows [5]:

1
EVM,, ~ \/W + Qs + EVMiZmage + EVM? or + EVM, 2.7)

Achieving the EVM requirements for the 300GHz-band transceivers is much more
difficult compared to the commonly used lower frequency bands as the target bandwidth
is much wider, the path loss is much higher, and the device performance is quite limited.
That explains the critical role of the RF mixers in the 300GHz-band CMOS mixer-last
TX mixer-first RX systems, as the mixer characteristics define the overall EVM of the
system. Here, both the output signal power and the noise figure of the mixer have direct
effect on the system SNDR due to the absence of RF amplification.
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Figure 2.3: Calculated BER against SNR for several modulation schemes

2.4 FSPL and Beamforming

The transmitted signal in any wireless system experiences a drop in its power level before
reaching the receiver input due to the propagation nature of electromagnetic waves and
the finite antenna size. This loss is commonly referred to as free-space-path-loss (FSPL)
and is defined as follows:

FSPL(dB) = ZOlog( (2.8)

4rdf

)
where d is the communication distance between the transmitter and the receiver, f is the
signal frequency, and c is the speed of light. It is observed in (2.8) that increasing the
frequency from the commonly used 3GHz frequency to 300GHz increases the FSPL by
a huge 40dB (or 10000 times as can be expected from the inverse-square law). Antennas
with high directivity such as horn antennas and lens antennas are commonly used to solve
the large FSPL issue in 300GHz-band systems. However, such implementation causes the
link to be realized only when the RX is placed within the radiation angle of the horn/lens
antenna which is usually very narrow especially when the antenna gain gets higher. Any

change of the RX radial position will highly degrade the communication performance.

To solve this issue effectively, many millimeter-wave systems adopt the phased-array
implementation where many transceivers and their antennas (printed antennas in most
cases) are placed as an array with certain pitch, and the phase of each transceiver (element)

is controlled so that the total radiation direction shifts to the desired angle. This way, both
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TX and RX radial positions can be changed within the range of the array which is much
wider than the beam width of a high-gain horn antenna. Although the antenna gain of
printed antennas is smaller than that of horn and lens antennas, the array gain itself gets
higher as the number of elements increases. The following equation shows the calculation

process of the link budget considering all parameters (all in dB):
POUT(TX) + Grx + Grx — FSPL — NoiseFloor > SNRreq (29)

where Pour(rx) 1s the output power of the TX, Grx and Grx are the antenna gain values
of TX and RX, respectively (array gain if phased-array), NoiseFloor is the noise floor at
the input of the receiver, and SNR,., is the required SNR for the target link.

Implementing the phased-array system at 300GHz-band has a big obstacle compared
to the phased-array systems of lower millimeter-wave frequencies due to the very short
wavelength. This issue is discussed in details in the next section.

2.5 Challenges for 300GHz-band Phased-Array

The phased-array implementation is essential for 300GHz-band systems to overcome the
high FSPL issue while providing some flexibility to the system so that additional appli-
cations and use cases become feasible for 6G technology in the future. However, the
phased-array design at this band has many critical issues that are not considered dominant
at lower frequencies. The first issue resides in the large losses that the passive structures
have on- and off-chip due to the short wavelength of the target band. That means that
antenna implementation and its connection to the transceiver circuit needs much more
attention compared to the other bands. Another issue that is related to the physical struc-
ture of the array, especially the antenna spacing, is the very short antenna pitch required to
achieve acceptable beam steering range. Other issues also include the area and cost limita-
tions, and the power consumption. In this section, some more details about the mentioned
issues are introduced, with a brief explanation of the strategies this thesis proposes to face

them.

2.5.1 Antenna Implementation and Connection

The short wavelength at 300GHz (around 1mm) reduces the size of the antenna consid-
erably. This can be an advantage when wireless sensor networks or medical applications
are targeted considering the size limitations in these cases. As the antenna size is in the

millimeter order, it can be implemented even on-chip alongside the transceiver circuit.
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However, the on-chip antenna characteristics rely heavily on the chip dielectric material
characteristics, especially the relative permittivity (e;) and the resistivity. The low resis-
tivity of the silicon substrate for example causes large losses and a huge degradation in
the radiation efficiency [56].

The on-PCB antenna is a better option when the antenna performance is prioritized.
There are many PCB material choices with much better characteristics for antenna imple-
mentation. Low permittivity and higher resistivity can be obtained by using the suitable
material regardless of the chip materials. The main drawback of the on-PCB antenna is
that a lossy structure is required to connect the transceiver chip to the PCB antenna. Wire
bonding is a very poor option at 300GHz considering its length which is too long com-
pared to the wavelength, resulting in a large inductance that causes serious degradation
to the RF signal. The flip chip process is another option that shows a much better com-
patibility with the higher frequencies due to the small size of the connecting bump. The
distance between the chip and the PCB after implementation can be as short as 20um. On
the other hand, the flip chip process is more complicated and costly compared to the wire
bonding, and smaller bumps should be used at high frequency causing more complication

and high cost.

2.5.2 Antenna Placement and Spacing

The placement of antennas in phased-array systems must be considered thoroughly to
avoid the degradation in the beam shape and the steering range. The spacing between
antenna elements directly affect the angle range as can be calculated using the following
equation: ‘

A = 27rd;1n9 (2.10)

where A® is the phase shift between elements, d is the distance between elements, and

6 is the beam angle. The beam angle range calculated results for three different antenna
pitches (0.54, 4, and 21) are shown in Fig.2.4. It can be observed that a long pitch causes
the steering range to be narrower, and 0.54 is the maximum pitch that covers the whole
range. A 21 pitch means that the steering range does not exceed 30° as well.

In the conventional millimeter-wave phased-array systems, the arrays consisting of
broadside antennas like metal patches are more common as the antennas are aligned in a
two-dimensional fashion with a 4/2 pitch. For frequencies around 28 GHz (5G standard
band) this structure is not so difficult to realize as the wavelength is in the centimeter
order as can be seen in Fig.2.5(a). However, when it comes to the 300GHz-band, the
wavelength is much shorter, and the required pitch becomes shorter as well. Considering

a 1-2mm wide chip, antennas need to be placed so far from chip to obtain the 1/2 pitch as
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Figure 2.4: Beam steering range for different antenna pitch lengths.

illustrated in Fig.2.5(b). The long distance between the chip and the antenna means that
long lossy transmission lines are required on-PCB, causing huge losses to the RF signal.

On-chip arrays as in [57-61] make it possible to build a suitable structure with a
suitable antenna pitch, but the chip area is huge and the antenna gain is limited due to the
large silicon substrate loss as discussed in the previous section.

By knowing that the thickness of the CMOS chip with the PCB is still less than A even
at the 300GHz-band. A stacked antenna alignment can be adopted instead of the hori-
zontally adjacent configuration as illustrated in Fig.2.5(c). The end-fire antennas are used
here, and the antenna pitch in the stack can be 1/2 without using long lossy connecting
transmission lines.

2.5.3 Power Consumption

The use of multiple transceiver circuits to build the phased-array system causes the overall
power consumption to increase considerably. Hence, the power consumption of every

chip must be minimized by improving the efficiency of the frequency conversion circuits.

2.5.4 Manufacturing Cost

The manufacturing cost is another critical factor that must be considered in the phased-
array system design. The chip area is surely one of the main cost deciders, but the off-

chip connections are also very crucial at 300GHz. High-cost materials with good high
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Figure 2.5: Phased-array implementation issue at 300GHz-band. (a) 28GHz phased-array
structure. (b) Using the same structure for 300GHz. (c) Proposed stacked architecture.

frequency characteristics are required instead of the conventional cheap ones. Flip chip
and module implementation also cause the cost of manufacturing to go up.

Another big choice to make for phased-arrays is whether to implement several transceivers
on the same chip or to implement each transceiver on a chip. The first option reduces the
off-chip components and losses, but higher chip fabrication cost is expected as the yield
by necessity gets lower on bigger chips [62]. Such dilemmas and their solutions will
shape the way sub-THz phased-array transceivers develop in the future.



Chapter 3

Frequency Multipliers for LO

Generation !

The LO signal generation circuitry is one of the most challenging parts of the 300GHz-
band systems as its operating frequency is in the sub-THz region, and the required output
power is relatively high to drive the mixer properly. The low-efficiency LO buffers op-
erating at the sub-THz frequencies consume large DC power as a result. So, if the pre-
vious frequency multiplier stage provides suitable signal power with sufficient undesired
harmonic suppression, the number of LO buffering stages can be reduced lowering the
overall system power consumption.

Simple circuit architecture is usually preferred at the sub-THz frequencies to reduce
the losses and the required area as transmission lines are heavily used. So, relatively sim-
ple, high-power/conversion-gain characteristics, and fundamental/harmonic suppression
are the main targets for sub-THz frequency multiplier design. In this chapter, several
frequency multipliers operating mainly at the F-band (90-140GHz) frequencies with im-
proved output power and harmonic rejection characteristics are introduced. The area is

minimized by adopting very simple structures and effective rejection techniques.

3.1 Frequency Multiplier Topologies

Many works focused on providing superior frequency multiplier circuits at W-, F- and

D-band as in [64—72]. The choice of the suitable frequency multiplier topology to be used

I'This chapter is based on "F-band Frequency Multipliers with Fundamental and Harmonic Rejection
for Improved Conversion Gain and Output Power" [63], by the same author, which appeared in the IEICE
Transactions on Electronics, © 2021 IEICE. The material in this paper was presented in part at the IEICE
Transactions on Electronics [63], and some of the figures of this paper are reused from [63] under the
permission of the IEICE.
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Figure 3.1: Conventional frequency multiplier topologies: (a) Injection-lock-based, (b)
Mixer-based, (c¢) Device nonlinearity-based, and (d) Push-push-based.

in the 300GHz-band CMOS transceiver system usually depends on the simplicity and the
feasibility at frequencies around the f;,.x. The main common frequency multiplier topolo-
gies can be divided into four as illustrated in Fig. 3.1 [73]. The injection-based topology
[64] can provide the desired output with relatively low input power, but they have limited
performance when operating at a frequency far from the center frequency. Mixer-based
multipliers have a wider operation bandwidth, but they have high input requirements to
operate properly [72]. Device/Line Nonlinearity-based multipliers [65, 68] are very com-
mon for high frequencies due to their simplicity and compatibility with the transmission
line-based design. However, their conversion gain is limited and the undesired harmonics
still appear at the output due to the wideband characteristics of the matching circuits at
such frequencies. Push-push-based frequency doublers are also very common for sub-
THz systems [66, 67, 69-71], but balun mismatches at the input side cause leakage of the
fundamental signal to the output and degrades the output power.

In the following sections of this chapter, F-band device nonlinearity-based frequency
triplers with fundamental and second harmonic cancellation techniques and a push-push-

based frequency doubler with balun mismatch compensation techniques are introduced.
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Figure 3.2: Conventional device nonlinearity-based frequency triplers: (a) Single-ended,
(b) Differential with second harmonic resonance at the tail node.

3.2 Millimeter-Wave Frequency Triplers

One of the main design considerations of the frequency multiplier design is the abil-
ity to reject undesired harmonics so that they do not appear at the output. The device-
nonlinearity-based frequency multipliers normally operate at higher input power values to
get higher conversion gain. So, suppressing the fundamental frequency and the undesired
harmonics is very important to avoid the saturation of the circuit by the undesired com-
ponents. As a result, the desired frequency signal will dominate the output and its power
will improve. For the frequency tripler circuit, the most common technique to reject the
fundamental signal is by utilizing the bandpass characteristics of the output matching net-
work. However, the wideband nature of the transmission-line-based matching networks
causes the rejection to be insufficient. Placing open quarter-wave stubs at the output to
reject the fundamental component is not effective for triplers because the third harmonic
will face a small impedance similar to that at the fundamental frequency as the electrical
length there is 34/4. Using the quarter-wave stub at the second harmonic frequency also
degrades the third harmonic output power due to the wideband characteristics of the stub.
The conventional architecture is illustrated in Fig. 3.2,(a). One of the solutions is to use
the differential architecture to automatically cancel the second harmonic which has even
characteristics as shown in Fig. 3.2,(b). By adding a tail inductance, the output can be
improved as well [34]. However, the fundamental rejection still depends on the matching
network characteristics. It is also common to have single-ended buffering stages when it
comes to the operation close to f.x due to the design flexibility and layout simplicity.
This section presents two novel tripler circuits for improved output power and har-
monic rejection; (i) a single-ended tripler circuit with a passive feedback network, and

(1) a differential tripler with filtering stubs and balun mismatch compensation.
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Figure 3.3: Proposed fundamental and second harmonic rejection technique. (a) The
feedback network operation. (b) The circuit built using lumped components. (c) The
proposed circuit.

3.2.1 Proposed Single-Ended Tripler

In this work, a tripler circuit with a passive feedback network is proposed to improve
the performance as shown in Fig. 3.3,(a). The inductor that is connected to the source
resonates at the second harmonic to generate the cancellation signals, and the passive
network passes these components to the output with the suitable phase shifts. The phase
difference between the drain current and the feedback current at the undesired fundamen-
tal and second harmonic frequencies must be around 180° to provide the cancellation,
while a phase difference of less than 90° between the drain and the feedback currents is

required at the desired third harmonic to avoid any cancellation as:

ol = VHasl? + s + 2|3\ i3lcos(6) (3.1)
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the source for all the harmonics. (f,=38GHz, Pjy=10dBm)

where Iy, 143, and Ig3 are the output, drain, and feedback currents at the third harmonic,
respectively. 6 is the phase differency between the drain and the feedback currrents. For
|6]<90°, it is guaranteed that the output current is larger than the drain current. The passive
network is also designed to have a very low impedance at the fundamental frequency to
increase the suppression, and a very high impedance at the desired third harmonic to avoid

any degradation.

The circuit can be designed using lumped elements as shown in Fig. 3.3,(b). However,
using the inductors at high frequencies may cause some design difficulties regarding their
modeling and layout limitations. Hence, in this work, we use the transmission lines to

provide the suitable inductance and phase shifts as illustrated in Fig. 3.3,(c).

To calculate the source transmission line length, the input impedance formula is used:

7y + j(Zytan(%1))

Zin l =7
B=2 Zy + jZytan(21)

(3.2)

where Z;,(I) is the input impedance of the line with the transmission line length /, Z; is the
characteristic impedance of the transmission line (50 Q), A is the electrical wavelength,
and w is the angular frequency. For a Z; = 0, the transmission line length to provide the
suitable inductance is around 150um. The simulated inductance is shown in Fig. 3.4(a).
The voltage components at the transistor source are shown in Fig. 3.4(b) with the second
harmonic voltage having the largest magnitude. The calculated value provides the best

second harmonic rejection as the simulation results show in Fig. 3.5. The sensitivity of
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Figure 3.6: Simulated output power of the frequency tripler for different feedback trans-
mission line lengths. (f,=38GHz, P\x=10dBm)

the operation against the feedback line variation is also investigated in Fig. 3.6 and the
performance is reliable even for large line length error. Adding the transmission line to the

source slightly degrades the small-signal output power of the tripler, but the improvement
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Figure 3.7: Frequency tripler simulated operation: (a) The simulated currents, (b) The
simulated phase difference between the drain and the feedback currents. (fo=38GHz,
PINledBm)

caused by the fundamental and second harmonic rejection has a larger effect for higher
input power situations.

The operation of the tripler is further investigated in Fig. 3.7. The currents of the
branches shown in Fig. 3.7(a) are simulated to evaluate the feedback performance. The
simulated phase difference between the drain current and the feedback network current is
near 180°, as shown in Fig. 3.7(b), and the difference is close to 90° in the third harmonic
signal case. The output current is considerably smaller than the original drain current at
the fundamental and the second harmonic frequencies as can be observed in Fig. 3.8(a)
and (b). The output current at the fundamental frequency seems large at the output, but
it can be easily suppressed further by the matching network as the desired frequency is
much higher. The desired third harmonic signal amplitude has a slight increase due to the
90° phase difference (Fig. 3.8(c)).

The detailed schematic of the proposed tripler is illustrated in Fig. 3.9. Input and
output matching circuits are implemented using short stubs. The micrograph of the chip
which was fabricated using 65nm CMOS is shown in Fig. 3.10. The simple, single-ended
circuit structure made the area as small as 0.29mm? with a much smaller active area.

The measurement setup used to characterize the proposed tripler is illustrated in Fig. 3.11.
The input signal is generated using a 67GHz signal generator that covers the whole target
band, and the output is detected using VDI Erickson Power Meter. A WR-8 waveguide
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mental signals, (b) second harmonic signals, and (c) third harmonic signals (f,=38GHz,
PINZIOdBm)
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Figure 3.10: Frequency tripler micrograph. (© 2021 IEICE)

probe is used to connect the circuit output pad to the power sensor. The simulated and
measured output power values of the proposed tripler are shown in Fig. 3.12. Around
-2.9dBm output power is achieved with a bandwidth of around 27GHz. The measured
fundamental signal rejection ratio (HRR1) is shown in Fig. 3.13(a). More than 10dB re-
jection is achieved around the center frequency similar to the second harmonic rejection
ratio (HRR2) shown in Fig. 3.13(b).

The measured power in/out characteristics at 38GHz input frequency (114GHz output
frequency) are shown in Fig. 3.14. The maximum conversion gain is around -13.5dB. The
simulation results show good agreement with the measured results as can be seen in the
graphs. Table 3.1 compares the performance of both proposed tripler and doubler circuits
with the state-of-the-art CMOS frequency multipliers that operate at frequencies around
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Figure 3.12: Tripler measured and simulated output power. (input power = 10dBm)

100GHz. The tripler achieves competitive performance with a very simple single-ended

device non-linearity-based architecture thanks to the harmonic cancellation techniques,

reducing the required area and DC power. Injection-locking-based designs as in [64] may

show superior performance, but they require tuning due to the PVT variation as they are

oscillator-based, not to mention the inclusion of buffers.
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Table 3.1: Tripler Performance Comparison

This Work [64] [65]
Process 65nm CMOS | 40nm CMOS | 130nm CMOS

Frequency [GHz] 103-130 115-129 92-104
Mult. Factor x3 X3 X3

Topology Device NL* ILFT* NLTL%

Max. CG [dB] ~13.5 N/A -122
Max. Poyy [dBm] -2.9 3 -1.5
HRR1"* [dB] 3.7-12.3 > 38 N/A
HRR2* [dB] 8.6-15.4 > 20 N/A
Ppc [mW] <28 53.2 135
Area [mm?] 0.29 0.36 1.12

* Fundamental rejection ratio.

$ Device non-linearity

% Non-linear transmission line.

** Second harmonic rejection ratio.
# Injection-locking frequency tripler.
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3.2.2 Proposed Differential Tripler

As mentioned earlier in this section, the differential architecture automatically cancels
the second harmonic at the tripler output due to the odd symmetry. However, the perfect
symmetry is not possible in practical situations as balun and device mismatches cause the
second harmonic common mode signal power to increase. The fundamental signal which
is usually suppressed using stubs may still have high power at the output due to the non-
ideal characteristics of the stubs. In this subsection, fundamental and second harmonic
suppression techniques that utilize the differential properties are introduced.

First, a fundamental frequency rejection stub illustrated in Fig. 3.15(a) is introduced.
a quarter-wave stub at the third harmonic frequency is loaded with a purely capacitive

reactance. The input impedance of the stub is calculated as in the following equation:

J(Zotan(3 D) — 22)

Zinl =Z
O = % T an)

(3.3)

where Z;, (1) is the input impedance of the stub with the transmission line length [, Z, is the
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Figure 3.16: Tripler circuit (input signal frequency = f, = 38-39GHz): (a) Conventional
differential tripler. (b) Proposed tripler circuit.

characteristic impedance of the transmission line (50 ©2), A is the electrical wavelength, w
is the angular frequency, and C is the load capacitance. The capacitance value is optimized
so that the stub looks as a short circuit at the fundamental frequency, while having a large
impedance at the third harmonic to avoid any losses. Since the load is purely capacitive
(ideally), the stub will act as an open or short when the imaginary part is equal to zero.

Hence,
1

e — 3.4
Zywtan(31) G

The optimal calculated C value using (3.4) is around 150fF.

Fig. 3.15(b) shows the simulated impedance of the stub. High impedance is achieved
at the desired frequency (111GHz) while a very small impedance can be observed around
the fundamental frequency similar to an open quarter-wave stub. The smith chart is also
shown in Fig. 3.15(c).

The explained fundamental rejection stub is applied to the differential tripler archi-
tecture as shown in Fig.3.16(a) and (b). A virtual ground appears between the two stubs
connected to both differential ends. The stubs are also connected to the sources of the
transistors which are connected to a tail transmission line with the length of 4/4 at the
third harmonic of the input frequency to prevent the loss of the desired signal. The fun-

damental frequency component flows through the stub and gets canceled due to the low
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Figure 3.17: Proposed tripler simulated output power and the comparison with the con-
ventional architecture.

impedance path. The fundamental component is reduced by about 20dB by this method
and the output power of the desired third harmonic signal increases for high input power
values as simulation results show in Fig.3.17. This increase is because of the dominance
of the third harmonic signal at the output compared to the fundamental-dominated case of
the conventional architecture. The common mode second harmonic signal appears at the
output due to the balun mismatch and the nature of the even harmonics, causing undesired
effects on the tripler linearity and on the succeeding stages. In order to reduce second har-
monic degradation, a A/2-length transmission line (at the second harmonic frequency) is
added to connect the differential ends. The line acts as two open stubs for common mode
signal with the length of 1/4, but it acts as two shorted stubs with the length of 31/8 at the
desired third harmonic, and it is used as a part of the matching network. As a result, the
second harmonic signal is canceled completely without affecting the desired output signal
by adding this compensating line. The simulated improvement of second harmonic rejec-
tion by adding the line is shown in Fig.3.18. The differential tripler consumes a 40mW
power from a 1V supply when driven by a 7dBm input signal.

The frequency tripler introduced in this subsection is one of the important building
blocks used to implement the system presented in the following chapter. Due to its good

output power and harmonic rejection characteristics, the number of LO buffers is reduced
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Figure 3.18: Proposed tripler simulated 2nd harmonic rejection and the comparison with
the conventional architecture.

and the overall power consumption of the transceiver system is successfully reduced.

3.3 Push-Push Doubler

The push-push frequency doubler is a very common topology for millimeter-wave fre-
quency doublers due to its high output power and automatic rejection of the fundamental
signal. Fig. 3.19 shows the basic schematic and operation principle of the push-push dou-
bler. Two transistors are connected by the drains and sources, while the input signal is
applied differentially to their gates. The bias voltage for both transistors is set to be around
the threshold voltage of the transistor. As each transistor conducts for half a cycle, the re-
sulting output current has twice the frequency of that of the input voltage. The differential
fundamental signal leaked power signals cancel each other at the output.

However, balun mismatches can cause the fundamental signal leakage to appear at
the output again, and it causes the output power of the doubler to be degraded as well.
To avoid the balun mismatch issues and to improve the output power at the desired fre-
quencies, the circuit shown in Fig. 3.20 is introduced in this work. Two transmission
lines connecting the differential ends at the input and the output are added to the circuit.

Both lines are half-wavelength at the fundamental frequency. These lines will work as
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quarter-wave short stubs at the differential mode of the fundamental frequency having a

minimum effect on the desired differential mode. The matching conditions can be im-
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Figure 3.21: The effect of the balun mismatch compensation line on the common mode
signal.

proved by connecting series transmission lines to the drain of each transistor. The main
improvement obtained by adding the two half-wavelength lines can be observed at the
common-mode of the fundamental frequency as shown in Fig. 3.21. Each line works as
two open quarter-wavelength stubs at common-mode connected to both ends. Hence, the
fundamental common-mode component will be effectively shorted and suppressed at the
input and the output. The simulated S,; shows that a common-mode suppression of more
than 30dB can be achieved by the introduced technique, reducing the effect of the balun
mismatch to the minimum.

The complete schematic of the push-push doubler including the matching networks
is shown in Fig. 3.22. Additional open stubs are added to improve the matching at the
output. The chip was also fabricated in 65nm CMOS technology and the micrograph is
shown in Fig. 3.23. The total area is around 0.38mm?.

The Doubler was measured using the same setup used for tripler which is previously
shown in section 3 (Fig. 3.11). The measured output power as shown in Fig. 3.24 is
around 1.1dBm. The improvement at the center frequency compared to the conventional
structure is around 3dB. However, the bandwidth of operation is much narrower due to the
dependency on the line electrical length. This disadvantage limits the usage of the doubler
to LO generation circuits for fixed LO frequency. The fundamental rejection ratio shown
in Fig. 3.25 is also improved considerably compared to the conventional case. The power

in/out measured characteristics are shown in Fig. 3.26. The conversion gain can exceed
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Figure 3.22: Proposed push-push frequency doubler detailed schematic.

0dB at the optimal input power condition including the balun losses.

Table 2 compares the performance of proposed doubler circuits with the state-of-the-
art CMOS frequency doublers that operate at frequencies around 100GHz. The doubler
achieves high conversion gain including the balun losses without the need to apply any
amplification.
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— Sim.
0 || O Meas. Unﬂn

Poyr [dBm]

110 115 120 125 130
Frequency [GHZz]
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Table 3.2: Doubler Performance Comparison

This Work | [66] [67] [70]

65nm 65nm 65nm 65nm
Process

CMOS CMOS | CMOS | CMOS

Frequency [GHz] 118-124 | 84-103 | 95-150 | 73-88

Mult. Factor X2 X2 X2 X2
Max. CG [dB] 2.3 1.94 -8 0.8
Max. Poyr [dBm] 1.1 6.94 3 -3.2
HRR1 [dB] 34.8-42.2 N/A | 30-424 | > 19
HRR1 + Poyr [dB] 359 N/A 33 15.8
Ppc [mW] <32 <82.8 | <228 14

Area [mm?] 0.38 0.25 0.24 0.22




Chapter 4

Subharmonic-Mixer-Based
300GHz-Band Transceiver

To achieve reliable wireless communication at 300GHz-band using CMOS transceivers,
the mixer-last TX mixer-first RX is the most suitable option so far as explained in Chap-
ter 1. As a result, the mixer performance becomes the most dominant when the system
SNDR calculations take place. Most of the recent CMOS 300GHz-band systems are built
around unconventional mixing (frequency conversion) circuitry to meet the linearity and
noise requirements of the link budget [34, 35, 37-40, 45]. In addition, subharmonic mix-
ing which enables reasonable frequency plan for IF and LO as explained in section 2.2 is
preferable for simpler, smaller, and low-power transceiver chip. However, novel design
techniques are required to fit a subharmonic mixer into the system including conversion

gain improvement, linearity enhancement, and harmonic suppression techniques.

This chapter presents a subharmonic-mixer-based 300GHz-band transceiver that achieves
wideband wireless communication without consuming large area and high DC power. In
addition, the design details of the subharmonic mixer and its advantages over the conven-

tional ones are discussed.! 2

IThe sections 4.1, 4.2, and 4.3 are based on "A 300GHz Wireless Transceiver in 65nm CMOS for
IEEE802.15.3d Using Push-Push Subharmonic Mixer" [42], by the same author, which appeared in the
Proceedings of IEEE/MTT-S International Microwave Symposium (IMS), © 2020 IEEE.

>The sections 4.4 and 4.5 are based on "64QAM wireless link with 300GHz InP-CMOS hybrid
transceiver" [74], by the same author, which appeared in the IEICE Electronics Express, © 2021 IEICE.
The material in this paper was presented in part at the IEICE Electronics Express [74], and some of the
figures of this paper are reused from [74] under the permission of the IEICE.
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Figure 4.1: Proposed transceiver block diagram.

4.1 Proposed Transceiver Architecture

The proposed transceiver architecture is shown in Fig. 4.1. The mixer-last TX mixer-first
RX topology is adopted with the IF frequency bandwidth covering most of the V-band.
The high IF frequency reduces the required LO input frequency of the mixer to less than
120GHz. To satisfy the requirements of high-order modulations, high-linearity and low-
conversion-loss subharmonic mixer circuit is proposed.

In addition to the proposed mixer, the transceiver consists of IF amplifiers (around
23dB gain), LO fundamental blocking tripler with balun mismatch cancellation and neu-
tralized differential buffers. The fundamental blocking tripler input signal (38 to 39GHz)
is tripled to generate the required differential LO'/? input of the subharmonic mixer. Fun-
damental and second-harmonic rejection techniques are proposed to suppress the unde-
sired frequency components at the output of the tripler reducing the required number of
high frequency buffering stages to only two in the RX and three in the TX. The mixer
converts the IF signal (50-70GHz) using the second harmonic of the LO!/? signal to the
RF frequency (278-304GHz) and vice versa. The operating RF frequency band covers
several IEEE Std. 802.15.3d channels as shown in Fig. 4.2.

The main design point in this system is to achieve good mixer linearity and conversion

gain while providing suitable IF and LO signals with low DC power consumption.

4.2 Circuit Implementation

In this section, the circuit design details of each block are explained.
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Figure 4.2: Target frequency band and the covered IEEE Std. 802.15.3d channels.

4.2.1 Push-Push Subharmonic Mixer

Many of the recent works on millimeter-wave CMOS transceivers in the literature uti-
lize simple passive mixers especially for up-conversion to provide good conversion gain,
linearity, and bandwidth while avoiding the design complexity and the power consump-
tion issues of the active types [2, 3, 5, 6, 10]. It also gets more difficult to achieve good
linearity at high frequencies with the active mixers.

Apart from the fundamental mixing operation, there are two main issues that make
it difficult to use the conventional simple single transistor mixer or the double-balanced
mixer at frequencies that exceed 200GHz. The first issue is that getting good conversion
gain and output power requires high LO power to drive the mixer. However, the CMOS
amplifiers cannot simply provide several dBm at 240GHz for example [35, 39]. The other
issue is that the effect of gate parasitics will be huge, causing the conversion gain and the
output power to degrade. These two issues were faced by introducing multiplier-based
mixers where both the LO and the IF signals are applied to the same input port [38, 40].
The output power of these mixers is high enough to achieve reliable communication at
the 300GHz-band, but the IF frequency is too high, the scond harmonic components are
in-band, and the operation is uni-directional, so the antenna sharing without lossy RF
switches is not possible.

Reducing both the IF and LO frequency to the bands that are suitable for CMOS am-



42 Subharmonic-Mixer-Based 300GHz-Band Transceiver

RF
o

LO"2+ O_I

(../2) (f../2) Lo
(a) (b)
el IF
:Resonance Oo— %
| @fy or f,.
l o
s 2| RF
+—OIF/RF |_o1fzo—|
LO"+RF o
LOV+F |:_|_ =
(c) (d)

Figure 4.3: Conventional CMOS subharmonic mixer circuits. (a) Push-push LO doubling,
(b) 2-stage mixing, (c) transconductance mixer, and (d) resistive mixer.

plification is possible using subharmonic mixing as discussed in section 2.2. Conventional
subharmonic mixers that are implementable using CMOS are illustrated in Fig. 4.3. The
push-push doubler which is commonly used in millimeter-wave design can be placed in
the mixer as shown in Fig.4.3(a). However, the active nature of this mixer limits the linear-
ity due to the cascode structure, so higher supply voltages are usually used as in [75-77].
2-stage mixing is another way to achieve the subharmonic operation, where two cascad-
ing mixers with the same LO frequency up-/down-convert the signal twice as shown in
Fig. 4.3(b). Since active mixer implementation with cascoded transistors is required to
avoid large cascading losses [78, 79], the same linearity issue can be expected. Transcon-
ductance mixers shown in Fig.4.3(c) utilize the third order non-linearity of the transistor
to extract the subharmonic mixing components at the output using matching or an LC
tank. Both LO and IF are applied to the mixer gate which means that the bi-directional

operation is not possible. Many undesired harmonics also appear at the output affecting
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the linearity [37, 80, 81]. Fig.4.3(d) shows the resistive mixer typical architecture. the LO

is "injected" to the gate of the transistor, and the IF/RF signals are filtered at the output

with the required non-linearity order. The linearity of this architecture is better than the

mentioned three subharmonic mixers, and the operation is completely passive. However,

wideband matching with high isolation is required to achieve the desired performance

[82, 83].
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Figure 4.6: (a) Switching operation of the proposed mixer and (b) the equivalent circuit
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In this work, we introduce a passive subharmonic mixer with good conversion gain,
wide bandwidth, and acceptable linearity that supports bi-directional operation to enable

antenna sharing between the TX and the RX.

The introduced subharmonic mixer has the push-push frequency multiplier as a start-
ing design point, The push-push doubler has two transistors with connected drains and
sources, but the input is applied differentially to their gates. The output current has twice
the frequency of the input LO signal. A DC blocking capacitor is added to the source node
and the IF signal is applied to the sources through that capacitor as shown in Fig. 4.4. The
Vis 1s set to a value that is slightly smaller than the threshold voltage of the transistor.
The source voltage is controlled by applying the desired voltage to the drain, as the high-
cycle of the LO signal passes the current to charge the DC blocking capacitor to the drain
voltage level. Fig. 4.5 shows the source voltage increase due to the high-cycles of the LO
signal. Having the Vg lower than the threshold will create some off periods in the current
of the mixer (Fig. 4.6(a)), and that will result in a switching operation close to that of
the fundamental mixer, but at twice the frequency of LO (Fig. 4.6(b)). Higher conversion
gain can be expected from this mixer compared to the other subharmonic ones, but the
usage of the source node limits the size of the transistors and the output power as a result.
The IF and the LO ports in this mixer are separated enabling the desired bi-directional

operation.

By increasing both the gate and the source voltage levels, the depletion region inside
the CMOS transistor expands as the drain and the source voltage values are higher than
the voltage of the grounded transistor body as illustrated in Fig. 4.7. That will affect the
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Figure 4.7: Proposed mixer biasing technique
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Figure 4.8: Measured conversion gain improvement due to the reduced junction capaci-
tance.

capacitance of the reverse-biased source-bulk P/N junctions defined as:

WLdiff CJ
ie2) @1

;i

Csp =

where WL is the diffusion area, ¢; is the built-in junction potential, and Vsg is the
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Figure 4.9: LO chain circuit schematic.

Cr = | 4.2)
2¢

here, €g; 1s the dielectric constant of silicon, g is the electronic charge constant, and N, is

source-to-bulk voltage and

the bulk dopant concentration. The same equation can be used to calculate the drain-bulk
capacitance and the P-well related junction capacitance as well.

It is quite clear from (4.1) that increasing the source/drain v