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Abstract

This thesis investigates the performance limits and design challenges of two current-mode front-
end concepts that target WiFi and mm-wave 5G applications, respectively. The first concept is a
power amplifier (PA), which operates at 2.4 GHz and is driven by a direct-digital RF modulator
(DDRM). A design for the PA, which also includes a parallel-combining transformer (PCT), was
proposed, taped and tested in the QUBiIC Gen8 technology of NXP Semiconductors. The measured
results yield a peak output power of 27 dBm, power efficiency of 20 %, and an adjacent channel
power ratio (ACPR) of —33.05dBc. In the other concept, the DDRM drives a power mixer
(PMIX) which up-converts the DDRM signal to mm-wave frequencies. For the PMIX-based front-
end, multiple linearity enhancement techniques were proposed and evaluated using simulations.
For both current-mode front-end concepts, an extensive analysis on the theoretical output power
and power efficiency limit was performed. Although current-mode operation has a high linearity
potential, fully reaching this potential turns out not to be trivial, due to various device non-
idealities and imperfect impedance matching.
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Introduction

Every year, hundreds of millions of new devices connect to the internet, each one adding to the
already tremendous amount of data traffic. This increase in devices also comes with a shift in
the composition of the connections. In 2023, it is expected that machine-to-machine (M2M) con-
nections and smartphones make up the majority of wireless communication [1]. To cope with
this ever-increasing demand for bandwidth, industry is rushing to roll out the fifth generation
(5G) of wireless communications. Although companies are squabbling about whose 5G network
was deployed the first [2], their services do not live up to the promised power-efficiency potential
of the 5G standards [3]. In fact, the current base stations for mmWave 5G communications are
equipped with 4G-grade technology, causing their power-efficiency to be “even worse than the
old-fashioned incandescent light bulb” [4]. What makes the problem of energy consumption even
worse, is that mm-wave links operate on a far shorter distance than the previous generations,
requiring many more base stations to realize the same coverage. These current conditions provide
the perfect recipe for a fast and immense growth in CO, emissions by the telecommunications
industry. Therefore, designing power-efficient (base station) front-ends should be a number one
priority in the transition to 5G.

In order to communicate meaningful signals, the front-end must generate its signals with high
quality. This requirement generally conflicts with the power-efficiency specification: a class A
common-emitter/source (CE/CS) power amplifier (PA) is the most linear operating class, able to
provide high signals quality. However, it has poor power efficiency as it conducts current during
the entire cycle of the input signal. If the class of operation is shifted to AB, B or even C by making
the PA conduct for a smaller fraction of the input signal cycle, the power-efficiency is increased at
the cost of linearity. This makes it impossible to match the linearity of class A operation without
spending additional energy on linearization techniques such as digital pre-distortion (DPD).

Besides, due to large signal effects, the linearity degrades when the output power approaches the
limit of the PA, while the opposite is true for the power-efficiency. To ensure linear amplifica-
tion of the signal, the PA is normally operated at a certain power back-off, again at the cost
of power-efficiency. To compensate for the efficiency reduction at power back-off, one can resort
to efficiency-enhancement techniques, such as envelope tracking (ET) [5] or the Doherty power
amplifier (DPA) [6]. However, each of those introduce new complexities that can compromise the
signal bandwidth and/or linearity. ET, for example, is bandwidth-limited by the speed at which
the power supply can be modulated. Due to the high data rates required for 5G this becomes
nigh impossible to achieve. The Doherty PA is a more interesting candidate, but also comes with
its flaws. In the ideal Doherty concept, the main and peaking PAs are implemented using two
ideal transconductances that respectively operate in class B and class C. In reality, the CE/CS
stages that implement the transconductance behave highly nonlinear in these regimes (especially
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1. Introduction

in class C) and thus require linearity compensation schemes such as DPD [6]. The operation of
a DPA also highly relies on its targeted load modulation profile, making its performance very
susceptible to (external) deviations of the load impedance. Although it is definitely possible to
design a DPA that has wideband power-efficiency [7-9], maintaining its linearity up to the same
bandwidth using DPD becomes increasingly challenging and power-consuming [10].

If the signal at the front-end input would be available in the current domain, the CE/CS gain stage
could be replaced by a (current-mode) CB/CG gain stage. Besides omitting the nonlinear voltage-
to-current conversion of a CE/CS stage, the CB/CG stage is known to provide linear amplification
up to the fr and is theoretically linear up to the edge of hard compression. Consequently, the
transmitter should be able to operate at lower power back-off levels and thus yield a higher
(average) system efficiency. The high linearity would also remove the need for DPD. In short,
current-mode operation would be much more suitable for the design of a (Doherty) front-end that
is wideband, linear and power-efficient.

For this approach to be realizable, the current driver at the input also needs to be linear and
wideband. Additionally, the current driver must have a large current capability for the TX to
enable a large output power, as a pure current-mode front-end only provides voltage gain. The
direct-digital RF modulator (DDRM), as presented in [11], fits these requirements and therefore
allows to investigate a practical current-mode front-end concept. Although this DDRM design is
primarily designed to deliver an IQ-modulated signal at an operation frequency between 0.5 and
3 GHz, it also supports baseband signals. This flexibility gives the following two options for a
digitally-enhanced front-end design:

1. Current-mode PA: The DDRM directly delivers a modulated current signal in the low-GHz
range and the front-end provides power gain using a CB/CG stage. This concept is visualized
in Fig. 1.1a.

2. Current-mode power mixer (PMIX): The DDRM delivers current signals in baseband and the
front-end provides both up-conversion to mm-wave and power (voltage) gain. This concept
is visualized in Fig. 1.1b.

Matching 4}7

,,,,,,,,,,,,,,,,,,,,

LO This Work

(b) Current-mode power mixer concept

Figure 1.1: System-level concepts of current-mode front-ends.

The exploration of the concepts shown in Fig. 1.1 by designing a front-end corresponding to each
concept is the end-goal of this project. The DDRM specifications dictate the front-end operating
class and current levels, and thus will be discussed in the next section. The basic topologies for
current-mode front-ends will be introduced in Section 1.2 and provide the starting points of the
designs. The design requirements will be presented in Section 1.3, after which the introduction is
concluded with an outline of the other chapters in this thesis.



1.1. DDRM as a Current Driver

1.1. DDRM as a Current Driver

In contrast to a conventional IQ-modulator, a DDRM is digital-intensive, as is shown in Fig. 1.2.
Pushing more of the modulator building blocks into the digital domain comes with a couple of
advantages. First, a larger portion of the TX chain can be integrated in CMOS, saving area and
cost. Secondly, the digital implementation offers flexibility with respect to carrier frequency and
bandwidth, which is very useful for multi-channel communications. Finally, if the architecture of
the DDRM comprises current-steering mixing-DACs, as is the case in the used DDRM architecture
[11], the linearity becomes much better than its analog-intensive counterpart [12].

1 1Q Modulator ' DDRM

| I}/ DAC)—{LPF | IMHLPF

| DSP '|DSP

| Q[+ DAC)—{ LPF | QAHLPF

(a) Analog-intensive Q-modulator in TX chain. (b) DDRM in TX chain.

Figure 1.2: Architecture of conventional IQ-modulator vs. DDRM in TX chain.

The wideband DDRM from [11] provides the large (RF) output current capability required for a
current-mode front-end, while also showcasing an impressive in- and out-of-band linearity and an
efficient use of the current budget. To achieve this performance, methods such as dynamic element
matching (DEM) [11], harmonic rejection and dynamic biasing [13] are utilized, but also a novel
I1Q-mapping technique that rotates the constellation diagram of the DDRM unit cell. The design
concept of the latter is shown in Fig. 1.3a.

Normally, the up-converted I and Q currents are generated in different unit-cells and combined
afterwards, thus requiring two unit cell current sources (i ). This has two major disadvantages.
First, while two DC current sources are needed, the up-converted currents of the I and Q paths
add up to just V2 times their individual value. In [11], the I and Q data is mapped such that the
entire current I, is directed into only one of the four quadrature switching cores (see Fig. 1.3).
As a result, current signals can be generated in all four quadrants using only a single current
source. Therefore, when an identical current budget is available, a conventional DDRM produces
V2 less output power than the /Q-mapping design. Secondly, the use of separate unit cells and
current sources introduces I-Q mismatch, degrading the spectral purity at the output. This source
of mismatch is absent in the architecture shown in Fig. 1.3a as only a single unit cell for both the
I and Q paths is used.

th h

I I L,Q) L
L0y 4 L0450 4[#11090 4 L0270 4 L0450 4 L0, 4 L0270 4 LOqo 4 1,1 |

] _ Loy | [
D D D D oo
Iunit (0' 1) m ® Conventional

= o ® Rotated

(a) Unit-cell schematic of IQ-mapping concept. (b) Constellation of I,

Figure 1.3: [11] IQ-mapping concept to rotate constellation diagram of the unit cell, as such generating a (differen-
tial) output current.



1. Introduction

The power efficiency of the entire TX chain can be raised by selecting an operational class of the
front-end that is class AB or B rather than class A. The first two classes are characterized by their
output currents having a conduction angle below 360°, meaning that no current is flowing during
a certain portion of the signal period. As a result, the currents of the classes AB and B (the latter
being a half-rectified sinusoid) show clipping at the bottom of their waveforms.

For a current-mode front-end, which passes the input current linearly to the output, this would
require an input current source that allows clipping at the bottom of the waveforms. In order for
a DDRM to realize these waveforms, its unit cells must be able to be turned off. Unfortunately,
this is not a very favorable option in DDRM designs, as turning off the unit cell current sources
during the signal swing would significantly degrade the DDRM linearity [13].

In the DDRM used, this is solved by introducing an additional leakage path for every unit cell, to
which I,;; can be provided in case that the waveform of interest requires the unit cell to deliver
no external current. This concept is visualized in Fig. 1.4.

Ip 1 I 0 I ] I
| | |
I I I Iunit i |—| F
| |
p n leak > nTLO
| | |
| | |
1/Q Data . o 1/Q Data Iy
1Q-Mapping Leakage I 1 : | |
LOgy, LOgg, Mixing Core Path unit |_| : |_| :
LO1go, LOz270 ; ‘ ‘ > nTLO
| | |
Ileak A | | |
| | |
Lini |
Lynit unit I_l ‘
> nT;o
(a) Unit cell block diagram for leakage path concept. (b) Unit cell currents for various constellation
points.

Figure 1.4: The addition of a current leakage path allows to keep the unit cell output current i class A-like conditions,
while still be able to provide externally clipped, class B-like current waveforms [13].

The input impedance of the CB/CE stage drops significantly for high input current levels. This
impedance drop enlarges the impact of any series inductance or resistance present between the
DDRM output and the front-end. This can be avoided if the large DDRM current is distributed
over multiple smaller, parallel CB stages in the PA and PMIX design. By presenting smaller cur-
rents to the multiple front-end inputs, their CG/CB stage input impedance levels remain higher,
which lowers the impact of the interconnect parasitics and maintains broadband operation. The
DDRM used for this work uses four differential output channels to distribute its output current,
as is shown in Fig. 1.5a.

As stated before, the DDRM offers the option to disable the mixing function, allowing the output
signal to be either at baseband or RF. Thanks to the additional leakage path, a wide variety of
(clippling) waveforms is available. The two different waveforms shown in Fig. 1.5b are an example
of possible output currents in RF and BB operation.
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(a) High-current DDRM system-level block diagram featuring four
differential outputs.

Figure 1.5: System-level block diagram of the DDRM and example waveforms at the four channels. For the sake
of simplicity, dynamic biasing and harmonic rejection are not shown in this figure!.

The (performance) specifications of the DDRM intended for this project are summarized in Ta-
ble 1.1. Compared to other designs in [14-16], the DDRM shows excellent linearity and can deliver
a broadband and high-power output signal. From the point of view of system efficiency, however,
the supply voltage level of 2.5V may pose a challenge. In order to compensate for the combination
of this Vpp level and the constant (leakage) current drawn by the DDRM, the entire RF front-end,
being the combination of the DDRM and the PA/PMIX core, must operate at a much higher
supply voltage and thus deliver a relatively large voltage swing to the antenna.

Table 1.1: Relevant specifications of the DDRM [11].

Parameter Value fio Bandwidth
Supply Voltage Vpp 2-25V
Maximum current Ipprymax | 4x100 MA
Resolution 2x12 bit
Peak Py,: (50Q load) 141dBm | 2GHz
Pyc (50Q load) 340 mW 2GHz
Maximum Bandwidth 400 MHz
Frequency 0.5-3GHz
Modulation Type 256 QAM | 24GHz | 320 MHz
ACLR1 —43dBc | 24GHz | 320MHz
EVM —32dBc | 24GHz | 320MHz
DPD None

IThe interested reader is referred to [13]



1. Introduction

1.2. Basic Current-Mode Front-End Topologies

This section introduces the basic topologies for the two current-mode front-ends. These include
a differential CB stage for the PA ad a Gilbert cell-based quadrature mixer for the PMIX. The
emphasis of this section lies on the main functionality of the front-end designs and their potential
design challenges.

1.2.1. Power Amplifier

Fig. 1.6 shows the topology of the CB PA. The DDRM has four parallel, differential output ports.
In order to lower the impact of interconnect parasitics, the PA output stage must also comprise
four parallel PA cells.

A CB stage ideally has unity current gain. Note that, as the base voltage is fixed via Vg, the emitter
node varies depending on the Vg required for the input (and thus collector output) current to
flow. The bias voltage Vg therefore has to be chosen such that the voltage on the emitter node
lies between 2 and 2.5V (see Table 1.1) at all times. As the CB stage acts as a current buffer for
Ippru, the output power is determined by the voltage swing across Z;,,4. The larger Z;,q4, the
larger this voltage swing and thus the power output of the CB stage.

4x PA Cell
< */—‘—O
DDRM) 4 IpprMm,0 4 louto
I I 4/—14—0 |7l:)ad
leak DDRM,180 out,180
=CHINTC
<

Figure 1.6: Current-mode PA implemented by a differential CB stage. The terms Ipprp,o and Ipprm,1g0 represent
the current flowing through one of the four channels coming out of the DDRM. This explanation also applies to
Tout,o and Tout,180-

Fig. 1.7 shows three ways the CB PA can be driven. The most basic driving method, a single-tone
excitation, is shown in Fig. 1.7a. The single-tone drive does not address a particularly interesting
application operation, since it is not a modulated signal. It is, however, useful to investigate the
ideal performance of the PA. The class A and class B two-tone excitations shown in Fig. 1.7b and
Fig. 1.7c, display the modulation capabilities of the DDRM better.

150 150 150
=Ipprymo = Ippriiso rIppryo - IppRMis rIpprao - IppRais
g 100 E 100 E 100
~ 50 ~ 50 ~ 50
0 0 (0 nRERTURERILRINERALURNTN
0 1 2 3 4 5 01 2 3 4 5 0 1 2 3 4 5
t[ns] t[ns] t[ns]
150 150 150
<100 < 100 <100
H £ £
= 50 = 50 ‘ ‘ = 50 ‘ ‘
0 0 0
0 12 24 36 438 0 12 24 36 48 0 12 24 36 48
fIGHz] fIGHZ] fIGHz]
(a) single-tone signal. (b) Class A two-tone signal. (c) Class B two-tone signal.

Figure 1.7: Examples of input current waveforms of the CB PA. Top: time-domain representation of single-ended
signals. Bottom: spectrum of differential signal.
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It is well-known that, due to its smaller DC component, a class B-like current profile can achieve
higher (collector) efficiencies than its class A counterpart. For voltage-mode PA designs, this gain
in power efficiency is paid for in PA linearity. This trade-off must also be investigated for the CB
PA, even though the CB should be inherently linear due to its current-mode operation. In order
to really benefit from the linear current-mode operation in terms of power efficiency (e.g. remove
need for DPD or operation at low power back-off), great care should be given to investigate sources
of nonlinearity in the front-end and how to mitigate these.

Another major point of attention in the PA design is stability. The large currents (order of 100 mA
per device) involved in this design require large device dimensions, resulting in larger parasitics
that in turn can result in reduced system stability.

1.2.2. Power Mixer

A standard architecture for a current-mode, single-sideband mixer is shown in Fig. 1.8. In contrast
to the PA front-end, the PMIX does not rely on the up-conversion functionality of the DDRM,
but performs this function itself. Although designing a power mixer rather than a power amplifier
introduces additional complexity in the front-end, this approach does allow to up-convert the
signal to higher frequency bands (such as mmWave) compared to the DDRM range (low-GHz).
Again, there is a choice in the way the front-end is driven. Fig. 1.8b and Fig. 1.8¢c respectively
show a class A and class B baseband drive. For the driving method, the same considerations
regarding the trade-off between power efficiency and linearity apply to the PMIX as they did to

the PA.
100
T /
g 50
= /
IpprM 0
01 2 3 45
t[ns]
IDE,O 75
DDRM% 1DB:180 ‘é 50
b = 25 ‘
0
0 02040608 1
Ipprm,180 ; f/fes
o SSBO_ (b) 200MHz Class A drive (Ipprao) in time
b o e I ISSB,ISO (top) and frequency domain (bottom).
L0s, <o 100
<
IpprM,90 |7l:ad & 50
~
0
L0570 0123465
DDRM% t[ns]

T 50
£
I = 25
DDRM,270 - ]
0 L ]
L0y 0 02040608 1
[/ BB
(a) Current-mode SSB mixer of which one of its internal double-balanced
mixers and single-balanced mixers is indicated. For the sake of simplicity, (c) 200MHz Class B drive (Ipprm,) in time
the four parallel DDRM channels (and thus PMIX cells) are not shown. (top) and frequency domain (bottom).

Figure 1.8: Gilbert cell-based current-mode single-sideband architecture for PMIX and two different methods to
drive the PMIX with a single-tone signal.



1. Introduction

In Fig. 1.8a, three hierarchical levels can be recognized. The single-sideband (SSB) mixer is on
the top-level and comprises two double-balanced (DB) mixers placed in quadrature configuration.
These DB mixers on their own are constructed using two single-balanced (SB) mixers, of which
both their LO and input are in opposite phase. These SB and DB mixers are, on itself, unable
to generate the desired I/Q-modulated signal and thus are not interesting from a functional point
of view. However, as fundamental building blocks of an I/Q or SSB mixer, it is very useful to
analyze their power efficiency and linearity, which will be done in chapter 2. In the subsequent
paragraphs, the functionality of the SB, DB and SSB mixers is qualitatively explained, as well as
their contribution to the overall front-end functionality. For this discussion, it is assumed that the
BJTs in Fig. 1.8a perfectly switch the current, i.e. in a square-wave manner, and have no parasitic
capacitors. A more in-depth analysis on the system functionality can be found in [17].

SB mixer

The SB mixer switches the entire input current (Ipprpm,o) between its two BJTs. The collector
current of a single BJT can therefore be described as a multiplication of the input current with a
square wave toggling between 0 and 1. The collector current of a class B-driven SB mixer is shown
in Fig. 1.9a. The differential nature of the circuit cancels all common-mode mixing products,
i.e. terms that arise from the DC term of the square wave. Collector current components that
originate from mixing with the square wave fundamental at the LO frequency f;, are differential
and thus do show up in the output spectrum. Unfortunately, this also comprises the component
at f10, which is a mixing product of the square wave fundamental and the baseband DC term. In
fact, all even harmonics in the baseband signal are up-converted and thus appear in the output
spectrum around f;o. Although these terms do not contribute to the transfer of information, they
do contribute to the total power consumption and thus effectively lower the power efficiency.

DB mixer

Both the input currents and LO signals of the two individual SB mixers within the DB mixer
are 180° out-of-phase with respect to each other. After the up-conversion, the resulting collector
currents of the two SB mixers at f;y + fgg become aligned and can be added constructively by
connecting the outputs as shown in Fig. 1.8a. Though the fundamental components of the input
currents are 180° apart, their even harmonics (and DC term) are still in-phase. Therefore, the
mixing products of these components and the LO fundamental are in anti-phase between the two
SB mixers and thus interfere destructively after the SB mixer outputs are summed. The differential
output current spectrum of the DB mixer, as is shown in Fig. 1.9b, shows to be significantly cleaner
than that of its individual SB mixers (Fig. 1.9a).

200 200
_ 150 -Ispo -Ispiso _ 150} T Ipgo -IpB.iso
< <
£ 100 £ 100
= 50 = 50
0 U o ULITIDAII
0 1 2 3 4 5 01 2 3 4 5
t[ns] t[ns]
150 150 150
< 100 < 100 < 100
£ £ £
=~ 50 =~ 50 =~ 50 ‘
0 A1, 0 Ll 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
fIGHZ] fIGHZ] fIGHz]
(a) single-balanced mixer (b) double-balanced mixer (c) single-sideband mixer

Figure 1.9: Time-domain representation of the mixer output currents (top) and their respective, differential spectra
of the output currents (bottom)
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SSB mixer

An SSB or I/Q mixer is constructed by combining the outputs of two DB mixers with quadrature
LO signals. For an SSB mixer, the input signals of the DB mixers are identical, but +90° shifted
in phase. Using basic goniometric analysis [17], it can be shown that the output currents of the
two DB mixers are in phase at fio t fgp and out-of-phase at fio F fgg. Whether the upper- or
lower sideband is in phase depends on the sign of the 90° phase shift between the input signals.
As a result, there is constructive interference of one sideband and destructive interference for the
other after summing the outputs of the two DB mixers. Fig. 1.8a shows an upper-sideband mixer
and Fig. 1.9¢ shows its output current waveform and corresponding spectrum. For an I/Q mixer,
the inputs of the two quadrature DB mixers are two separate, independent signals. This makes
the time domain representation of its branch signals somewhat more complicated.

The high current levels and thus large devices will pose severe design challenges for the PMIX.
Tiny inductances may be required to resonate with the large parasitic capacitances at the LO
frequency, which is much higher than the operation frequency of the PA.

Additionally, as will be shown later in chapter 3, the large parasitic capacitances at the device
inputs introduce memory effects, which can be especially problematic for the linearity if (clipped)
class B waveforms are used to drive the PMIX. The variation of the parasitic (diffusion) capaci-
tances due to the continual changing collector current makes it even harder to properly solve these
problems using standard impedance matching techniques.

Finally, large device sizes and high current levels contribute to smaller BJT output resistance [18],
degrading the PMIX operation as a current source and additionally reducing its available output
power.

1.3. Project Requirements

In this section, the project requirements and constraints will be given. To provide a clear back-
ground motivation for these, some earlier findings will be summarized and a few additional con-
siderations will be given.

As mentioned at the beginning of this thesis, the end-goal of this project is to design a current-mode
PA and PMIX in order to explore the performance limits and design challenges of current-mode
front-ends. To give direction to the practical design of these front-ends, operation frequencies were
selected corresponding to a potential application. Consequently, the DDRM-PA configuration is
targeting the 2.4 GHz band, aiming for the WiFi application. To show the potential of a DDRM-
PMIX concept for future mmWave 5G networks, an operation frequency of 28 GHz was chosen.
Using this information, the functional requirements can be given:

F1 Both the PA and PMIX must operate in current-mode.

F2 Both the PA and PMIX must increase the voltage swing of their input signal.
F3 The current-mode PA must operate at 2.4 GHz.

F4 The current-mode PMIX must operate at 28 GHz.

The non-functional requirements are mainly driven by the performance parameters of interest. As
stated before, the front-end should be inherently linear due to its current-mode operation, which
also opens possibilities for a more power-efficient system. In other words, although high output
power and power efficiency are unmistakably critical design requirements for the front-end of a
TX chain, the overall performance of this concept relies on its linearity.

As the aim of this project is to investigate the practical potential of current-mode front-ends, no
quantitative requirements will be formulated for the leading performance parameters, being the
output power level, power efficiency and linearity. Both front-ends will be designed to maximize
all of the aforementioned performance parameters, within the constraints of the DDRM driver and
provided technology.

A final, non-functional requirement is related to the system video bandwidth, which follows from
the DDRM specifications. As could be seen in Table 1.1, the DDRM is able to provide a broadband
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output signal up to 400 MHz. In order to fully utilize the capabilities of the DDRM, the front-end
bandwidth should be matched by that of the DDRM. Below, the non-functional requirements are
summarized:

N1 Both the PA and PMIX front-ends must be as linear as possible.

N2 Both the PA and PMIX front-ends must have an output power, and thus voltage gain, that
is as large as possible.

N3 Both the PA and PMIX must be designed to maximize system power efficiency.
N4 The bandwidth of both the PA and PMIX front-ends must match that of the DDRM.

Most constraints of the front-end are determined by the specifications of the DDRM, which can
be found in Table 1.1. The input voltage of the front-ends must conform to the supply voltage
requirements of the DDRM. Additionally, the DDRM output current is distributed over its four
channels and thus the front-ends must handle four identical, differential input ports. To provide the
output power at a single (differential or single-ended) output port, the front-end must combine the
power of its four channels. The last constraint posed by the DDRM concerns the current-handling
capability of the front-end. The peak current-handling of the front-end must be at least as high
as the peak output current of the DDRM.

The final constraint is given by the technology used for this project. NXP Semiconductors, the
sponsor of this MSc. project, has made their QUBIC Gen8 SiGe BiCMOS technology available
for design and tape-out. The design challenges and considerations of the front-ends will therefore
often specifically apply to the QUBIC Gen8 technology. A layout design and tape-out was done
for the PA front-end only, due to the limited amount of time available and smaller complexity
with respect to the mmWave PMIX. At the end of this thesis, the suitability of the QUBIC Gen8
technology for the design of high-power, linear and power-efficient current-mode front-ends will
be reviewed. The list of constraints for this project, as discussed above, is given below:

C1 Both the PA and PMIX front-ends must have four differential signal input ports.

C2 Both the PA and PMIX front-ends must have a single output port that can be either differ-
ential (balun off-chip) or single-ended (balun on-chip).

C3 A voltage between 2 and 2.5V must be present at the inputs of both the PA and PMIX
front-ends.

C4 Both the PA and PMIX must have a peak input current-handling capability of 100 mA per
channel.

C5 Both the PA and PMIX front-ends will be designed in the QUBIiC Gen8 SiGe technology.

1.4. Outline of Thesis

The goal of chapter 2 is to provide theoretical performance references for the design of the two
front-ends. This is achieved by analyzing the limits of the PA and PMIX output power and power
efficiency when ideal BJTs would be used.

In chapter 3, non-ideal effect of the transistors and their impact on system performance will
be discussed. The practical designs of the current-mode PA and PMIX, that deal with these
practical BJT non-idealities, are presented and explained in chapter 4 and chapter 5, respectively.
For the PA concept an IC was designed, taped and tested and so chapter 4 will also present
the measurement results. The results of both the PA and PMIX designs will be discussed in
chapter 6. This chapter will also pose recommendations to improve on the front-end designs.
Finally, a conclusion of this thesis will be given in chapter 7.



The Ideal Current-Mode Front-End

This chapter investigates the theoretical performance limits of the DDRM-PA and DDRM-PMIX
front-end architectures in terms of peak power output and power efficiency. Additionally, different
driving options and matching networks will be investigated. To provide an overview of these many

variables in the system configuration, block diagrams of the front-end concepts are provided in
Fig. 2.1.

Matching fout
____________ R,
__Allpass 1
tj “Bandpass |
(a) PAbased current-mode frontend
lin Matching out
__________________________________________ R,
Single fone class i SSBPMIX 1y Allpass & 1
““““““““““““““““ ! t"iag}laiﬁz;s‘s".

__________________________________________

_______________

(b) PMIX-based current-mode front-end

Figure 2.1: Block diagram of the current-mode front-end configurations, indicating the different options per building
block

Whereas the driving options and PA/PMIX core architecture were already explained in the previ-
ous chapter, the matching/loading options do require some additional explanation. For the sake of
simplicity, the four parallel channels of the DDRM (see Fig. 1.5a) are replaced by a single channel.
Besides lowering the complexity of the PA/PMIX core, also the "Matching” block is simplified,
as the need for power combining is removed. The differential PA/PMIX core output can then be
connected to a load resistance R; via an ideal (i.e. all-pass) 1:1 balun, as is shown in Fig. 2.2. This
matching network transfers all (odd) harmonic content present from the modulated square-wave
in I;;?m to the load, thus preserving the square-wave current (and voltage) waveforms.

Alternatively, a lossless LC-resonator, tuned to the operation frequency, can be connected to the
primary side of the ideal balun. The band-pass characteristic of this matching network presents
a more realistic impedance condition to the PA/PMIX output than the all-pass option. To get a

11
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Figure 2.2: Matching network in even- and odd-mode excitation. Including or excluding the LC-tank gives a
band-pass or all-pass matching network, respectively.

complete impression of the truly ideal performance characteristics of the current-mode front-end,
both the all-pass and band-pass matching networks will be considered in this chapter.

The ideal performance analysis will be carried out in four steps. First, the the current transfer
from the DDRM to the load will be discussed in Section 2.1. Subsequently, expressions for the
maximum output power at the frequency of interest (Byq,) will be derived in Section 2.2.

The emitter voltage Vg (swing) will turn out to play a key role in determining the power efficiency
limit of the entire front-end, but also in the intermodulation mechanisms within the PMIX that
will be discussed in chapter 3. Therefore, the ideal characteristics of Vg will be briefly considered
in Section 2.3. Finally, this chapter concludes with the derivation of the power efficiency limit of
both the standalone PA/PMIX core and the entire front-end chain.

2.1. Current Gain

This section addresses the current gain, from the DDRM terminals at the input frequency f;;,, to
the load at the output frequency f,,;- Ideal operation of all components is assumed during the
entire analysis. This means that the BJTs in the PA/PMIX core have an infinite transit frequency,
base-to-collector current gain and output impedance. The DDRM is assumed to act as an ideal
current source.

Before diving into the different transfer characteristics of PA/PMIX core architectures, the trans-
fer of the matching network is considered. The most intuitive derivation is obtained by driving
the matching network in even and odd mode (see Fig. 2.2) and using superposition to find I,y.
Note that, although a transformer with a unity windings ratio is used, the balun acts asa 1/2:1
transformer for I;n-m and L,,.;, individually. This becomes apparent when applying the superpo-
sition principle to Fig. 2.2. Upon disabling one of the two Ipyen 01 Iyqq sources, only (the other)
half of the primary winding remains for the current of the other source. The resulting expressions
for I,y are given by Eq. 2.1. For the band-pass balun, these equations are only valid at f,,;.
Because the matching networks behave identically at f,,; they will not be considered separately

in this section. Throughout this chapter, I;n-m and L., are used to describe the current output
of the PA/PMIX core.
1, 1 +
Iout,odd = Elprim,odd - z primodd — Iprim,odd (2'13‘)
1, 1
Iout,even = Elprim,even - E primeven — 0 (2'1b)
Vout,odd = th'im,odd - Vp_rim,odd = 2Vp+rim,odd (2'1C)
Vout,even = thim,even - p_rim,even =0 (2'1d)

Now, the current gain of the PA and PMIX core architectures is considered. The current gain
is defined by Eq. 2.2, which represents the ratio between the current component at f,,; flowing
through R; and the equivalent input current component at f;, that flows from the DDRM into
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the PA/PMIX core. [;;, (fin) refers to the total input current from all DDRM terminals combined.

Iout (fout)
Iin (fln)
For the PA, the input current is provided directly at the desired RF frequency fgr by the two

push-pull DDRM ports (see Fig. 1.6). The equivalent input current is given by the sum of these
two ports, while taking into account their phase differences, yielding Eq. 2.3.

A= (2.2)

Il’n,PA (fRF) = [DDRM,O (fRF) - IDDRM,180 (fRF) = ZIDDRM,O (fRF) (2~3)
The ideal CB stages buffer Ippryo and Ippry 180 tO Il',*n-m and I, respectively. At frp, the

PA branch currents drive the balun in odd-mode, and thus I,,: (fgr) can be determined using
Eq. 2.1a, yielding Ipprumo (frr)- As this is half the value of I, pa (frr), the magnitude of 4; is
—6dB for the PA. Although it seems strange that the used definition of the input current results
the current gain of the PA not being unity, the used definition for the input current is convenient
for the discussion of the SB PMIX, which only uses a single DDRM terminal.

The discussion on the PMIX current gain is more comprehensive as it involves the three different
hierarchical levels of the SSB PMIX, which are subsequently explained in a bottom-up approach,
i.e. starting with the SB PMIX and concluding with the SSB PMIX. The standalone operation of
the SB and DB PMIX can be investigated by removing all DDRM/BJT components that are not
highlighted in Fig. 1.8.

In the PMIX analysis, fi,, and fyy¢ in Eq. 2.2 are specified by fpp and fio £ fz5.

The SB mixer, in contrast to the PA, draws its input current from a single DDRM port (see
Fig. 1.8). Iinsp (fzp) Is therefore equal to Ippryo (fzp). As was explained in Section 1.2.2, an
expression for I;;;m (t) can be acquired by multiplying Ippry,o (t) by a square wave with range
[0,1] and frequency f;o. The multiplication with the fundamental sinusoid of this square wave
leads to the magnitude of A; being:

|4/ = = ~ —9.9dB (2.4)

QAR

As was the case with the PA, the DB PMIX has a differential input current. Therefore, I;;, (fgg) =
2Ipprum,o (fpp), which is double the size as the input current of the SB PMIX. As the output cur-
rent components of the internal two SB mixer cores within the DB PMIX add up constructively
at fout, I;;;m (f) is also doubled with respect to the SB PMIX. Subsequently, the SB and DB
mixers have an identical current gain. However, as it will turn out later in this section, the DB
PMIX has a better utilization of the DC current of the DDRM.

This leaves only the SSB mixer. As explained in Section 1.2.2; the outputs of the two I/Q DB
mixers within the SSB PMIX are combined such that one sideband around f;, disappears due
to destructive interference, while the other sideband becomes twice as large due to constructive
interference. However, the equivalent input current I;, ssp, as a result of the quadrature DDRM
currents, is given by Eq. 2.5. Overall, the current gain is elevated with 3dB with respect to the
SB and DB mixers.

Iin,SSB (fBB) =IDDRM,0 (fRF) - [DDRM,180 (fRF) +
IDDRM,90 (fRF) - IDDRM,270 (fRF) = 2\/EIDDRM,O (fRF) (25)

The concluding current transfers of the front-end architectures are summarized in Table 2.1.
This table also provides the in- and output current components at f,,; present at the maximum
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Table 2.1: Output current and current gain per front-end type, in terms of their respective input currents

Front-End Type fin | Iinmax (fin) fout Toutmax Uout) | Ay [dB]
PA far M for ZIDDI:TM,max 6.0
SB PMIX i IDDR’% fio + fan IDDRZA:T,max 99
DB PMIX fon IDDR% fiot fan IDDRZ,max 00
SSB PMIX fos ’DDR% fot fon ZIDDI:TM,max 6o

signal strength of the DDRM. For all driving methods under consideration, maximum DDRM
signal strength means that Ippgy (t) swings between 0 and the maximum current capability of
the DDRM Ipprymax- Note that classes A and B for the PMIX configuration have identical
fundamental components, and are therefore not considered separately in Table 2.1.

2.2. Peak Output Power

In chapter 1 it was stated that a current-mode front-end is linear up to hard compression, which
corresponds to the maximum output power of the front-end, defined as Py4,. This section focuses
on obtaining expressions for B, ,, for all front-end configurations. Pyq, at fyyr is given as:

1

2
Bnax = Elout,max (fout) R; (2'6)

In Eq. 2.6, Ipyt max (four) can be looked up for all front-end configurations in Table 2.1. Ry, which
was omitted from the discussions until now, still has to be determined. A (complex) conjugate
match would theoretically achieve the maximum power output, but combination of the extremely
high output impedance of the BJT and limited supply voltage eliminate this option. A loadline
match produces a voltage swing of V¢ on the collector nodes at the maximum DDRM signal and
is therefore the best option. Fig. 2.3 visualizes how this translates to a DB PMIX equipped with
an all-pass matching network: at the point where I;’;;m toggles between 0 and Ippry max, the
voltage swing yields V;c. The example from Fig. 2.3 is the starting point in the determination of
R; and PB4, of all front-end configurations.

T 1 15
E 0.5 -I.
9 0 ) Iprzm
5-05 out
O -1 1
0 01 02 03 04 05 <
time [ns] o
20 0.5
% 10 | u J -Vt N
2 0 1 prim
g 10 Vo =
2 20 e R
0O 01 02 03 04 05 0 5 10 15 20
time [ns] Ve VI
(a) Voltage and current waveforms at the balun primary (b) Loadline Ly.;, vs. Vg in red, and the ideal BJT
and secondary side. I¢ characteristic in blue

Figure 2.3: Loadline analysis of a DB PMIX loaded with an all-pass matching network. A supply level V¢ of 10V
was used and the DDRM delivers a class B current waveform with a Ipprmmax of TA.
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In the example of Fig. 2.3, a loadline match is achieved by choosing R; according to:

4y,
R, = — (2.7)
IDDRM,max

The factor 4 in Eq. 2.7 arises from the following observations and assumptions:

. I;,L;m (t) is bounded between [0, Ippry max], Which is the result of the input currents mul-
tiplied with the square-wave. The balun removes the common-mode components within
I;;‘;m (t), which only includes mixing products from the input current and the square wave
DC term. What remains, are the mixing products originating from the input currents and a
[-0.5,0.5] square wave. As a result, I,,; is bounded between [~Ipprymax/2 IpprM max/2]-

e The voltage swing on the two V+”_m nodes is twice as small as the swing on V,,; as a result

of the voltage transfer of the balun (Eq. 2.1c).

o It is assumed that Vg can be approximated by the collector voltage I/;;l_m only. This is
possible if the knee voltage Vinee of the BJTs is small compared to the collector voltage
swing, and the value of the emitter voltage Vz is small compared to the collector voltage

swing.

Hence, in order for Vp";l_m (t) to have an amplitude of V¢, R, needs to correspond to Eq. 2.7.
Eq. 2.7 does not apply to the SSB PMIX and all configurations that use the band-pass matching
network. Fig. 2.4 that this is due to the the different ranges of the envelopes of I;rgm (t). In order
to maintain the loadline match, R; needs to be adjusted accordingly.

The envelope of I;;;m (t) of the SSB PMIX equipped with the all-pass matching network reaches
a peak current level that is a factor V2 higher than Ippry max (see Fig. 1.9). Therefore, R, must
be lowered with a factor V2 with respect to Eq. 2.7 in order to maintain a loadline match.

In configurations that use a band-pass matching network, the envelope of I;rr';m (t) is increased with
a factor 4/m. This increase arises from the fact that the amplitude of the fundamental component
of the square fundamental is 2/m, while the amplitude of the square wave is 1/2. To compensate
for this effect, R; must be lowered with a factor 4/m. Interestingly, if both are equipped with the
band-pass matching network, the envelope of I;;;m (t) of the SSB PMIX reaches the same peak
current as that of the DB PMIX and thus the same load can be used. This can be explained by the
fact that the upper- and lower sideband in DB PMIX [,,; spectrum together produce an envelope
that reaches as high as the single-sideband in the SSB PMIX I,,; spectrum on its own.

1 1 1
05 05 05
— < —
< — =
=~ 0 : 0 < 0
~ ~ <
0.5 05 05
- All-pass - Band-pass - All-pass - Band-pass - All-pass - Band-pass
-1 ) -1
1 11 12 13 14 15 1 1112131415 1 11 12 13 14 15
time [ns] time [ns] time [ns]
(a) PA with single tone drive. (Az))orsg or DB PMIX driven in class (c) SSB PMIX driven in class A or B

Figure 2.4: Time-domain representation of I,,; of all front-end configurations of Fig. 2.1.

Finally, upon substituting the values of R; in Eq. 2.6, the maximum output power P, , can be
found for all configurations. Table 2.2 provides an overview of R; per configuration, and the
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corresponding Ppgx- A remarkable conclusion from Table 2.2 is that the SSB PMIX is the only
architecture of which the configuration that uses an all-pass configurations is outperformed by the
configuration equipped with a band-pass matching network.

Table 2.2: Output power per front-end architecture, all matched using a class F network. PA driven using a

single-tone, PMIX results apply to both class A and B.

R} Pout
class F bandpass class F bandpass
PA AZS Ve 8IpprMmaxVop 2IpprMmaxVop
IpprMmax | IpprMmax m? T
SB PMIX cc WVec IDDRM,n;axVDD IpprMmax VoD
Ipprmmax | IpprRMmax y T v | 4m v
T
DB PMIX cc cc DDRM,rznax DD DDRM,max VDD
IDDjM,max IpprMmax G T 2m
2V 2V, iV, 2v21 |4 21 Vi
SSB PMIX cc cc DDRI\;I,max DD DDRM,max VDD
IpprMmax | IpprMmax T T

To visualize that the current-mode front-end configurations are perfectly linear up to Py, the
current (conversion) gain of the PA and SSB PMIX, including the balun, are plotted in Fig. 2.5b.
Fig. 2.5a shows how the output power corresponds to the fundamental component of the input
current signals and can be used to link the results from Table 2.2 to Fig. 2.5. Additionally, Fig. 2.5
shows the difference in output power between configurations that use an all-pass or band-pass
matching networks.

40

— PA-All-pass 7 4
=30+ PA-Band-pass
% — SSB-All-pass g
—~ — - SSB-Band-pass =
3207 < 6
= = \
S 10f < \‘
0 | I
2 0 -8 : : :
10 10 0 10 20 30 40

Iin (fin) [A]

fundamental component of

Poul‘ (fuut) [dBm]

(a) Output power vs. (b) Current gain vs. Output power at fo,;

Iin (fin

Figure 2.5: AM-AM conversion of the PA and SSB PMIX, loaded with either the all-pass or band-pass matching
network, using a Ippry,max of 1A and a V¢c of 10V.

2.3. Emitter Voltage Range

In the previous section, it was assumed that Vg could effectively be approximated by Vp+n_m only.
This assumption holds if either a very large V. is chosen such that V;n_m is much larger than Vg,
or if the base voltage Vp is chosen such that V¢ lies around 0V. In reality, the DDRM requires a
certain voltage headroom in order to function and the variation of Iz may not be negligible, as
is shown by the example in Fig. 2.6. Additionally, transistor breakdown will limit the value of
Vz¢ that can be used. To anticipate for these limitations, the ideal characteristics of Vg are briefly
discussed in this section.
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Figure 2.6: Emitter Voltage Vg of a SB PMIX cell driven by a 1 GHz class B input current and a 28 GHz LO with
a 0.5V voltage swing.

For the PA, the emitter voltage is obtained by rearranging the ideal BJT collector current equation.
The result is given by:

(2.8)

Ve(@) =Vgpc—Vrln <Iin (t)>

S

in which V4 is the thermal voltage, Is the saturation current and Vg pc the bias applied to the BJT
bases. Eq. 2.8 shows that the Vz swing is controlled only by the input current.

For the PMIX, V¢ is described by a more complex expression, and is obtained by adjusting the
equations that describe the collector current of an ideal differential pair [19] to the special case of
a SB mixer. The result is given in Eq. 2.9.

Iiy (€)
Ve (©) = Vgpe — VrIn = —o (2.9)
2I; cosh (%)
T
I t Vio (t
Ve — Vi ln(%,o()) yn (2 Cosh< Lc‘)/T( ))) .10

Eq. 2.9 shows that the Vz of a PMIX also largely depends on the (sinusoidal) Vo (t). If Eq. 2.9
is considered during a short time interval in which I;;, (t) can be assumed constant and V,q (t)
is at its equilibrium state, the input current is equally split between the two BJTs. The second
logarithm (containing the cosh term) then reduces to V;In 2. In the situation in which V¢ (t) is
at its extremes, the input current flows entirely through one of the devices. In the latter case, the
second logarithm can be simplified to V;In2 + V. From this and Fig. 2.6 two observations can
be made:

1. The voltage variation of V¢ (t) is identical to that of V;q (t).

2. Due to the rectifying operation of cosh (.), Vg contains harmonic content at (multiples of)
2f10, and none at f; .

Note that both Eq. 2.8 and Eq. 2.9 fail to describe the emitter voltage when no current is presented
to the PA/PMIX input. Fortunately, this problem can easily be omitted by adding a very small
current offset (on the order of pAs) to the DDRM currents.
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2.4. Ideal Power Efficiency

The general expression for the power efficiency at the frequency of interest f,,; is given by:

2
Pmax (fout) — Iout,max (fout) RL
By 2lsuppcVec

nmax -

(2.11)

in which Iy pe describes the average current drawn from the supply. Note that Py is defined
at a single frequency and thus considers only a single sideband of the SB and DB PMIX output
spectra. It should be mentioned that taking the power of both sidebands into account is an equally
valid approach. In this work however, the SB and DB PMIX are ultimately subsystems of an SSB
PMIX and thus considering only a single-sideband was deemed to be more suitable.

In this section, the the power efficiency will be looked at from two perspectives: the efficiency of
the standalone PA/PMIX core and that of the front-end system as a whole. The compositions of
Pp¢ corresponding to those two perspectives are defined and visualized in Fig. 2.7.

Poc = Poprum | Poc = Peore P (fout) = Pout

N .
i | DDRM)—— PA 1 Match
/7 - %Rwad

Ppc,sys = Poprm t+ Peore  (2.12D)

| Ppccore = Feore (2.12a)

Figure 2.7: Definition of power dissipation per building block at the relevant frequencies for the PA front-end. A
similar distinction can be made for the PMIX architecture.

2.4.1. PA/PMIX Core Efficiency

In Section 2.2, it was mentioned that the voltage drop across the PA/PMIX core is identical to the
collector voltage I/;n_m This assumption still stands for the calculation of .4, as a negligible Vg
automatically results in zero power consumption of the DDRM.

Table 2.2 can be consulted for the values of P4, to substitute in Eq. 2.11. To find Py, first
Isyp,pc has to be determined. As all current flowing from the DDRM into the PA/PMIX core has
to originate from the supply, Igp pc is identical to the DC value of the equivalent input current
Iinpc- In Table 2.3, the DC component of the current flowing from a single DDRM terminal is
given per driving class. These expressions can then be used in Eq. 2.13 to calculate the average
current drawn from the supply Isyp, pc per PA/PMIX core architecture.

Table 2.3: Ipprm,o,pc At maximum
DDRM driving strength.

Drive IpprM,0,DC
IpprRM,max I =21 2.13a
single-tone 2. Sup,DC,PA pprMopc  (2.132)
7 Lsuppc,ss = 2lsuppc.ps = 4lsuppc,se = 4lpprmopc  (2-13b)

DDRM,max

class A _

2
IpprRM,max
class B _

T
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Upon substituting the results from Table 2.2 and Eq. 2.13 in Eq. 2.11, the power efficiency limit
of all front-end configurations is obtained. The results are summarized in Table 2.4 and Ta-
ble 2.5.

Table 2.4: Core power efficiency limits of the different configurations of the front-end with a PA core.

Single-tone Drive
all-pass band-pass

~ 81.1% % ~ 63.7%

PA

8
2

Table 2.5: Core power efficiency limits of all PMIX configurations.

Class A Drive Class B Drive
all-pass band-pass all-pass band-pass
SBPMIX | — ~10.1% | — ~80% | — ~ 15.9% | - = 12.5%
P m q 8
DB PMIX | — ~203% | —=~159% | -~318% | - =25%
SSB PMIX | 22 ~ 28.7% | - ~318% | 2 ~45.0% | © =50%

To provide a more visual representation of the conclusions from Table 2.4 and Table 2.5, the
power efficiency of the PA/PMIX is plotted against the output power Py, (foye) for the top-level
architecture configurations (the PA and SSB PMIX) in Fig. 2.8.
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Figure 2.8: N¢ore of the PA and the SSB PMIX (driven in class B), using the same parameters as used to create
Fig. 2.5.

2.4.2. System Power Efficiency

In reality, the voltage on the DDRM terminal must not drop below a certain value Vpprymin in
order for the DDRM to function properly. Therefore, Pppgpy might not be negligible with respect
to Peore-

As the collector current flowing through the BJTs or the LO swing increases, Vz drops to lower
values, as was explained in Section 2.3. To take care that Vz does not drop below Vopry min, an
offset must be given to the emitter node voltage, which is achieved by applying a positive DC bias
Vg to the BJT base terminals. The elevated I results in the BJTs entering the saturation region for
a collector voltage swing that is lower than V.. Therefore, to maintain the maximum amplitude of
the output voltage and thus By, Vo must be raised to Vi = V¢ + V3. Unfortunately, the raised
supply level also raises Py and thus lowers the power efficiency of the front-end. The maximum
system power efficiency 7gysmax can be obtained from 9coremax (as provided in Table 2.4 and
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Table 2.5) by applying a factor that compensates for the additional voltage headroom Vg, as is
shown below:

n =1 Vec =7 _Vee (2.14)
sys,max coremax VC{C coremax ‘/CC _I_ I/B

Fig. 2.9 visualizes how the additional voltage headroom V5 translates to the maximum system

power efficiency 7sysmax. Obviously, if no base voltage DC offset is required, 7gysmax coincides

with the maximum core efficiency ncoremax-
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Figure 2.9: The maximum system power efficiency 7sysmax drops as Vp and, correspondingly, Véc = V¢c + Vg are
increased.

2.5. Conclusion

In this chapter, the output power and power efficiency limits of the current-mode front-end con-
figurations of interest were analyzed.

To maximize the output power at the desired operation frequency, the supply voltage V. and
current capability Ippry max 0f the DDRM should be as high as possible.

While the method of driving (class A, B) does not affect the output power, it does have a large
impact on the maximum power efficiency. As would be expected, a driving class with a low DC
component (e.g. class B) should be selected to drive the PA/PMIX core to increase power effi-
ciency. The loading condition should be selected such that the ratio between the fundamental
component of the output current to the amplitude of the the output current is maximized, as this
maximizes the output power for a given driving strength and thus lifts the efficiency. For the SSB
PMIX, a band-pass matching network gives optimal performance, while for the other architectures
the ideal, and therefore unrealistic, all-pass matching network gives the best results.

Finally, the portion of the supply voltage reserved for the DDRM headroom should be minimized
to increase system power efficiency. Although this can be achieved by minimizing the emitter
voltages in the PA/PMIX core (e.g. by using a smaller LO swing or using a DDRM that requires
a small headroom voltage), the most straightforward approach is to select a large supply voltage.
The ideal performance limits as provided in this chapter will serve as a useful benchmark when
the design of the practical PA/PMIX cores is discussed in the coming chapters.
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The results presented in chapter 2 are very useful to understand the fundamental limits of current-
mode front-ends. However, they are not representative for the performance that can actually be
achieved using practical devices. Up to now, the effects that make the front-end perform differently
from the ideal case were largely left from the discussion. This chapter elaborates on the dominant
non-ideal effects in a practical current-mode front-end and how they affect the performance.

The frequency limitations of the available HBT devices in the used QUBIC Gen8 technology are
presented in the Section 3.1. In Section 3.2, the role of avalanche breakdown in a high output
power design will be discussed. The output impedance of the devices is another critical element
when designing for high output power, and will be discussed in Section 3.3. Finally, Section 3.4
investigates the consequences of the Cpp parasitic capacitor on the linearity of a PMIX-based
current-mode front-end.

3.1. Device Speed

The transit frequency fr is defined as the frequency at which the intrinsic current gain of a CE/CS
stage drops to unity, and is a measure of the maximum achievable speed of a transistor. In many
cases, the circuitry around the transistor limits its speed to lower frequencies. This statement is
less applicable to transistors used in CB/CG configuration, as these an exhibit an input pole that
lies very close to fr and do not suffer from the Miller effect [19]. As a result, these configurations
are well-known for their high speeds.

The f highly depends on the current density within the device. A higher current density results
in a higher fr, up to the point at which high-injection effects start to occur and the fr starts
decreasing again [20]. As a result, an optimum current level can be found that gives the maximum
fr for a given device size. By tailoring the size of the device, the maximum f; can be placed at the
desired current level. Fig. 3.1 shows that, if a device with the dimensions as given in Table 3.1 is
used, the maximum f7 is reached at around 100 mA, which corresponds to the maximum current
capability of the DDRM.

21



22

3. Technology Limitations

80 i

Table 3.1: Device Dimensions used for Fig. 3.1

Parameter Size
Emitter Length 16.5um
Emitter Width 04pum
No. Emitters fingers 3
' ' No. parallel devices 8
3 -2 -1 0
10 10 To[A] 10 10 Tot. Emitter Area | 158.2um?

Figure 3.1: fr of BNP EHV device, with a
collector-emitter voltage Vg of 1V

3.2. Avalanche Breakdown

When the collector-emitter voltage Vo of the HBT exceeds the avalanche breakdown voltage Vgp,
the collector current starts to increase rapidly and the transistor stops functioning as desired.
Consequently, the Vzp poses a limit to the collector voltage swing and thus defines the maximum
output power that can be delivered by the transistor. Avalanche breakdown starts to occur when
the electric field in the B-C junction becomes so large that the charge carriers in the junction have
sufficient energy to ionize atoms. The junction current will increase and the newly generated holes
and electrons can partake in the ionization process of other atoms [20]. Interestingly, the value
of Vpp is not constant and varies depending on the biasing, device temperature and the circuitry
around the transistor. Understanding these dependencies is very crucial when designing circuits
that can deliver high output power. Therefore, this section investigates the avalanche breakdown
characteristics of a QUBIC Gen8 BNP EHV device in conditions relevant for the PA and PMIX.
First, Vpp is studied in two extreme transistor configurations: a transistor biased using a current
source at the base terminal (Fig. 3.2a) and a transistor biased with a current source at the emitter
terminal (Fig. 3.2b). These configurations are referred to as the open-base condition and open-
emitter condition, respectively. In the open-base condition, all generated avalanche current must
flow into the B-E junction, as the base current is impressed by the current source. The additional
emitter current increases the forward-bias of the B-E junction, which exaggerates the avalanche
effect. This positive feedback loop results in the open-base biasing configuration having a very low
avalanche breakdown voltage, defined as BV;go. In the open-emitter configuration, all generated
avalanche current flows into the ground at the base terminal, preventing amplification of the the
collector current via the transistor action. This gives the open-emitter configuration a very high
breakdown voltage, defined as BVp0[20].

«© “®

1 1

(a) Open-base configuration, yielding Vgp = BV¢go (b) Open-emitter configuration, yielding Vgp = BV¢po

Ig

Figure 3.2: HBT configurations leading to minimal and maximal avalanche breakdown voltage.

Fig. 3.3 shows the breakdown characteristics of the open-base and open-emitter configurations.
In this figure, it can be seen that BV;pq increases for higher collector currents. This is partly the
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result of reduced avalanche generation and device gain as the device heats up [21]. Another factor
is the doping profile in the collector, which, in combination with the collector current, influences
the electric field in the collector and thus the generation of avalanche current.

0.2 : — : 0.2 : —
1
0.15} 0.15} PVeso,
= = _/r/
= 0.1t < 01y
N 5 |
0.05 | 0.05} /
A_I_-—"'—
0 0 5 10 15
Ver[V] Ver[V]
(a) Open-base breakdown voltage BV¢go (b) Open-emitter breakdown voltage BV¢po

Figure 3.3: Avalanche breakdown voltages corresponding to the extreme open-base and open-emitter configurations

It can make a difference whether the breakdown performance of a more practical transistor con-
figuration is analyzed near DC or at RF frequencies. Near DC, the high output impedance of the
DDRM and the relatively low impedance path to the ground at the base terminal make that the
devices in the PA and PMIX are practically in open-emitter configuration. At RF frequencies,
there is not necessarily a high impedance at the emitter node, as (parasitic) capacitances can lower
the impedance between the emitter and the ground. Furthermore, RF signals have practically no
effect on the device temperature, as self-heating is a relatively slow process. These discrepancies
between DC and RF operation necessitates the investigation of the avalanche breakdown in the
transistor configuration shown in Fig. 3.4a.

The voltage source V3 and the resistor Rg are two external factors influencing the avalanche break-
down in the situation shown in Fig. 3.4a. Even with Rp set to zero, the breakdown voltage
decreases with respect to BV;pg, due to the internal base resistance rz of the device and the ab-
sence of Ip from Fig. 3.2b. Any avalanche current traversing through 7z increases the internal
base voltage of the device, increasing the forward bias of the B-E junction. This positive feedback
loop becomes stronger for larger values of V5 as this increases the collector current which can
create more avalanche current, resulting in a higher voltage drop across rz. The dependence of
the avalanche breakdown on I without Rp is shown in Fig. 3.4b.

200 T - .
150
i
£.100 ¢
RB ‘\L‘)
@
Vg 50
O r
0 5 10 15 20
L Ver([V]
(a) Testbench for RF avalanche breakdown (b) I¢ versus Vgg for various Vg values and Rg =0Q

Figure 3.4: Testbench for the avalanche breakdown analysis of QUBiC4 EHV BNP device at RF frequencies
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The role of the resistor Rg is very similar to that of the internal base resistance 1z. For small
values of Rg, the avalanche current in the B-C junction can easily flow to the ground and the
breakdown behaviour is similar to Fig. 3.4b. For larger Rp, two similar effects can take place.
First, the avalanche current flowing into the base path through Rp increases Vgg, thus magni-
fying the generation of the avalanche current via the transistor gain [22]. Secondly, more of the
avalanche current will be injected into the B-E junction because of the higher impedance condition
at the base, moving the breakdown voltage towards BV go [21]. Fig. 3.5 shows how the avalanche
breakdown voltage of a QUBIC Gen8 EHV BNP device decreases for larger values of Rp.

To prevent avalanche breakdown, the operating point of the device should always remain below
both the DC and RF breakdown voltages. To prevent DC breakdown, this means that the average
Vg should always remain below BV;.go. To prevent RF breakdown, the dynamic load line of the
devices must remain below the avalanche operating conditions visible in Fig. 3.5. The exact RF
breakdown limits are, however, highly dependent on external conditions such as the resistance in
the base path.

200 200 200
150 150 150
< < <
£ 100 £ 100 £ 100
< 3 S
50 50 50
0 0 0
0 5 10 15 0 5 10 15 0 5 10 15
Vegp[V] Veg[V] Ver[V]
(a) Rg =1Q (b) Rg =10Q (c) Rg =100Q

Figure 3.5: Avalanche breakdown voltage for three different Rp values.
Fig. 3.4, were used to provide a better overview.

Multiple Vg values, similar to those in

3.3. Output Impedance

This section investigates what the consequences are of a finite Ry and what effects limit the value of
Ry in the QUBIC Gen8 technology. The behaviour of a HBT in CB configuration can be modelled
using a current-controlled current-source with unity current gain, as is depicted in Fig. 3.6.

iiin lin Ry 'Ry,
£ |

|
|
T
|
|
Ipac }
|
|
|
|

Figure 3.6: CB stage modelled as a current-controlled current source

Section 2.2 stated that a loadline match, bounded by the breakdown voltage Vgp, results in the
optimum value for R;. This matching condition makes sure that both the voltage-handling capa-
bility of the device and the current capability of the DDRM are fully utilized. The derivation in
Section 2.2, however, assumed that the output impedance R, of the CB stage is infinite.

3.3.1. Effects of Finite Output Impedance

In many RF designs, the load impedance is chosen to be conjugately matched to the output
impedance of the circuit as this results in maximum power transfer to the load. This poses the
question of why a loadline match is preferred in the current-mode PA and PMIX design. To



3.3. Output Impedance

25

analyze this, Eq. 3.1 is considered, which describes the output power of the circuit shown in
Fig. 3.6.

1 R3R,
L T ——T (3.1)
ou 2 DAC (Ro + RL)2
It is well-known that P,,; can be maximized if R; is a conjugate match to Ry. Applying this
condition to Eq. 3.1 results in:

1
Pout,ML = gllz)ACRL (3-2)

Looking more closely to Eq. 3.1 leads to the conclusion that no value for Rg exists that maximizes
P,y:: the larger Rg becomes, the higher the output power. In the limit, P,,; converges to:

1
Pout,CS = EIgACRL (3-3)

In summary, a large R, increases the maximum power that can be drawn from the device in
Fig. 3.6, while choosing R; equal to Ry makes sure that this maximum power is extracted from
the device.

In a more practical situation, the voltage swing is limited by the breakdown characteristics of the
device. This makes conjugate matching virtually impossible if Ry is very large. In this case a
loadline match is the best option and Eq. 3.3 applies. In this chapter, R; required for a loadline
match is defined as Ryp;. In case Ry > Ry and the approximation of Eq. 2.6 by Eq. 3.3 does not
apply, R, should be chosen according to Eq. 3.4 [18].

RyR
L= (34)
0 opt
However, if Eq. 3.4 results in R; > R, the output impedance of the HBT will dissipate more
power than the load, and thus conjugate matching is preferred. Evidently, this is also the case if
Ry < Roypt, in which a loadline match is not physically possible.
In short, the output impedance of the QUBIiC Gen8 EHV BNP devices and subsequently the PA
and PMIX must be as high as possible in order to provide a high output power.
Finally, Eq. 3.1 can be used to predict that the linearity off the CB stage may degrade if R is
sensitive to the transistor biasing, which changes during large signal operation.

3.3.2. Output Impedance of CB Stage

When the CB stage is driven by a current source and its base is grounded, it exhibits a very high
output impedance, given by Eq. 3.5 [19]. In Eq. 3.5, 1; is the junction diffusion resistance and r
is the resistance primarily associated with the Early effect.

Ry = Gmtulo +1x + 1, (3.5)

In reality, the output impedance of the CB stage will be lower than the one given above. This
section discusses three effects that can potentially reduce the output impedance of a QUBIiC Gen8
EHV BNP device: the Early effect, avalanche current generation and high frequency effects.

First, the Early effect is briefly considered. As the voltage across the B-C junction increases, the
depletion region moves further into the base, reducing the effective width of the base and thus
resulting in a larger diffusion current. In other words, the collector current increases with Vg. In
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the hybrid-pi representation of the HBT, this Early effect is modelled by a resistance 7, between

the collector and emitter terminals.

The value of 7, is inversely proportional to the collector

current, and can be found using Eq. 3.6 [20]. Fig. 3.7a shows 1, of the used EHV BNP devices for
a range of collector current and voltage levels.

Vee +Va  Vy
==~ 2 3.6
o o I (3.6)
108°F 10%°
1V 1V
55V 25V
11V 5.5V
S <
o 10 = .
10°f 1
N
102 : : : :
10 102 102 10t 10 102 102 101

Io[A]

(a) 7, versus I¢ for different values of V

(b) 7, versus I¢ for different values of V.

Figure 3.7: 1, and 1, of the QUBIC Gen8 EHV BNP device. Beware that Vg can be several hundreds of millivolts
higher than the displayed V¢ depending on I¢.

The generation of avalanche current is the second effect that can influence the output impedance
of the CB stage. In the avalanche operating region, the collector current increases rapidly as Vg
grows. As a result, the output impedance of the transistor drops dramatically. In the hybrid-pi
model, shown in Fig. 3.8 for a HBT in CB configuration, 7, is the resistance associated with
the avalanche current generation. Normally, this resistor can be neglected as it represents the
extremely large reverse-biased diffusion resistance of the C-B junction [20]. Only if 7, decreases due
to the avalanche effect, it could influence the output impedance of the CB stage. The dependence
of 7, on the collector current is shown in Fig. 3.7b.
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Figure 3.8: Hybrid-pi bipolar transistor model, including the B-C reverse-biased (diffusion) resistor.

B

The results above and Eq. 3.5 predict a very high level for the output impedance. Unfortunately,
this is unrealistic to expect due to high-frequency effects. As the operation frequency increases,
the following effects start to play a role:

e A finite impedance connected to the emitter node decreases the output impedance of a CB
stage [19]. As a result of (parasitic) capacitances present at the emitter node (e.g. the
base-emitter diffusion capacitance Cgg) Eq. 3.5 reduces to:

lim RO =
w—00

(gm +JwCpe) Talo + 1w+ 10

1 +ja)rnCBE

~ TO

(3.7)
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o Lower (internal) quality factors at high frequencies due to various device parasitcs result in
internal device losses, which in turn results in a lower output impedance.

The seconed reason, proves to be the most problematic. In [18], [23] and [24] it was shown that
the output impedance of the device decreases for high frequencies, as various parasitics lower the
Q-factor at various nodes in the device model. These parasitics become more prevalent if the
device size increases and/or more devices are connected to the output node. To characterize this
effect, the test bench circuit shown in Fig. 3.9 was used. Using an AC analysis, both the output
resistance and capacitance can be determined at the resonant frequency of the circuit.

1A

@7

” Ipc

(=

Figure 3.9: Test bench for measuring internal losses of a HBT pair. The inductor L is used to resonate with
capacitances at the collector nodes.

The result in Fig. 3.10 proves that the output resistance at mm-wave frequencies is dominated by
losses associated with internal device parasitics. The observed decrease in output resistance at
high current levels cannot be attributed to the Early and avalance effects, as the decrease is too
large compared to the 7, and 7, values observed in Fig. 3.7.
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(a) Output impedance characteristic for low and high (b) Output impedance characteristics for two emitter
current condition using an emitter length of 13.2um lengths at low current condition of 100 A

Figure 3.10: Output impedance and corresponding tuning inductance of BNP transistor scaled for 100 mA.
Avalanche effects were turned off in the model. A collector voltage of 5.5V was used.

A better explanation for the reduced output resistance would be a higher impact from parasitic
capacitances such as the Cgp capacitance. As could be observed in Eq. 3.7, this capacitance lowers
the loop gain of the CB stage and decreases the impedance seen at the emitter node. A larger Cpg
causes the output impedance of the CB stage to drop at lower frequencies. Finally, the Mextram
transistor model (used in the QUBIC Gen8 PDK) does not take substrate losses into account [25].
Therefore, the output impedance may even be lower in reality.
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3.4. Influence of Emitter Capacitances on PMIX Linearity

To provide a performance reference for a PMIX designer, the current gain of different ideal mixer
cells was derived in Section 2.1. Section 3.3 already introduced effects that lower the device
output impedance, which is one example of how the practical current gain can differ from the
ideally predicted values in Table 2.1. A more complex mechanism, affecting the ideal current gain,
arises from the presence of (parasitic) capacitances at the emitter node, such as the ones shown
in Fig. 3.11. As a result of charge storage in these parasitic capacitances, the voltage waveform of
the emitter node becomes dependent on the DDRM current Ippguy, which in turn affects the mixer
linearity. To provide a more comprehensive background for a PMIX designer, this mechanism is
studied in more detail in this section.

The linearity in Gilbert cell mixers has been extensively studied in the past. In [26], it was shown
using a small-signal analysis how charge storage around the emitter node affects the collector
voltage waveform and the current conversion gain of a bipolar SB mixer. Although the intuitions
in [26] are very useful to grasp the different processes in a PMIX design, the conclusions are not
directly applicable to this work, as the (class B) waveforms from the DDRM result in large signal
operation of the PMIX.

The studies [27], [28] and [29] focus on modelling and uses techniques like (time-variant) Volterra
series to accurately predict the linearity performance of CMOS mixers. This is a complex and
time-consuming procedure when applied to a strong nonlinear system, such as a current-mode
SB mixer suffering from various parasitics, and yields complicated results that do not provide an
intuitive understanding of the underlying mechanisms.

Cpr —— —
Yicm

IDDRM QPJ: CES

Figure 3.11: SB mixer structure, with various parasitics connected to the emitter node indicated.

An analysis that is more useful closer for this project is presented in [30], which discusses second
order intermodulation mechanisms in CMOS down-conversion mixers. One of the conclusions of
[30] is that a low-frequency current, drawn from the common-emitter node, will modulate the RC
time constant formed by the 1/g,, of the device and the emitter capacitances. This effect resulted
in intermodulation of the emitter voltage, the low-frequency currents and the LO signal, which
directly affected the current gain.

To provide a more complete understanding of this intermodulation effect in a PMIX-based front-
end, a similar, but simplified version of the analysis of [30] is presented in this section. Linearity
degradation of the PMIX as a result of emitter capacitances can originate from effects at both
baseband and mm-wave frequencies. First, the effects at baseband will be considered.

3.4.1. Linearity Degradation at Baseband Frequencies

As stated above, the capacitances at the emitter node, together with the input impedance of the
HBTs, introduce a time constant at the input of the circuit shown in Fig. 3.11. To keep the
equations in this section concise, all capacitances in Fig. 3.11 are replaced by a single capacitor
to the ground, defined as Cpqr. The time constant at the emitter node is given by Eq. 3.8, which
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shows a strong dependency on the currents flowing through the HBTs.

Cpar VTCpar
Tg = —

= P4 3.8
Im Ic (3:8)

Very small levels of Ippry inherently result in an increase of this time constant, which in turn
causes a larger portion of Ippgpy to flow into the capacitor rather than the HBT. As a result, the
current conversion gain diminishes with respect to the ideal values for smaller Ippgy. A rough
estimate of the quiescent input current required to maintain g,, at a sufficiently high level, and
thus preventing this loss in conversion gain, is given by:

Ipprm = 27tfppCparVr (3.9)

3.4.2. Linearity Degradation at mm-Wave Frequencies

This section describes the high-frequency effects of the emitter capacitances on the current transfer
of an SB PMIX. First, the relation between the emitter voltage and the input current Ippgy will be
derived. Then, it will be explained how this relation results in intermodulation products appearing
in the Vg spectrum, which are then translated into parasitic currents flowing through the emitter
capacitances. Finally, it will be discussed how these parasitic currents, after being down-converted
by the PMIX, affect the current gain and linearity of the PMIX.

The dependence of V; on Ipppy is the result of the limited speed at the emitter node and subsequent
slewing of the emitter voltage. As could be expected from Fig. 2.6, a significant amount of current
may be required to (dis)charge the Cgg of the inactive device. This current can be delivered from
the supply via the active device, which causes the waveform of the collector currents to strongly
deviate from the ideal square wave-like shape [26]. Moreover, the charge dump from the Cgp of
the inactive device can be so large that the collector current of the active device drops to zero. In
this case, Cgg can only be discharged by the tail current source. As this source provides a fixed
current Ippruy, the charge/discharge speed of the emitter node is limited by the slew rate, given
by:

sr = 1oorw © (3.10)

Cp ar

In Fig. 3.12, which shows the emitter voltage during one period of the baseband signal, the
slewing behaviour and its dependence on the baseband current Ippgy can be clearly observed.
The waveform in Fig. 3.12 shows a high similarity to a modulated sawtooth wave, rather than the
modulated, rectified sine wave from Fig. 2.6. An approximation of the required Ippgrp to prevent
slewing can be found by calculating the average current required to charge Cpqr, in order for the
emitter voltage to move between its ideal, extreme values (see Section 2.3). The result is given
by:

Ipprm = 8Vepr—piCparfio (3.11)

At the current level given by Eq. 3.11, the DDRM delivers enough current to (dis)charge Cpqr
from/to the extreme values depicted in Fig. 2.6, within the time interval Ty /4.
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Figure 3.12: Emitter voltage characteristic of SB mixer, suffering from a constant Cgg of 2pF. The mixer is driven
by a 1GHz Class B input current with its amplitude varying between 1-50 mA and a LO voltage swing of 0.9 V.

To describe the slewing effect and, more importantly, its relation to Ippgra, Vg will be approximated
using a sawtooth wave. The fundamental component of a sawtooth wave is given by the peak-peak
swing of the waveform, divided by m. As a result, I could be approximated by Eq. 3.12a. Note
that the phase of the sawtooth approximation of V¢ is directly related to the phase LO, and the
Vg frequency is twice fio. The intermodulation products of Vg and Ippry however, arise from a
change in Vg as a result of a change in Ippgry. The linearization of this dependency is given by
Eq. 3.12b.

Ipprm () .
Ve 2f10,t) = ————— sin Qw;pt) 3.12a
E 2fro 27f10Coar LO ( )
Vg (2f10,t) .
=— sin 2w ot) 3.12b
dlpprum (1) 27f10Cpar Lo ( )

The relation given in Eq. 3.12b results in intermodulation terms appearing in the Vg spectrum
at the frequencies 2f;y + fgg. These components are translated into (common-mode) currents
flowing from the emitter node to the ground via the total capacitance connected to the emitter
node (i.e. Cpgy). The current flowing through C,q is defined as the parasitic current Ipg,. At the
frequencies fio * fgg, Ipar is given by:

Ve 2f10) Ipprm (fzp) sin ((UBBt)>

d
Lyar (fro £ fep,t) = 3t <2”Cpar 2fro £ f58) g >

—Ipprm (fpp) sin ((wyp + wpp) t) (3.13)

Q

An interesting conclusion from Eq. 3.13 is that the parasitic currents I,q, (fLo £ fpg) and the input
current fundamental Ippry (fgp) are identical of magnitude and opposite in phase.

The findings above were evaluated using an ADS simulation, in which external capacitors Cgg
were applied to the ideal HBTs (modelled as explained in chapter 2) within an SB PMIX. The
resulting conversion gain Apprm-par, as defined in Eq. 3.14, is plotted in Fig. 3.13a.

Lyar 2fro % fzB)
ADDRM—»par =

(3.14)
IDDRM

Besides a roll-off from the value given in Eq. 3.13 at small input current levels, also a roll-off
at larger current input levels can be observed. For small input currents, the effects discussed in
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Section 3.4.1 apply, meaning a large portion of the DDRM current (at the baseband frequency)
flows into Cpqy, and very little current is up-converted by the switching core. The roll-off at large
input currents is the result of a reduced accuracy of the sawtooth wave approximation of V. For
larger input currents, Vg can follow its ideal, rectified sine wave shape more closely, and thus the
dependency of Vg on Ippgrpy diminishes. Therefore, the intermodulation of Vg and Ippgpy disappears,
and less Ipqr (fLo  fpp) is generated. Additionally, the change in waveform shape also changes
the phase alignment of L4, (fLo £ fzp) and Ippry (fp)-
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Figure 3.13: The influence of Cpq; on parasitic current generation and gain associated with the switching action of
an SB PMIX

Finally, the effect on L,qr (fLo £ fgp) on the current gain is considered. It is crucial to realize that
the parasitic currents Lo (fio £ fpp) can only originate from the voltage supply connected to the
collectors of the HBTs, before flowing into the ground via Cpq,. Consequently, Inqr (fLo £ fg) is
subjected to the frequency translation of the SB mixer cell. The down-conversion of I,q, (f,o % f55)
and up-conversion of Ippgry (fgg) align their phases, resulting in the current gain expanding with
respect to Table 2.1.

However, the slewing effect flattens the I waveform. As a result, the HBTs in the switching core
are on for a shorter period of time than half of the LO period. Therefore, the collector current can
no longer be calculated by multiplying the current flowing into the switching core with a square
wave. At this point, it becomes complex to predict the behaviour of the SB PMIX using analytical
tools.

To proceed, ADS is used to empirically find the current conversion gain from the (total) current
drawn from the common-emitter node (defined as I¢y) to the collector currents (ipy), both at
the respective frequencies of interest. This gain is defined in Eq. 3.15, and the result is shown in
Fig. 3.13b.

ipn (fro = fop) ip (fLo * faB)

Icm * Ipprm fzs) + Ipar (fro * fz5) (3.15)

Acmse =

The current conversion gain in Fig. 3.13b is, approximately, 0.25 at the amplitude of the input
current corresponding to the center of the curves in Fig. 3.13a. This point coincides best with the
result obtained using the sawtooth wave approximation. This point is the most suitable to provide
a conclusive result on the influence of Cpq on the SB PMIX current conversion gain using the
sawtooth wave approximation. Finally, using Eq. 2.2 as the definition for the current conversion
gain, the following result is obtained:
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0.25 (7 + Lyor +
14,] ~ (DDRM (fs8) ) (fro fBB)) ~ —6.0dB (3.16)

IDDRM (fBB)

Fig. 3.14 shows the current conversion gain of a SB PMIX for various values of Cp4r, simulated
using ADS. Depending on the value of Cpq,, the curves shown in Fig. 3.14 can be split in the
following four regions:

1. At small Ippgrp, A; is rising due to the baseband effects discussed in Section 3.4.1.

2. At medium Ippry, 4; is constant, but expanded with respect to the ideal level (Table 2.1),
as a result of the intermodulation mechanism at the common-emitter node.

3. At larger Ippry, A; drops as the intemodulation effect on the common-emitter node dimin-
ishes. If Cpq, is sufficiently small, A; returns to its ideal level.

4. At very large Ippry, 4; drops dramatically due to hard compression.
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(a) Current conversion gain for various Cpar, black (b) AM-AM of a DB PMIX implemented in the QUBiIC
dashed lines indicate the ideal level and the level pre- Gen8 technology (simulated in Cadence) and a DB
dicted by the sawtooth wave approximation of Vg PMIX with a fixed Cpqr of 4pF (simulated in ADS)

Figure 3.14: Current conversion gain of SB (left) and DB PMIX (right) suffering from parasitic capacitances at the
emitter node.

In Fig. 3.14b, the theory discussed in this section is compared to the current conversion gain of a DB
PMIX, which is constructed using QUBiIC Gen8 EHV BNP devices sized according to Section 3.1.
To remove any influence of the device output impedance on the mixer linearity (Section 3.3), the
load was set to 0 Q. This eases the investigation of the discussed common-emitter intermodulation
in a PMIX made using QUBIC Gen8 devices. Except for the region associated with small input
currents, the shape of the QUBiC mixer resembles the predicted behaviour quite accurately.

3.5. Conclusion

This chapter presented the device non-idealities that will pose the main design challenges during
the design process of a current-mode front-end. In order to generate a high output power, a large
supply voltage is preferred. For this reason, the conditions that determine the voltage-handling
capabitlities of the QUBIC Gen8 EHV BNP device were discussed in Section 3.2. Section 3.1
showed that large device sizes are required in order to handle the large currents provided by the
DDRM. Unfortunately, a large device come with an increase in parasitic effects, such as a drop
in the output impedance of the device (Section 3.3). Finally, Section 3.4 elaborately studied an
intermodulation effect associated with the capacitances at the common-emitter node of an SB
PMIX. This intermodulation effect resulted in the current conversion gain expanding with respect
to the ideal level predicted in Section 2.1, at the risk of linearity degradation.
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For the 2.4 GHz current-mode front-end concept, a PA IC was designed, taped and tested. This
chapter elaborates on both the design and the simulated /measured perforances of this IC. A block
diagram of the PA IC is shown in Fig. 4.1a. This figure shows that the two main building blocks
of the PA are the four differential CB pairs and the matching block.

Fig. 4.1b shows the model for the DDRM current source used throughout this chapter. The
components Rppry (10kQ) and Cppry (1.5pF) represent the output impedance of the DDRM
itself, while Lp,ngq represent the inductance of the bonding wires. To minimize the detrimental
effect of the bonding wires on the system stability and the current transfer to the PA, the CB
pairs are aligned with the four DDRM outputs, each spaced 522 ym apart.

In Section 4.1, the design of the differential CB pairs is discussed. As chapter 3 already explained
the main design challenges arising from device non-idealities, this chapter focuses more on the
practical approach to these challenges. The ‘Matching’ block from Fig. 4.1 is implemented by a
parallel-combining transformer (PCT) implements. The design considerations and characteristics
of the PCT balun are introduced in Section 4.2.

The performance of the resulting PA design is presented in Section 4.3. Before continuing the
discussion of the building blocks of the PA; it should be emphasized that the PCT and the CB
pairs are co-designed. This is done because the inductive nature of the balun plays a big role in
the overall circuit stability, and any compensation for instability is incorporated in the design of
the CB pairs. As discussed in chapter 3, additional resistance in the base path of the transistors
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(a) Block diagram of the CB PA core input channels of the PA
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Figure 4.1: Simplified diagram of the DDRM-PA current-mode front-end
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reduces the breakdown voltage, which in turn affects the load required for a loadline match and
thus the design of the balun. These effects make that the design flow of the PA needs to be
iterative, as is illustrated in Fig. 4.2.

. Determine supply| YES . YES
(R?:;?igHSCB Plevel and loadline »|(Re)design balun »| Circuit stable? > Lo:gn?eevgja”tch »| Finish Design
match ?
T A NG
NO

Figure 4.2: Design flow of the PA IC

4.1. Differential CB Pair Design

This section explains the design considerations of the four CB differential pairs within the PA,
which mainly concern system stability and the prevention of avalanche breakdown.

Fig. 4.3a shows the circuit diagram of a single differential CB pair. The transistors Q1 and Q2 are
implemented by two QUBiIiC Gen8 EHV BNP devices, which are sized such that their maximum fr
corresponds to a collector current value of 100 mA (in accordance with the DDRM specifications,
see Table 1.1). To show the dependence of the input (and output) impedance of the CB pair on
the collector current, S;; And S,, are plotted in Fig. 4.3b.

) L
—
Ep Ey
(a) CB differential pair, including stabilization network (b) S1; and S,, of differential CB pair

Figure 4.3: Schematic and S-parameters of CB pair at 2.4 GHz for collector current levels between 10 yA, for which
S11 lies near right hand side of unity circle, and 100 mA, for which S;; lies near —1.

On a system-level, the large parasitic capacitances, gain and fr of the active devices, combined
with the (large) inductances of the PCT and the bonding wires, create a perfect environment for
undesired oscillations. Two loops are especially problematic: the loop created by any inductance
present at the base (bonding wire), Cgg and Cppry, and secondly the LC-tank created by the PCT
and Cge. An Rg of 12.5Q was added in the base bias path to provide some damping for these
unstable loops. However, as shown in [31], a resistance of hundreds of ohms would be required
to fully stabilize this circuit. This highlights an unfortunate trade-off between output power and
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stability, as a large Rp lowers the device breakdown voltage and thus Ppqy and 7gys-.

Luckily, stable operation can also be achieved by placing a large decoupling (MIM) capacitor Cg
close to the base terminals of the devices [31]. This approach also succeeds in breaking the unstable
loops and maintains the maximum allowed voltage swing across the devices. Therefore, besides
mentioned Rg of 12.5Q, a Cy of 10 pF was used in the CB cell design (as depicted in Fig. 4.3a).
The circuit stability was evaluated by examining the step response of the PA (Fig. 4.1). This test
provides a quick, direct and definite conclusion on circuit stability. The result of a common-mode
(CM) and differential-mode (DM) input step is shown in Fig. 4.4. The small, damped oscillations
that are still left in the response originate from the small bonding wire inductance at the emitter
nodes (Fig. 4.1b) as well as the limited damping provided by Rp.
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(a) Common-mode step response. (b) Differential-mode step response

Figure 4.4: PA response a common-mode and differential-mode step input current.

Fig. 4.5 shows the loadline of a BNP device for two different input current waveforms: a class
A waveform and a digital class B waveform, which more closely resembles the current waveform
provided by the DDRM. From this figure, three important aspects can be distinguished:

1. The loadlines display asymmetric looping, especially the class B drive, indicating significant
complex loading by the balun.

2. Current overshoot is visible around the saturation region in Fig. 4.5b, a result of the limited
damping in the resonant loops in the PA.

3. For both drives, the device operation remains below the breakdown conditions.
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(a) Single-tone current signals flowing from the DDRM (b) Corresponding loadlines at the CB collector nodes

Figure 4.5: Loadline characteristics of the CB PA (including PCT) driven by class A and digital (harmonic-rejected)
class B current waveforms with identical fundamental components. In blue, the DC (dashed) and RF (solid) I¢ vs.
Vce characteristics of the CB stages are shown.
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4.2. PCT Balun Design

Combining the power of the outputs of the CB pairs is implemented using a parallel-combining
transformer (PCT) that also fulfils the balanced-to-unbalanced operation. In this section, the
PCT balun topology, detailed design and performance will be presented.

In contrast to many other IC designs, the available area for the balun is not a limiting factor in
this project. The wide spacing (522 um) of the CB pairs already requires a wide strip of silicon
area and thus a wide balun is not considered to be problematic. Moreover, a narrow (small) balun
design would create a strong asymmetry in the interconnection of the four CB pair collector nodes
and their respective PCT input ports and is therefore not preferred. This makes A PCT topology
as proposed in [32] undesirable, as the signal feeds of this transformer are placed at different sides
of the transformer. A large, strongly interwound balun layout, as proposed in [33], [34] and [35],
makes it increasingly difficult to tune the PCT dimensions. Therefore, given the limited time
available for this project, these topologies are also not preferred.

A diagram of the topology of choice for the PCT is given in Fig. 4.6a. In the used topology, the
primary winding lies entirely within the secondary winding, allowing for easy modification of both
the distance between the two inductors and the size of the inductors itself. As the primary and
secondary windings do not overlap, capacitive coupling between the input and output is also min-
imized. The spacing between the four input ports, connected to the primary winding, is tailored
to the spacing between the CB pairs. However, the windings on the primary winding suffer from
strong mismatch in inductance. In order to alleviate this issue, two inductors are used for every
input port, each with identical spacing to the center line of the primary winding collection. As a
result, eight inductors are required on the primary side, rather than four.

C4 C3/0UT C2 C1

IN1 IN2 IN3 IN4

(a) Simplified topology diagram of PCT balun (b) Cadence layout diagram of PCT balun (1786 pmx639 pm)

Figure 4.6: Layout diagrams of the PCT balun

The more detailed design choices for the PCT balun were motivated by three main objectives:
achieving the bandwidth requirement (N4, Section 1.3), presenting a loadline match to the CB
pairs and minimizing the losses within the balun. The design process of the balun will be illus-
trated using the transformer model shown in Fig. 4.7. By varying the different parameters of the
transformer shown in Fig. 4.7, their impact on the transfer and impedance characteristics can be
investigated. Throughout the investigation, default values that result in characteristics similar to
the resulting balun apply: L; =1.13nH, L, =2.12nH, k =0.3, C;;, =10pF and C,,; =6 pF.

k
Vin o—> —< Vout
Y lout
Cin —_— Ly H L, —— Cout Ry

Figure 4.7: Simplified schematic of a transformer-based matching network.
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First, it will be considered how wideband transfer can be achieved. As shown in Fig. 4.8 and [36],
the bandwidth of a transformer can be controlled by tuning the coupling factor k. By changing
the separation between the primary and secondary winding, various values of k can be achieved.
A large k results in the widest bandwidth as well as an increased separation of the two resonant
frequencies of the transformer. The selected balun topology however, suffers from an relatively
small k, as the windings do not overlap and the innermost primary windings lie relatively far
from the secondary winding. Fortunately, there is an approach to alleviate the bandwidth penalty
resulting from the low k of this low topology. As k decreases, the bands around resonant peaks
move towards each other and will eventually merge. This behaviour can be exploited to restore
the transformer bandwidth and thus to achieve wideband transfer.
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(a) Input resistance of the transformer for different k (b) Input reactance of the transformer for different k

Figure 4.8: Input Impedance of the transformer for different k, when driven by an ideal AC current source

Using the capacitance Cy;, (and/or inductance Lq), the input impedance can be controlled around
the resonant peaks. By carefully tuning these parameters, a flat, in-band (loadline) match can be
achieved. Additionally, the parameters at the primary side (C;;, and L) can be used to shift the
center frequency of the pass-band, by changing the location of the resonance peak corresponding
to the LC-tank at the input side. Both of the aforementioned effects are visible in Fig. 4.9. As
a result of the asymmetry of the selected PCT topology, there will be a mismatch between the
inductances connected to the four input ports, and so different values of C;y1_4 are needed.
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Figure 4.9: Input Impedance of the transformer for different Cj,, when driven by ideal AC current source

The input impedance can also be controlled by tuning the parameters at the output side: C,y¢
and L,. As is visualized in Fig. 4.10, the location of the pass-band center frequency is less sensitive
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to the parameters at the secondary side.
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Figure 4.10: Input Impedance of the transformer for different Cyy¢, when driven by ideal AC current source

For the actual PCT balun design, the multi-port behaviour must be taken into account The mag-
netic interaction between the four coils on the primary side affects the observed input impedance at
all inputs. As a result of the power combination, the voltage swing and thus the input impedance
at the input ports is increased. Furthermore, the primary coils magnetically couple with each
other, which also contributes to the complexity of the design process. This results in an iterative
design process of the PCT balun. The final design is shown in Fig. 4.6b. The (extracted) param-
eters of the balun, corresponding to the those depicted in Fig. 4.7, are given in the tables below.
Fig. 4.11 shows the input impedance of all four input ports.

Table 4.1: Winding inductances, coupling factors and capacitances of the PCT balun

Winding | [nH] Coupling factor
Lint 5.0 Kina 0.29
Lin2 4.7 kino 0.37
Lintot 1.1 kintot 0.31
Loyt 2.1
250 : 150
“IN1 IN3
200  -IN2 -IN4 100¢
50}
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(a) Input resistance of the four balun input ports

Figure 4.11: Input Impedance of the four balun input ports, when all driven by ideal AC current sources

Capacitance | [pF]
Cin1 0.6
Cin2 1.6
Cin3 2.6
Cina 3.6
Cout 6.0

-IN1 - IN3

-IN2 -IN4

2 2.5

Frequency [GHz]

(b) Input reactance of the four balun input ports
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The resistive losses of the PCT balun were minimized using two measures: the parallel use of
metal layers M4-M6 in the layout of all windings, and an appropriate design of width of these
metal layers. Using the the sheet resistance of the metal layers provided by [37], the width of the
windings can be chosen such that the resistive losses in the coils does not exceed 1dB.
The resulting losses of the balun are plotted in Fig. 4.12, which shows the maximum gain Gy, g,
of the balun as well as the resistance of the balun itself. Unfortunately, the losses are larger than
expected. This will be further discussed in chapter 6.
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(a) Gmax, simulated by shorting the four input ports
IN1-4, such that the five-port network collapses into a
two-port network.

(b) Input resistance of the balun at IN1-4 (OUT left
open) and OUT (IN1-4 left open)

Figure 4.12: Overview of (resistive) losses of the PCT balun

4.3. Results

This section presents the simulated as well as the measured performance of the CB PA. The
peak efficiency, bandwidth and AM-AM conversion of the PA were determined using two different
continuous wave (CW) sweeps. Additionally, a two-tone power sweep was performed in order to
simulate the linearity of the CB PA.

In Fig. 4.13, the simulated performance of the CW power sweep is shown. This simulation was
performed by sweeping the amplitude of a digital, 2.3 GHz class B current waveform (including
harmonic rejection, see Fig. 4.5a). Without any quiescent current, the peak power efficiency of
the CB PA is 27.0 %. However, as it will turn out, some quiescent current is needed in order to
linearize the PA, especially when producing very little output power. When a quiescent current
of 15mA is drawn from every CB stage, the peak power efficiency drops to 17.5%.
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(a) Output power of the CB PA (b) System efficiency of the CB PA

Figure 4.13: Output power and system efficiency of the CB PA, determined using a CW power sweep for two
different quiescent current levels.
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Fig. 4.14 shows the results of the CW frequency sweep simulation. The center frequency of the
pass-band of the PA lies at 2.3 GHz rather than the required 2.4 GHz. The —3 dB frequencies lie at
1.8 GHz and 2.7 GHz, yielding a 3 dB-bandwidth of 900 MHz. As a result of the bandwidth being
well beyond the required value, the offset in center frequency is not a problem. The yellow data
points in Fig. 4.14 give the measured output power and efficiency of the DDRM-PA combination
versus operation frequency. The measured maximum output power matches closely matches the
value found by simulations, although the measured bandwidth is smaller (1.9 GHz- 2.5 GHz). The
latter could be attributed to layout parasitics (e.g. ESD protection and bond pads) that were not
taken into account in the simulations. The measured power efficiency is lower due to the fact that
the DDRM leakage current (Section 1.1) is not taken into account in the simulated results. A
much sharper decay of power efficiency is observed as the frequency moves away from the 2.3 GHz,
which is the result of the decreased bandwidth with respect to the simulated performance.
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Figure 4.14: Output power and system efficiency of the CB PA determined using a CW frequency sweep.

The simulated linearity performance of the CB PA is presented in Fig. 4.15. The AM-AM conver-
sion characteristic of the PA (Fig. 4.15a,) clearly shows the need for a quiescent current. When
no quiescent current is used, the input impedance of the CB stage is relatively large at lower
input current amplitudes (i.e. low Pyy.) resulting in increasingly low gain and highly nonlinear
behaviour. The AM-AM conversion shows that the CB PA is potentially linear up to the hard
compression edge, provided that the appropriate quiescent current level is used. A more quanti-
tative metric of linearity is provided by a two-tone test. This is shown in Fig. 4.15b, where the

fundamental power and IM; level is plotted versus the total input current at the frequency of
2.3 GHz.
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Figure 4.15: Linearity performance of the CB PA, both without quiescent current and a quiescent current of 15 mA.

Finally, the ACPR of the DDRM-PA combination was measured, using a 64-QAM input signal,
and a total quiescent current of 100 mA (12.5mA per CB stage). The result of this measurement
is presented in Fig. 4.16b, showing an ACPR of —33.07 dB c. Clearly, the linearity of the current-
mode PA could be improved.
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Figure 4.16: Die photograph and measured ACPR

4.4. Conclusion

This chapter presented the IC design of a CB PA core for a current-mode front-end concept op-
erating at 2.4 GHz. The DDRM driving the PA core delivers its current in four parallel channels.
The PA core therefore consists of four parallel, differential CB pairs, aligned with the DDRM
output ports to minimize penalties arising from interconnect parasitics. The outputs of the four
CB pairs were combined using a PCT balun. The topology of this PCT balun allows for quick
prototyping, but suffers from increased asymmetry between its input ports compared to other
PCT designs. Additionally, the losses of the PCT balun turned out to be higher than expected.
The simulated 3 dB-bandwidth of the resulting DDRM-PA front-end yields 900 MHz at a center
frequency of 2.3 GHz, whereas the measured 3 dB-bandwidth was 600 MHz at the same center fre-
quency. The simulated peak system efficiency of the DDRM-PA current-mode front-end, without
any quiescent current, is 25 %, while this is only 20 % for the prototype. An ACPR of —33.07dBc¢
was reported, for a quiescent current of 100 mA.






Current-Mode Power Mixer Design

This chapter explores the design space of the mm-wave current-mode front-end concept, in which
the DDRM signal is up-converted by a PMIX to the center frequency of 28 GHz. Because there
was no tape-out for the PMIX concept, the emphasis was put on the design of the individual mixer
cells, which are visualized in Fig. 5.1. The DDRM model used for this chapter is identical to that
of Fig. 4.1, although the inductances modelling the effects of the bonding wires are omitted.
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Figure 5.1: Simplified diagram of the DDRM-PMIX current-mode front-end. In red: scope of this project for the
PMIX design.

The power efficiency design goal (Section 1.3), leads to a class B-like current waveform being the
preferred mode of driving the PMIX. However, as was discussed in chapter 3, the combination
of this clipped waveform and the presence of parasitic capacitances at the common-emitter node
results in a pronounced intermodulation mechanism that affects the current conversion gain of
the PMIX. With linearity being the primary performance criterion for a current-mode front-end,
special attention was given to mitigate this source of linearity degradation during the design
process.

This chapter is divided in three main parts. Section 5.1 introduces different design techniques that
could potentially enhance the current-mode PMIX linearity. These techniques include conventional
methods such as class A/B biasing and impedance matching, but also a novel architecture for an SB
mixer cell. The implementation of these linearization techniques in the QUBIC Gen8 technology
is discussed in Section 5.2. Finally, the practical effectiveness of the different (combinations of)
linearization techniques are evaluated in Section 5.3.
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5.1. PMIX Cell Linearization Techniques

In this section, four concepts that potentially enhance the linearity of the current-mode PMIX
are discussed. First, the considerations of using a cascode stage to load the PMIX are briefly
discussed. The other three concepts are aimed to alleviate the effects of the Czg capacitor, the
main culprit of the intermodulation mechanism at the common-emitter node. The most straight-
forward of these concepts is biasing the PMIX in class A/B. The second method is to create an
harmonic open condition at the second harmonic of the LO frequency, and positioned between the
common-emitter node and the bases of the HBTs. The third presented technique is the use of a
quasi-subharmonic (QSH) mixer architecture. This novel mixer architecture will be implemented
on the SB mixer cell level (see Fig. 1.8) and does not exhibit any harmonic content at 2f; on its
common-emitter node, thus omitting the intermodulation mechanism around 2f; .

The concepts discussed in this section will be explained in the context of mixer cells that consist
of ideal BJT devices, but with an externally applied Cgg. This make sure that the effects arising
from Cgg are the only non-idealities present in the system, and thus allows for a clear view on
the matter. The figures used to illustrate the concepts are created using ADS simulations of the
mixer cells. By default, an Ippry max of 1A, Vec of 10V, LO swing of 0.5V and Cpg of 2pF were
used in these simulations.

5.1.1. Cascoding

In Section 3.3, it was shown that the output impedance of an SB mixer cell rapidly decreases
with frequency. The output impedance is further lowered by the fact that four SB mixer cells
are connected to the output node of an SSB PMIX (Fig. 1.8). As the output current is divided
between the load R; and the output impedance of the mixer, the current gain drops, and so does
the output power. Furthermore, as was shown in Fig. 3.10b, the output impedance also drops
significantly as the collector current grows. It is realistic to expect that this, will result in gain
compression, as the input current from the DDRM increases. This becomes even more likely if the
effect of finite device output impedance on the current transfer could not be neglected to begin
with.

These issues could be alleviated by loading the switching core with a cascode stage. This approach
would increase the output impedance of the overall PMIX (now including the cascode), while the
low input impedance of a cascode stage can be easily driven by the switching core itself.
However, the placing of a cascode would come at the cost of increased power dissipation. This is
both due to a higher required supply voltage and, as seen in Section 4.3, a significant quiescent
current is needed in order to linearize the CB stage.

5.1.2. Biasing

In chapter 3, it was explained that the intermodulation mechanism at the common-emitter node
of the PMIX originates from the fact that the emitter voltage cannot keep up with its ideal
waveform, which has a fundamental frequency of 2f;, and a voltage swing close to V;o. By
applying a quiescent current, which changes the bias condition from class B to class A/B or even
class A, the Cgp parasitics can be (dis)charged more quickly and the speed of the common-emitter
node is increased. Furthermore, this additional charge is not related to the signal, and so the
intermodulation effect of the common-emitter voltage component at 2f;, and the input signal
fundamental vanishes.

However, Eq. 3.11 estimates that large devices require quiescent current levels of hundreds of mAs
to (dis)charge their Cgy at mm-wave frequencies. This is also confirmed by Fig. 5.2, which shows
the result of a CW power sweep of a 28 GHz SSB PMIX.
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Figure 5.2: Emitter voltage and AM-AM conversion of SSB PMIX, biased using different quiescent currents with
a Cgg of 2pF present at every BJT.

5.1.3. Resonating Out the Common-Emitter Node Capacitances

Another approach to prevent the intermodulation mechanisms on the common-emitter node is to
resonate out the low, capacitive impedance present on the common-emmitter node. This can be
achieved by the SB mixer design shown in Fig. 5.3.

The inductor Lg, although not shown previously, should also be used in a standard SB mixer cell
to minimize the current drawn from the LO source. If Lp is chosen according to Eq. 5.1a, the
resonant frequency of the circuit as seen by the LO sources is placed at f; .

Vs
Cx

v, T

(b) Common-mode circuit equivalent of Fig. 5.3a, with
only the reactive components shown.

(a) Circuit schematic of SB PMIX cell resonating out
the Cgg parasitics

Figure 5.3: SB PMIX cell circuit with common-mode harmonic open at the common-emitter at 2f; o and differential
harmonic open between the bases

By placing the capacitor Cx, Lg can be incorporated in the common-mode loop that is present
between the emitter node and the common-mode ground at the BJT bases. Note that this loop,
schematically shown by Fig. 5.3b, is responsible for the slow speed of the common-emitter node
and thus for the expansion of the current conversion gain, as explained in Section 3.4.

The capacitor Cy is connected to the center tap of Ly and will (ideally) not affect the impedance
match for the LO port, as it the symmetry of the circuit is not not affected. If Cy is chosen
according to Eq. 5.1b, the resonant frequency of the common-mode loop can be placed at the nth
harmonic of f; 4.
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2
Lp=—"—"—— (5.1a)
(21 fL0)” CpE
Cy = I — (5.1b)

For n = 2, the current required to (dis)charge Cgp at the frequency 2f;, will be provided by the
LC-resonator formed by Lg and Cx (see Fig. 5.4a), rather than the by the DDRM, preventing
the slewing effect. As the emitter voltage now becomes independent of the DDRM current, the
generation of parasitic current components around 2f; o is prevented, and thus the associated gain
expansion is greatly reduced. This explanation is confirmed by Fig. 5.4b.
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(a) Emitter voltage (b) AM-AM conversion

Figure 5.4: Emitter voltage and AM-AM conversion of an SSB PMIX both with and without an harmonic open
condition at the common-base nodes to compensate for an (externally applied) Cgg of 2 pF present at every BJT.

5.1.4. Quasi-Subharmonic Mixer Architecture

The final method that was investigated to prevent the intermodulation mechanism at the common-
emitter node relies on intrinsically removing the 2f;, component from the emitter voltage spec-
trum. This can be achieved by adjusting the architecture of a subharmonic mixer to the one
depicted in Fig. 5.5a.

The input current to the switching core of many subharmonic mixer designs [38], [39], [40] is
commutated between four, quadrature-controlled BJTs, which is also the case in Fig. 5.5a. The
resulting (ideal) collector currents of the four BJTs can then be found by multiplication of the
input current ipppyo with a 25% duty-cycle pulse train, rather than a square wave. This is
visualized for the collector currents of the BJTs connected to the 0 deg and 90deg LO signals in
Fig. 5.5b.

In subharmonic mixers, the collector currents of the BJTs controlled by the LO signals with a
180° phase differernce are combined in order to acquire an output current switching at twice the
LO frequency. This is not the case in the circuit shown by Fig. 5.5a, in which the collectors of the
BJTs controlled by LO signals with a phase difference of 90 deg are connected. As can be deduced
from Fig. 5.5b, the sum of these collector currents does not differ at all from the output current
of a conventional SB mixer core (Fig. 1.9). Due to this principal difference with a subharmonic
mixer, this architecture will be referred to as a quasi-subharmonic mixer (QSH mixer).



5.1. PMIX Cell Linearization Techniques

47

LOgq
; 1.5 T : : .
¥\ Le,90 ico 10,90

IsB,0
. 1

LOO < ’e) 1 -
; ¥\ ic,o <
DDRM,0 ~
o—<¢——¢
1 1 1.3 1.4 5

>
Vi : 05}
16180 ligp 180
L0450 m
O Al L
- 1 1.2
le270 time [ns]

L0270

(b) Collector current waveform of single-balanced QSH

. . . . . mixer
(a) Quasi-subharmonic SB mixer cell circuit

Figure 5.5: Quasi-subharmonic mixer concept. The sum of the collector currents plotted in Fig. 5.5b gives the
output current Isgo of the SB QSH mixer cell.

Although the SB QSH mixer output current is identical to that of a standard SB mixer, a clear
difference exists at their output ports. The current commutation between four devices results in
the fundamental frequency of the emitter voltage waveform increasing from 2f; 5 to 4f;o [41]. This
is also shown in Fig. 5.6a.

As a result, no intermodulation products can be created around 2f; .

Intermodulation around 4f;, is hot prevented by this measure. However, the effect of these
intermodulation products on the output current around f; 4 is heavily reduced due to the increased
separation between the desired output band and the fundamental frequency of the emitter voltage.
In order to result in in-band components, the intermodulation products around f; rely on down-
conversion via the third harmonic of the LO. This stands in contrast to the standard SB mixer
cell, in which the intermodulation products around 2f;, are down-converted by the (much larger)
fundamental component of the LO.

The principles of this concept are confirmed in Fig. 5.6b, which shows that the current conversion
gain of a QSH-based SSB mixer lies closer to the ideally predicted value of —6.9dB and remains
flat up to a higher output power level, compared to a standard (STD) SSB PMIX.
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(a) Ideal (no Cgg) emitter voltage of STD SB PMIX ad (b) AM-AM conversion with a static Cgg of 2pF in-
QSH SB PMIX. cluded in the PMIX circuits.

Figure 5.6: Emitter voltage and AM-AM conversion of an SSB PMIX implemented using standard SB mixer cells
and SB QSH mixer cells.

Another interesting observation, apparent from Fig. 5.6a, is that the emitter voltage of the QSH
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SB mixer cell is reduced with respect to the STD SB mixer cell. To investigate why this is the
case, an expression for Vg gy (t) can be derived, using an approach similar to the determination
of Eq. 2.9. The result is given by:

Ipprm,o (t)
Veosu (8) =V pe — Vr1In \ (5.2)
21 <cosh (—VL;’]':T“)) cosh (—VLng(t) ))

Upon finding the extreme values of Eq. 5.2, the following emitter voltage swing is found for the
ideal QSH mixer:

Vio (2v2-1)
V; ok =—Veln2 4+ ——— = 5.3
E,QSH,pk—pk T 4\/5 ( )

The value given by Eq. 5.3 is almost four times as small as the emitter voltage swing of the
standard SB mixer cell, which was determined to be =V 1n 2 4+ V}»/2. This means that, ideally,
less voltage headroom is required on the emitter node to comply with the voltage requirements of
the DDRM. This allows for a lower V3 and V;; and thus boosts the system power efficiency. In
reality, the presence of Cpg already heavily reduces the emitter voltage swing, and so this apparent
becomes less significant.
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This section describes the practical design steps for a mm-wave PMIX cell that implements the
techniques presented in Section 5.1.

The PMIX cell is designed in four subsequent steps. The first step is to place an inductance Lg
between the bases of the HBTs in a SB mixer cell (see Fig. 5.3a). This resonates out the capacitive
impedance components present at the HBT bases, which ensures that the LO power is maximally
utilized for the switching action of the mixer cell.

Fig. 5.7 shows the Lp required to reach the maximum base voltage swing for various values of
provided LO power. The HBTs used in the SB mixer cells are of a identical size to those used in
the CB PA, as the PMIX has to deal with the same current levels. The figure shows that the use
of QSH SB mixer cells in the SSB PMIX requires almost 3 dBm more LO power to match the base
voltage swing of an STD SSB PMIX. This should not be a surprising result, as twice the amount
of (identically sized) HBTs are connected to the LO source when employing the QSH SB mixer
architecture. A value of 34 pH was chosen for Lg in the circuit of both the STD SB mixer cells
and QSH mixer cells. This gives a base voltage swing of around 0.5V, if 17dBm and 19dBm of
LO power are used to drive the STD and QSH architecture, respectively.

40 - - - 1 - - - -
©o—STD o— QSH —6—STD —o— QSH
T =
=35} 1 S 05)
5 S
30 ; ; ; ; ; 0 ; ; ; ; ;
10 12 14 16 18 20 10 12 14 16 18 20
PLO [dBm] PLO [dBm]
(a) Inductance Lg leading to the maximum base voltage (b) Base voltage swing achieved, given that the optimal
swing, given the power Py y drawn from the LO source. Lp for a given Py is applied in the SB mixer cell.

Figure 5.7: Required Lp for maximum base voltage swing Vo for various LO power levels. The LO power is
delivered to an SSB PMIX constructed using standard (STD) SB mixer cells and QSH SB mixer cells, respectively.

The second design step is to create the desired impedance match at the output port of the SSB
PMIX architecture of choice. This can be realized by connecting a shunt inductance Ly to the
output ports of the individual SB mixer cells within the SSB PMIX. In case a cascode stage is
used, another inductance is required to match the load to output port of cascode.

For the STD- and QSH-based PMIX topologies inductances of respectively 270 pH and 135 pH
suffice. The realized output reflection coefficient (normalized to 50 Q) of these two topologies are
shown for different collector currents in Fig. 5.8. This figure shows that the SSB PMIX architecture
comprising of QSH SB mixer cells shows a heavily reduced output impedance, compared to its STD
counterpart. Additionally, the output impedance of the QSH architecture shows more variation
over different current levels. In case a cascode stage is used to load the SSB PMIX, an inductance
of 400 pH should be connected to its output nodes, if the output impedance is to be made purely
real.

The third design step is to determine the required load R; of the SSB PMIX, such that output
power is maximized. Ideally, a loadline match conform Table 2.2 can be used. In case of a finite
output impedance of the SSB PMIX, R; should be chosen according to Eq. 3.4. Unfortunately,
as can be deduced from Fig. 5.8 and Section 3.3, a conjugate match is the best option for all
topologies. This corresponds to a load R, of 70Q, 150 Q and 200 Q for the QSH-based, STD and
cascoded architectures, respectively.
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Figure 5.8: Resulting reflection coefficients at 28 GHz after impedance matching, determined using a periodic S-
parameter analysis. The different data markers describe the different stages (STD SSB PMIX, QSH SSB PMIX
and cascode stage). The red data points correspond to their respective output reflection coefficients, while the blue
points correspond to the reflection coefficient as seen by the LO. The three data points of each curve correspond to
a quiescent current level of 1, 10 and 100 mA, the latter indicated by the marker containing a cross.

The final design step is to determine Cy (Fig. 5.3) to resonate out Cggr. A convenient method is
to sweep the value of Cx and inspect which value of Cy maximizes the emitter voltage component
at the fundamental frequency of the emitter voltage. For the STD SSB PMIX and QSH PMIX
architectures, respectively the voltage component at 2f;o ad 4f;o should be maximized. The
results of this parameter sweep are shown in Fig. 5.9. Consequently, a Cy of 1.4 pF should be used
for the STD PMIX, while a Cx of 0.26 pF is required for the QSH PMIX.
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(a) Voltage magnitude of the second LO harmonic con- (b) Voltage magnitude of the fourth LO harmonic con-
tent at the emitter node tent at the emitter node

Figure 5.9: Harmonic content of interest of the emitter voltage versus capacitance Cx. A quiescent current of 30 mA
was applied to the SB mixer core, which roughly corresponds to the DC component of a 100 mA class B current
waveform.
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This section evaluates the impact of the linearity enhancement techniques as described in Sec-
tion 5.1 on the performance of an SSB PMIX implemented in the QUBiC Gen8 technology. Note
that, if the techniques successfully dispose of the gain expansion effect resulting from Cgg, the
entire AM-AM characteristic must be shifted to —12dB. This is different from the ideally pre-
dicted —6dB in Table 2.1, as the practical SSB PMIX is conjugately matched rather than loadline
matched.

Fig. 5.10 shows the result of applying a (small) quiescent current on the output power and AM-AM
conversion of an STD SSB PMIX. As could be expected from Fig. 5.2, small quiescent currents give
no significant improvement in linearity. Therefore, a minimal quiescent current can be used, to
ensure that the linearity degradation at low input current levels (Section 3.4) is mitigated.
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Figure 5.10: Output power and current gain of a STD SSB PMIX biased using various quiescent currents

Fig. 5.11 shows the output power and current gain for the different combinations of the presented
linearization techniques. Interestingly, resonating out the Cgg capacitances on the common-emitter
node results in worse linearity if applied to a STD PMIX architecture. Possible explanations for
this will be discussed in chapter 6. The current gain of the QSH-based SSB PMIX, does lie very
close to the ideal value, and adding the resonator at the common-emitter node slightly improves
its linearity. However, the maximum output power of the QSH-based SSB PMIX does not lie
significantly higher if compared to the STD SSB PMIX.
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Figure 5.11: Output power and current gain of the STD and QSH-based PMIX, not loaded by a cascode
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The linearity performance of the SSB PMIX architectures equipped with a cascode stage is shown
in Fig. 5.12. To linearize the cascode stage itself, a quiescent current of 25 mA is required. Again,
resonating out the emitter capacitances results in linearity degradation in the case of the STD
architecture.

Cascoding the QSH SSB PMIX does result in better linearity, as its —1 dB compression point lies
between 1 and 2dBm higher compared to the cascaded STD SSB PMIX. Adding an open condition
to the common-emitter node does not result in significant performance improvement.
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Figure 5.12: Output power and current gain of the different SSB PMIX architectures loaded by a cascode stage

In Fig. 5.13, the system power-efficiencies of three SSB PMIX architectures with a high maximum
output power and/or high linearity are shown. Although the output power of the cascoded, QSH-
based PMIX is slightly higher than that of the STD PMIX, its higher quiescent current and supply
voltage result in a lower power efficiency. The low power efficiency can partly be attributed to the
voltage headroom requirements of the DDRM, which was taken taken into account during in the
PMIX cell design.
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Figure 5.13: Efficiency of three SSB PMIX architectures

If a SSB PMIX is to be designed in the QUBIiC Gen8 technology, the highest output power,
linearity and power efficiency can be achieved if STD SB mixer cells are used. Resonating out the
emitter node capacitances or the use of a cascode stage does not result in (significant) performance
improvement. Apparently, Cgg is so large that the input current level at which the intermodulation
effects at the common-emitter node start to vanish, lie well beyond the limits of the DDRM. As
a result, the gain expansion due to intermodulation effects on the common-emitter nodes behaves
linearly and work in the advantage of the designer.
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5.4. Conclusion

This chapter introduced various design techniques to enhance the linearity of a current-mode SSB
PMIX. These design techniques aimed to mitigate intermodulation effects on the common-emitter
node and/or to increase the output impedance of the SSB PMIX. These techniques included the
use of an additional cascode stage, the addition of a common-mode resonator at the emitter node,
and the use of a quasi-subharmonic SB mixer cell.

Then, a design strategy was given for a QUBiC Gen8 SSB PMIX core, which included the required
design steps to implement the proposed design techniques.

After evaluating the performance variations between the SSB PMIX core topologies, it turned
out a standard SSB PMIX core without any additional techniques resulted in the best linearity
performance. Therefore, it is recommended to use standard SB mixer cells when designing a
mm-wave PMIX in this the QUBIiC Gen8 technology.






Discussion

In this chapter, the performances of the designed current-mode PA and PMIX are reviewed. The
emphasis lies on the results that did not reach the expected performance, for which possible
explanations and recommended steps for future work will be given. For both the PA and the
PMIX, this mainly concerns the realized linearity and power efficiency. The discussion will be
divided in two sections, one for the PA and one for the PMIX-based front-end.

6.1. Current-Mode PA

For the current-mode PA, both the power efficiency and the linearity did not meet the performance
as expected from the analysis from chapter 2 and the specification of the DDRM itself. The
measured peak power efficiency of 209% is significantly lower than the ideally expected 44 %,
which can be derived from the conclusions of Section 2.4 and the designed bias conditions of the
PA.

The main reason for the low power efficiency are the losses in the balun. The G4, of the balun, the
model of which was generated using Momentum simulations, showed to be slightly below —2 dB.
This level of insertion loss, although comparable to [33], [34] and [42], can definitely be improved
upon. The simulated losses of the coil at DC were determined to be very low, and thus the high
losses must be the result of the design being flawed at RF frequencies. Two possible reasons for
the relatively high RF losses will be considered.

A first reason could be the assumption that the skin effect does not play a significant role in the
value of the coil resistance, as the skin depth at 2.4 GHz is close to half the thickness of metal layer
6. Besides the fact that this may not be negligible, this assumption was not specifically validated,
which have been done using a simple Momentum simulation setup. As a result, the width of the
wires was not tailored to the RF frequencies, which could have resulted in increased losses in the
coils.

The second reason could be the parallel configuration of metal layers 4 to 6 in the layout of the
coils, which was used to lower the resistance of the coil. However, the increased proximity of the
coils to the bulk silicon could significantly increase the losses in the substrate. Recognizing the
massive size of the balun, this is definitely a realistic option. Investigating the substrate losses
associated with the different metal layers beforehand would have been a better approach.
Besides the losses in the balun, also the combination of the limited breakdown voltage level of
the QUBIC Gen8 EHV BNP devices and the large headroom voltage required by the DDRM play
a substantial role in the low power efficiency. In order to achieve higher power efficiency levels,
either a DDRM that requires a lower supply voltage, or a technology that can withstand higher
voltage levels has to be used.

The linearity of the PA-based front-end also leaves room for improvement, with the ACPR being
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measured being —33.07 dBc. This too could be attributed to the properties of the balun. First,
there are large differences between the inductances, coupling factors and wire lengths of the four
different coils at the primary winding. This results in a significant mismatch in the impedance
seen by the four differential CB pairs (Fig. 4.11), which can certainly lead to reduced linearity.
Secondly, both the real and imaginary parts of the four input impedances of the balun do not
exhibit a flat characteristic over the frequency range of interest. This uneven loading of the CB
stage in the desired band is another very likely source of nonlinearity.

By choosing a balun topology that provides more symmetry between the four input ports and
by taking care its input impedance exhibits a more flat in-band characteristic, a more linear PA
would be obtained.

6.2. Current-Mode PMIX

The discussion on the performance of the PMIX cell design is also focused on power efficiency and
linearity. The power efficiency of the PMIX is relatively low (peak efficiency of 15%). Given the
high operation frequency and, moreover, the inherent lower efficiency of a PMIX in comparison to
a PA (Table 2.1), this is less of a surprise. Nevertheless, the power efficiency could be improved.
The first possible solution is taking care that the high PMIX output impedance is maintained
at mm-wave frequencies, which is easier said than done. Although this could be realized by
cascoding the switching core, the subsequent increase in supply voltage results in degradation of
the power efficiency. Another, more approach would be to use devices that maintain a higher
output impedance at mm-wave frequencies. Another solution yielding increased power efficiency
is to increase the voltage drop across the PMIX relative to that of the DDRM. As was the case
for the PA, this could be achieved by using a DDRM that requires a lower supply voltage, or by
resorting to a technology in which the devices have a higher (avalanche) breakdown voltage.

To enhance the linearity of the PMIX, Section 5.1 presented multiple techniques: creating an
open impedance condition on the common-emitter node at 2f; 5, implementing the SB mixer cells
using the novel QSH mixer architecture, and/or using an additional cascode stage. Surprisingly,
none of these techniques resulted in significant improvement of the PMIX linearity in the practical
situation. For each of these methods, it will be discussed why this may be the case. Especially
compensating the emitter node capacitances at 2f;, by creating a resonating common-mode loop
did not result in the predicted effect. The reason for this may be that the base-emitter capacitances,
which dominate the capacitive loading at the emitter node, are largely diffusion capacitances and
thus vary wildly for different (collector) current levels. As a result, the resonance frequency of
the common-emitter node also changes, compromising the effectiveness of the proposed technique.
Additionally, as the ideal emitter voltage swing (Fig. 2.6) can yield hundreds of mVs, a high
Q-factor of the resonator is required to prevent the flow of parasitic currents resulting from the
intermodulation effect at the common-emitter node. The presence of any (parasitic) resistance at
the base or emitter terminals makes the implementation of a high-Q resonator very difficult.

The effectiveness of the QSH mixer architecture was reduced by both its low output resistance
and strong variation in output reactance for different input current levels. The latter could also
be the reason why cascoding the QSH-based SSB mixer did not really improve its linearity with
respect to the cascoded, standard SSB mixer. However, the QSH architecture could still be very
useful for systems with a lower operation frequency. At lower frequencies, mixer operation is less
affected by parasitics, and thus the lower emitter voltage swing of the QSH mixer with respect to
the standard SB mixer is much more pronounced. A more constant emitter voltage alleviates the
loading conditions of the stage driving the switching core. Alternatively, the reduced voltage swing
allows a lower voltage bias of the emitter node, resulting in increased power efficiency.



Conclusion

Due to its high linearity potential, current-mode operation is a very promising candidate for the
design of front-ends that are able to operate at low power back-off, thus yielding a high power
efficiency. In this thesis, the performance limits of two current-mode front-end concepts were
explored. For both concepts, the ideal performance was analyzed, the potential design challenges
were identified, and a design in the QUBiIiC Gen8 technology was proposed.

The first concept was a 2.4 GHz current-mode PA, driven by a highly linear DDRM. For this
PA, a design was proposed, taped and tested. The design comprised four parallel CB stages and
a PCT balun performing the power summation. The PA was able to deliver an output power
of 27dBm and reached a system efficiency of 20%. The measured ACPR yielded —33.07 dBc,
indicating that the linearity of the PA requires more attention in order to fulfill the potential of
the current-mode operation. Most likely, the relatively low linearity is a result of port mismatch
and in-band impedance variation of the PCT balun.

The second concept was aimed at the operation frequency of 28 GHz and comprised a current-
mode PMIX driven by the same DDRM. For this concept, multiple methods were proposed to
restore the linearity degradation associated with high-frequency effects such as a reduced device
output impedance, and an intermodulation mechanism taking place at the common-emitter node.
Interestingly, the standard SSB PMIX cell architecture showed to result in the best performance.
The standalone PMIX cell yielded a simulated maximum output power of 22dBm and a peak
power efficiency of 15 %.

Both front-end designs suffer from a relatively low power efficiency, which could be solved either
by moving to a technology that can handle higher supply voltages, or by the use of a DDRM that
requires less voltage headroom.

57






[1]
2]

3]

[13]

[14]

Bibliography

Cisco, “Cisco annual internet report,” Cisco, Tech. Rep., March 2020.

J. P. K. Li, “Who was first to launch 5G?7 depends who you ask,” https://www.reuters.com/
article/us-telecoms-5g-idUSKCN1RH1V1, April 2019.

S. Tombaz, P. Frenger, F. Athley, E. Semaan, C. Tidestav, and A. Furuskar, “Energy per-
formance of 5G-NX wireless access utilizing massive beamforming and an ultra-lean system
design,” in 2015 IEEE Global Communications Conference (GLOBECOM), 2015, pp. 1-7.

E. McCune, “How not to wase energy on 5G,” Personal interview, https://www.tudelft.nl/
en/stories/articles/how-not-to-waste-energy-on-5g/, 2020.

Z. Wang, Envelope Tracking Power Amplifiers for Wireless Communications. Artech, 2014.
B. Kim, Doherty Power Amplifiers, 1st ed. Academic Press, Elsevier, 2018.

J. H. Qureshi, N. Li, W. C. E. Neo, F. van Rijs, I. Blednov, and L. C. N. de Vreede, “A wide-
band 20W LMOS doherty power amplifier,” in 2010 IEEE MTT-S International Microwave
Symposium, 2010, pp. 1504-1507.

J. He, J. H. Qureshi, W. Sneijers, D. A. Calvillo-Cortes, and L. C. N. deVreede, “A wideband
700W push-pull doherty amplifier,” in 2015 IEEE MTT-S International Microwave Sympo-
sium, 2015, pp. 1-4.

Y. Cao, H. Lyu, and K. Chen, “Wideband doherty power amplifier in quasi-balanced config-
uration,” in 2019 IEEE 20th Wireless and Microwave Technology Conference (WAMICON),
2019, pp. 1-4.

L. Guan and A. Zhu, “Green communications: Digital predistortion for wideband RF power
amplifiers,” IEEE Microwave Magazine, vol. 15, no. 7, pp. 84-99, 2014.

Y. Shen, R. Bootsman, M. Alavi, and L. de Vreede, “A 0.5-3 GHz I/Q interleaved direct-
digital RF modulator with up to 320 MHz modulation bandwidth in 40 nm CMOS,” in 2020
IEEE Custom Integrated Circuits Conference (CICC), 2020, pp. 1-4.

E. Bechthum, G. I. Radulov, J. Briaire, G. J. G. M. Geelen, and A. H. M. van Roermund,
“A wideband RF mixing-DAC achieving IMD < -82 dBc up to 1.9 GHz,” IEEE Journal of
Solid-State Circuits, vol. 51, no. 6, pp. 1374-1384, 2016.

Y. Shen, R. Bootsman, M. Alavi, and L. de Vreede, “A 1-3 GHz I/Q interleaved direct-
digital RF modulator as a driver for a common-gate PA in 40 nm CMOS,” in 2020 IEEE
Radio Frequency Integrated Circuits (RFIC) Symposium, 202.

S. Su and M. S. Chen, “A 1-5GHz direct-digital RF modulator with an embedded time-
approximation filter achieving -43db evm at 1024 qam,” in 2019 Symposium on VLSI Circuits,
2019, pp. C20-C21.

M. Mehrpoo, M. Hashemi, Y. Shen, L. C. N. de Vreede, and M. S. Alavi, “A wideband linear
1/Q-interleaving DDRM,” IEEE Journal of Solid-State Circuits, vol. 53, no. 5, pp. 1361-1373,
2018.

59


https://www.reuters.com/article/us-telecoms-5g-idUSKCN1RH1V1
https://www.reuters.com/article/us-telecoms-5g-idUSKCN1RH1V1
https://www.tudelft.nl/en/stories/articles/how-not-to-waste-energy-on-5g/
https://www.tudelft.nl/en/stories/articles/how-not-to-waste-energy-on-5g/

60

Bibliography

[16]

[17]
[18]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

P. E. Para Filho, M. Ingels, P. Wambacq, and J. Craninckx, “A 0.22mm2 CMOS resistive
charge-based direct-launch digital transmitter with -159dBec/Hz out-of-band noise,” in 2016
IEEE International Solid-State Circuits Conference (ISSCC), 2016, pp. 250-252.

B. Razavi, RF Microelectronics, 2nd ed. Prentice Hall, 2012.

N. Sarmah, P. Chevalier, and U. R. Pfeiffer, “160-GHz power amplifier design in advanced
SiGe HBT technologies with Py, in excess of 10dBm,” IEEE Transactions on Microwave
Theory and Techniques, vol. 61, no. 2, pp. 939-947, 2013.

B. Razavi, Microelectronics, 2nd ed. John Wiley & Sons, 2015.
D. Neamen, Semiconductor Physics and Devices, 4th ed. McGraw-Hill Eductation, 2012.

V. Jain, H. Ding, R. Camillo-Castillo, and A. Joseph, “DC and RF breakdown voltage char-
acteristics of SiGe HBTs for WiFi PA applications,” in 2016 IEEE Bipolar/BiCMOS Circuits
and Technology Meeting (BCTM), 2016, pp. 29-32.

B. Williams, Power Electronics, 1st ed. Palgrave, 1987.

T.-R. Yang, J. Tsai, C.-L. Ho, and R. Hu, “SiGe HBT’s small-signal pi modeling,” TEEE
Transactions on Microwave Theory and Techniques, vol. 55, pp. 1417-1424, 2007.

U. Basaran, N. Wieser, G. Feiler, and M. Berroth, “Small-signal and high-frequency noise
modeling of SiGe HBTs,” IEEE Transactions on Microwave Theory and Techniques, vol. 53,
no. 3, pp. 919-928, 2005.

W. K. R. van der Toorn, J.C.J. Paasschens, The Mextram Bipolar Transistor Model, Delft
University of Technology, 2008.

C. D. Hull, “Analysis and optimization of monolithic RF downconversion receivers,” Ph.D.
dissertation, EECS Department, University of California, Berkeley, Apr 2009.

W. Cheng, A. J. Annema, J. A. Croon, and B. Nauta, “Noise and nonlinearity modeling of
active mixers for fast and accurate estimation,” IEEE Transactions on Circuits and Systems
I: Regular Papers, vol. 58, no. 2, pp. 276-289, 2011.

M. T. Terrovitis and R. G. Meyer, “Intermodulation distortion in current-commutating CMOS
mixers,” IEEE Journal of Solid-State Circuits, vol. 35, no. 10, pp. 1461-1473, 2000.

G. Theodoratos, A. Vasilopoulos, G. Vitzilaios, and Y. Papananos, “Calculating distortion
in active CMOS mixers using volterra series,” in 2006 IEEE International Symposium on
Circuits and Systems, 2006, pp. 4 pp.—

D. Manstretta, M. Brandolini, and F. Svelto, “Second-order intermodulation mechanisms in
CMOS downconverters,” IEEE Journal of Solid-State Circuits, vol. 38, no. 3, pp. 394-406,
2003.

G. Nikandish, A. Yousefi, and A. Medi, “Stability analysis of broadband cascode amplifiers
in the presence of inductive parasitic components,” IET Circuits, Devices Systems, vol. 8,
no. 6, pp. 469-477, 2014.

H. Yang, J. Chen, and Y. E. Chen, “A wideband and highly symmetric multi-port parallel
combining transformer technology,” IEEE Transactions on Microwave Theory and Techniques,
vol. 63, no. 11, pp. 3671-3680, 2015.

J. Javidan, M. Atarodi, and H. C. Luong, “High power amplifier based on a transformer-
type power combiner in CMOS technology,” IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 57, no. 11, pp. 838-842, 2010.



Bibliography

61

[34]

[35]

[36]

[40]

[41]

[42]

K. H. An, O. Lee, H. Kim, D. H. Lee, J. Han, K. S. Yang, Y. Kim, J. J. Chang, W. Woo,
C. Lee, H. Kim, and J. Laskar, “Power-combining transformer techniques for fully-integrated
CMOS power amplifiers,” IEEE Journal of Solid-State Circuits, vol. 43, no. 5, pp. 1064-1075,
2008.

J. Tsai and J. Wang, “An X-band half-watt CMOS power amplifier using interweaved parallel
combining transformer,” IEEE Microwave and Wireless Components Letters, vol. 27, no. 5,
pp. 491-493, 2017.

Y. Yin, L. Xiong, Y. Zhu, B. Chen, H. Min, and H. Xu, “A compact dual-band digital doherty
power amplifier using parallel-combining transformer for cellular NB-IoT applications,” in
2018 TEEE International Solid - State Circuits Conference - (ISSCC), 2018, pp. 408-410.

H. Mertens, P. Magnée, J. Donkers, E. Gridelet, P. Huiskamp, D. Klaassen, and T. Vanhoucke,
“Extended high voltage HBTs in a high-performance BiCMOS process”,” Bipolar/BiCMOS
Circuits and Technology Meeting (BCTM), pp. 159-162, 2011.

R. Feghhi and S. Naseh, “A 1v, low power, high-gain, 3 — 11 ghz double-balanced cmos sub-
harmonic mixer,” in 2012 IEEE International Conference on IC Design Technology, 2012, pp.
1-4.

H. Lin, Y. Lin, H. Lu, and H. Wang, “A 38-ghz up-conversion sub-harmonic mixer with buffer
amplifier in 65-nm cmos process,” in 2017 IEEE Asia Pacific Microwave Conference (APMC),
2017, pp. 551-553.

L. I. Babak, A. A. Kokolov, F. I. Sheyerman, and A. V. Pomazanov, “Design of mmic sub-
harmonic mixer for k-band receiver based on 0.25 pm sige bicmos technology,” in 2019 Inter-
national Siberian Conference on Control and Communications (SIBCON), 2019, pp. 1-4.

H. Wei, C. Meng, and Y. Lin, “Isolation performance of sub-harmonic gilbert mixers,” in
2011 International SoC Design Conference, 2011, pp. 108-111.

F. He, Q. Xie, Z. Zhuang, and Z. Wang, “The design of a high-efficiency mode-switching
power amplifier with a parallel combining transformer for LTE application,” in 2019 IEEE
International Conference on Integrated Circuits, Technologies and Applications (ICTA), 2019,
pp. 17-18.



	Introduction
	DDRM as a Current Driver
	Basic Current-Mode Front-End Topologies
	Power Amplifier
	Power Mixer

	Project Requirements
	Outline of Thesis

	The Ideal Current-Mode Front-End
	Current Gain
	Peak Output Power
	Emitter Voltage Range
	Ideal Power Efficiency
	PA/PMIX Core Efficiency
	System Power Efficiency

	Conclusion

	Technology Limitations
	Device Speed
	Avalanche Breakdown
	Output Impedance
	Effects of Finite Output Impedance
	Output Impedance of CB Stage

	Influence of Emitter Capacitances on PMIX Linearity
	Linearity Degradation at Baseband Frequencies
	Linearity Degradation at mm-Wave Frequencies

	Conclusion

	Current-Mode Power Amplifier Design
	Differential CB Pair Design
	PCT Balun Design
	Results
	Conclusion

	Current-Mode Power Mixer Design
	PMIX Cell Linearization Techniques
	Cascoding
	Biasing
	Resonating Out the Common-Emitter Node Capacitances
	Quasi-Subharmonic Mixer Architecture

	PMIX Cell Design in QUBiC Gen8
	SSB PMIX Performance
	Conclusion

	Discussion
	Current-Mode PA
	Current-Mode PMIX

	Conclusion
	Bibliography

