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1 Introduction
1.1 Background
Monolithic Microwave Integrated Circuits (MMIC) are key components in modern military and commercial
wireless communication systems for operation in the microwave and millimeter-wave frequency regime as they
enable low-cost, high-density and multifunctional integration [1], [2].
MMIC power amplifiers (PA) used in millimeter-wave long distance applications need to be capable of amplifying
signals to Watt-level output powers (>1W). In the Ka-band (26.5-40GHz) these applications include
Very-Small-Aperture-Terminals (VSAT) [3], [4], Local Multipoint Distribution Services (LMDS) [5] and radar [6]-[8] .
Using a process technology having devices with a limited breakdown voltage, multiple distributed active devices
are required to improve the PA output power towards the required level. The layout interconnect between the
multiple devices shows distributed effects at these mm-wave frequencies and thermal coupling between the
devices can result in a thermal hotspot. Next to the limited breakdown voltage of the devices, they have a low gain
and the passive components have a low Q-factor. Hence, such a distributed design introduces severe problems in
power combining, gain improvement, stability, and power-added efficiency (PAE). At the same time, a distributed
design offers many choices for accomplishing power combination, gain improvement and insertion of bias and
stabilization functions.
To find a power efficient design, all these choices need to be explored, which is a cumbersome and
time-consuming task as many design iterations are needed. Therefore, only a limited design space is normally
investigated, which might lead to sub-optimum results. To cope with this, a modular design approach is presented
in this thesis to explore the available options in a structured way. This approach reduces the number of design
iterations such that the optimum PA performance is found in limited time, hereby focusing on output power,
efficiency and gain.
Although state-of-the-art PAs for these applications are commonly implemented in III-V compound technologies
[9]-[12], silicon devices are becoming more attractive in recent years [13]-[17], due to their low cost and increased
performance achieved by technology improvements. However, due to the fundamental differences between silicon
and III-V compound technologies, the realization of Watt-level output powers in silicon technologies is more
challenging, leading to a more urgent demand for the proposed modular approach for these technologies.
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1.2 Problem Statement
The problems encountered at power combining and gain improvement at mm-wave frequencies are first
summed up in a concise form and subsequently discussed in more detail. The problems are related, but not limited,
to:
x impact of layout interconnect;
x low-valued load impedance;
x thermal hotspot;
x complexity of multi-level power combining;
x low performance of actives and passives;
x stable operation;
x PAE degradation;
x impact biasing and stabilization on RF performance;
x overall design complexity;
x uncertainty in large-signal modeling.
The impact of the layout interconnect becomes apparent when parallelization is applied at device- and
circuit-level to perform power combining. Due to the spatial distribution of the devices the layout interconnect
between the devices shows distributed effects at mm-wave frequencies. At the device parallelization these
distributed effects prevent the linear scaling of output power with the number of devices and this leads to a
reduction in efficiency and gain.
When device parallelization is applied and large output powers are needed, a low load impedance is required due
to the limited breakdown voltage. This leads to a high transformation ratio matching network which has in general
lower efficiency.
When the devices are spatially put close to each other for interconnect impact reduction purposes, the mutual
thermal coupling between the devices increases, which can lead to a thermal hotspot. Power combining of multiple
smaller PA cells is therefore often used to cope with the mentioned interconnect, matching and thermal issues. This
results in a multi-level power combined PA architecture, increasing the design complexity.
Next to the watt-level output power, a gain level around 20dB is typically required. The problem is that the
maximum power gain (Gmax) of the active devices at these frequencies is typically lower than the required gain level.
This is imposed by the fundamental trade-off between speed (gain) and breakdown voltage within a process
technology. Moreover, compensation for the passive losses is required. Due to these factors, gain improvement
needs to be used, which can be accomplished by applying cascoding and/or cascading of active blocks. Next to this,
the low Q-factors of the passive components result in larger passive losses, reducing gain and efficiency.
All the active devices need to operate within the stable-operating-area (SOA) to prevent electro-thermal
breakdown. Moreover, oscillations within such a distributed PA, with many interconnected devices and loops,
might easily occur. Therefore additional stabilization measures might be required to ensure stable operation from
DC up to fmax, i.e. to prevent both electro-thermal breakdown and any unwanted oscillation. Part of the required
stabilization networks will be located in the DC-path and hence the designs of the biasing and stabilization networks
impact each other and can have conflicting requirements.
The power added efficiency (PAE) degradation due to the power and gain improvements need to be minimized,
meanwhile having proper biasing and ensuring stable operation. Also, the impact towards PA performance
degradation at insertion of the biasing and stabilization networks needs attention.
The design complexity is large due to the many choices existing and due to interaction between the problems.
In order to increase the confidence in the performance of (multi) devices and to enable first-time-right mm-wave
power amplifier (PA) designs, large signal model verification is required.
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1.3 Aim of the Thesis
The aim of this thesis is to develop a modular design approach, and verify its effectiveness and correctness, for
mm-wave Watt-level PA design. It should explore the available options for accomplishing power combination, gain
improvement and insertion of bias and stabilization functions in a structured way, such that the optimum PA
performance is found in limited time, hereby focusing on output power, efficiency and gain. This approach
incorporates the relevant layout effects as they impact performance significantly at these frequencies.
As regard integration technology, we want to investigate the feasibility of silicon technologies, and more
specifically, SiGe:C BiCMOS technology, for Watt-level PA design. The realization of Watt-level output powers in
these technologies is more challenging, leading to a more urgent demand for the proposed modular approach
compared to III-V compound technologies.
Next to this, to gain confidence in the performance of a (multi) device, large-signal model verification needs to be
applied. A new technique for source- and load-pull measurements is investigated, which can be used for the device
characterization, the latter required for the verification.

1.4 Scope of the Thesis
The scope of this thesis is defined as follows:
x The focus is on VSAT applications at the Ka-band. The enormous growth market for consumer VSAT in
regions with unserved/underserved terrestrial broadband internet access makes this an attractive
application. However, the approach presented in this thesis is also applicable to similar mm-wave
applications where Watt-level output powers are required.
x Due to the focus on VSAT applications, the main performance parameters of interest are: output power,
power added efficiency and gain. Linearity is not of interest as the used modulation schemes are typically
constant envelope (GMSK, QPSK). The bandwidth is not of a major concern as the required bandwidth
ranges from 29.5 to 30GHz, which corresponds with a relative bandwidth of only 1.7%.
x The focus is on on-chip PA design. The (impact of) packaging of the PA and mounting the chip on a PCB
are left out of consideration.
x BiCMOS technology using SiGe:C HBT devices is used as a demonstrator in this work. In comparison with
CMOS, this SiGe:C BiCMOS technology offers a higher breakdown voltage, which is beneficial for power
generation. Although SiGe:C BiCMOS is used, the approach presented in this thesis is also applicable to
other, both silicon (CMOS) and III-V compound, technologies.
x The focus is on on-chip power combining techniques as the goal is to achieve Watt-level output power
on-chip. Hence, combining in the spatial domain via a phased array is left out of consideration.
x Only architectures are investigated that combine the signals of multiple equally operating active sources,
having the same complex-valued signals. Hence, efficiency enhancement architectures like the Doherty
or outphasing amplifier [18] that have out-of-phase signals are left out of consideration.
x The focus is on the reduced conduction angle classes (class A-B) due to their ease of design and
implementation. The switched amplifier classes, like class-F and class-E, are left out of consideration.
x The loading of the PA is assumed to be Ă;ďƌŽĂĚďĂŶĚͿϱϬɏůŽĂĚ͘
x The impact of self-heating of the devices is considered. However, mutual coupling between devices is left
out of consideration.
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1.5 Original Contributions
The original contributions of this thesis are:
x A modular design approach for mm-wave Watt-level PA design to explore the available options for
accomplishing power combination, gain improvement and insertion of bias and stabilization functions in a
structured way. This includes:
o a basic concept for the modular approach and the definition of generic architectures and proper
modules (Ch. 3);
o indicating the sources of undesired odd-mode operation and analyzing the combining efficiency
degradation due to this odd-mode operation (Ch. 3);
o classification of splitting/combining modules regarding their asymmetry/dynamic loading
performance (Ch. 3);
o structuring of the design space (Ch. 4);
o analysis of modules options and their limitations (Ch. 5);
o design-driven modeling including EM-coupling effects to shorten the design cycle (Ch. 6);
x Proposal for a novel hybrid source- and load-pull system (Ch. 7).
x Large-signal device-model verification of SiGe:C HBT devices at 900MHz and 30GHz using a Non-Linear
Vector Network Analyzer (NVNA) (Ch. 8).
x Design and implementation of a 27GHz 31ĚŵWŝŶĂϬ͘Ϯϱʅŵ^ŝ'Ğ͗ŝDK^ƚĞĐŚŶŽůŽŐǇ;Ś͘ϵͿ.

1.6 Thesis Outline
The outline of the thesis is shown in Fig. 1.1 and is briefly discussed below:
Chapter 2 discusses the state-of-the-art in PA design, targeting output powers relevant for Ka-band VSAT
applications. A comparison between the properties of silicon and III-V compound technologies is performed,
focusing on SiGe vs GaAs technology. Several power combining techniques are discussed together with the related
design issues for mm-wave Watt-levels PAs.
Chapter 3 presents the basic concept for the modular approach to cope with the discussed design issues. The
approach is explained using an example PA topology. The desired mode of operation when combining multiple
devices, the even-mode, is discussed together with its counterpart that results in an undesired mode of operation,
the odd-mode. The sources of the undesired odd-mode operation are discussed and the combining efficiency
degradation due to the odd-mode operation is investigated.
Chapter 4 addresses the structuring of the design space. A ‘function matrix’ is presented, showing a distribution
of the required functions for power and gain improvement and for biasing and stabilization over the selected
hierarchical levels, together with the available design parameters shown at each level.
Chapter 5 discusses the available module options and the modules’ limitations. The pros and cons of the different
options will be discussed with their relation to the limitations imposed by the process technology constraints.
Chapter 6 presents the design approach. A design-driven modeling is presented here, which reduces the design
cycle meanwhile including the relevant EM-coupling effects. The PA topology design is discussed in detail and
subsequently the parameter design, the procedure for assigning values to the design parameters, is discussed.
Chapter 7 presents a novel hybrid multi-harmonic load- and source-pull system to overcome the limited
reflection coefficients offered by passive systems. Source- and load-pulling is used at large-signal device
characterization, the latter required for the large-signal model verification.
Chapter 8 provides systematic large-signal model verification for single and multi-device structures in order to
gain confidence in the devices’ performance and to enable first-time-right mm-wave power amplifier (PA) designs.
Chapter 9 discusses a 30GHz, 1W power amplifier design example be implemented in a 0.25um SiGe:C BiCMOS
technology making use of the proposed modular approach, and verifies the approach’s correctness and effectivity.
Chapter 10 provides the conclusions and recommendations.
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Ch. 1 Introduction

Ch. 2 MMIC PA Design for Kaband VSAT

Ch. 3 Modular Approach

Ch. 4 Structuring the Design
Space

Ch. 5 Module Options and
Limitations

Ch. 7 Hybrid Multi-Harmonic
Load- and Source-Pull System

Ch. 6 Design Approach

Ch. 8 Systematic Large-Signal
Verification Procedure for
mm-Wave Transistors

Ch. 9 30GHz, 1W Power
Amplifier Design Example

Ch. 10 Conclusions and
Recommendations

Fig. 1.1 Outline of the thesis.
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2 MMIC PA Design for Ka-band VSAT
This chapter discusses the state of the art in PA design, targeting Ka-band VSAT applications. The application and
the related requirements for the PA within a VSAT ground station are discussed in section 2.1. This section is
completed with an overview of state-of-the-art Ka-band PAs suitable for VSAT operation. From this survey the
dominant technologies (III-V compound technologies) are indicated. As a replacement, the use of a low-cost SiGe:C
BiCMOS technology is investigated. The (fundamental) differences between silicon and III-V compound technologies
are discussed in section 2.2, with a focus on the comparison of SiGe vs GaAs technology. Section 2.3 discusses the
properties of SiGe HBT technology which are important for design. Also the selection of the specific SiGe process is
discussed. Several general PA design considerations important for VSAT PAs are discussed in section 2.4 such as the
device efficiency, impedance matching, the gain vs efficiency trade-off, stable operation and single-ended vs
differential operation. A literature survey of published silicon PAs in the (near) mm-wave frequency regime with
saturated powers towards Watt-level is presented in section 2.5 with their used power combining techniques
discussed. The related design issues for these PAs are discussed in section 2.6.

2.1 Ka-band VSAT PAs
Very-Small-Aperture-Terminals (VSAT) are ground stations used for one-way or two-way data transmission by
means of a satellite communication system. Fig. 2.1 depicts a typical VSAT network. VSAT networks are ideal for
centralized networks with a central host and a number of geographically dispersed terminals. VSATs offer various
advantages, like wide geographical area coverage, high reliability, low cost and independence from terrestrial
communication infrastructure [19]. Services that are offered are broadband internet access, video broadcasting
(DVB), enterprise communication and cellular backhaul. Especially, consumer VSAT is an attractive application due
to the enormous growth market for in regions with unserved/underserved terrestrial broadband internet access.
Traditionally, VSAT networks are operating in the C-band (downlink 3.7-4.2 GHz, uplink 5.9-6.4 GHz) and Ku-band
(downlink 10.95-12.75GHz, uplink 14.0-14.5 GHz). As spectrum licenses in these frequency bands became scarce,
the demand for available spectrum and higher capacity has led to entering the Ka-band (downlink 17.7-20.2GHz,
uplink 29.5-30GHz) [20], [21].

Fig. 2.1 A typical VSAT network, depicting a gateway connected to the internet and showing different types of remote
terminals/clients, depending on the type of service (enterprise communication, consumer broadband or cellular backhaul) [22].
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The required output power level at the Ka-band for the PA within a VSAT ground station can be typically divided
in three classes, depending on the application: 1W (30dBm), 2W (33dBm) and 4W (36dBm). A literature survey of
published state-of-the-art 30GHz Ka-band PAs in these three classes resulted in the overview depicted in Table 2.1.
This table gives a good overview of the market, as all these references are published by the industry or are
commercial-off-the-shelf (COTS) products.
As can be seen, the PAs are all implemented in III-V compound technology with GaAs PHEMT technology
dominating the market in all three output power classes, having a PAE on average higher than 20% with a gain of
more than 20dB. However, this technology is costly for high volumes, mainly due to their smaller wafer size and
lower yield compared to a silicon technology, leading to a higher cost per mm2 [32], [33]. Therefore, SiGe
transistors are becoming more favorable due to their relatively low cost and high integration capability. However,
the intrinsic performance of this technology is in general worse than GaAs technology. The next section investigates
the differences in technology performance.
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Table 2.1 30GHz Ka-Band 1, 2 and 4-Watt power amplifiers. For COTS products, the part name is also shown between
parentheses in the ‘technology’ column.
Po
(dBm)

freq
(GHz)

Technology
(Part name)

[23]

28-31

[9]

PDC @

PAEpeak

Chip
area

Linear gain
(dB)/ #
stages

(mm )

Psat_dens
(mW/mm )

Package

2.55

400

-

27 / 3

3.86

271

-

24.9

16 / 2

3.23

310

-

30.5/30

18.5

20 / 3

-

-

QFN
5x5

7.53

32.8 / 33.5

25

20 / 3

6.17

363

-

6

5.99

33 / 33.5

33

21 / 3

7.39

303

-

-

4.20

32 / 33.9

37

18 / 2

-

-

-

6

11.4

33/32.5

17.5

18 / 3

6.46

-

QFN
5x5

MACOM
GaAs PHEMT
(MAAP-011246)

6

<8.7

33/30

25

23 / 4

-

-

QFN
5x5

27-31

Triquint 0.25um
GaAs PHEMT

-

13.2

35.2 / 35.8

25

24 / 3

12.88

295

yes

[9]

27-31

0.15um
GaInAs/AlGaAs
PHEMT

6

10.1

35 / 36

31

21 / 3

14

284

-

[28]

28-31

Raytheon 0.2um
AlGaAs/InGaAs
PHEMT

6

12.6

35.5 / 36.3

28

22 / 3

12.4

344

-

[29]

26-36

0.18um
AlGaN/GaN
HEMT

24

-

- / 36

23

12 / 2

-

-

-

[30]

28-21

Triquint
GaAs PHEMT
(TGA4906-SM)

6

15.6

36

25.5

22 / 3

-

-

QFN
5x5

[31]

28.5 31

MACOM
GaAs PHEMT
(MAAP-011139)

6

<16.2

36 / 34.5

23

22 / 4

-

-

QFN
5x5

Po_1B/Psat (dBm)

(V)

Po_1dB

UMS 0.25um
GaAs
PHEMT

5.5

-

29.5 / 30.1

-

17 / 4

28-30

WIN 0.15um
GaInAs/AlGaAs
PHEMT

6

-

- / 30.2

-

[24]

26-30

TRW 0.2um
AlGaAs/InGaAs/
GaAs PHEMT

5

3.19

29 / 30

[30]

28-30

Triquint
GaAs PHEMT
(TGA4539-SM)

6

5.4

[25]

27-32

Triquint 0.25um
GaAs PHEMT

6.5

[9]

28-31

WIN 0.15um
GaInAs/AlGaAs
PHEMT

[26]

27-30

[30]

30-40

[31]

27.5 31.5

[27]

Ref.

ൎ30

ൎ33

Vdd

ൎ36

TRW 0.15um
InGaAs/AIGaAs/
GaAs PHEMT
Triquint
GaAs PHEMT
(TGA4516)

(W)

(%)

2

2
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2.2 Silicon vs III-V Compound Technology
This section discusses the differences between silicon vs III-V compound technologies with a focus on SiGe vs
GaAs technology. In section 2.2.1 the performance comparison of the actives is discussed and in section 2.2.2 this is
done for the passives components formed in the back-end-of-line (BEOL).

2.2.1 Actives
To examine the fundamental differences between silicon (Si) and III-V compound (GaAs, InP, GaN) technologies,
some relevant material properties are summed up in Table 2.2 as the bandgap voltage, the electron mobility, the
saturated electron velocity, the breakdown field and the thermal conductivity. The bandgap voltage and breakdown
field are related to device voltage breakdown, whereas the electron mobility and the saturated electron velocity
are related to the device speed.
For a comparison of the device breakdown and speed for different technologies, the Johnson figure-of-merit
(JFOM) is also depicted in Table 2.2, which describes the fundamental relationship between frequency (speed) and
power (breakdown voltage) [36], solely using the semiconductor’s material properties. Although this figure-of-merit
(FOM) is derived using a highly idealized and simplified model, it allows a relative comparison between the
materials. Under the used assumptions, the JFOM is described by:
JFOM =

Eୠ୰ݒ௦௧
= ݂௧ ܸ୫ୟ୶
2ߨ

(2.1)

with Ebr the critical breakdown field, vsat the saturated electron velocity, Vmax the maximum allowable voltage and
and ft the transistion frequency, which is the frequency at which the (small-signal) current gain becomes equal to
one. For a giving technology, the JFOM is a constant value due to the given values for Ebr and vsat and hence this
limit depicts the fundamental trade-off between frequency (ft) and power (Vmax) for a given technology. However,
as the real world is more complex than assumed by the used idealized model, this limit should not be seen as a
physical limit [37]. Comparing the normalized JFOMs for Si (e.g. SiGe) and GaAs, for the same speed (ft), an
AlGaAs/InGaAs device could have a 2.8 times larger breakdown voltage. The potential of GaN technology for high
power applications becomes also clear [38].
Table 2.2 Overview of material parameters for silicon and III-V compound semiconductors [34]. The values between
parentheses refer to the corresponding heterostructures.

Property
Bandgap
Eg (eV)
Electron mobility
ʅn (cm2/Vs)
Saturated (peak)
electron velocity
vsat (x 107 cm/s)
Breakdown field
Ebr (x105 V/cm)
Thermal conductivity
Ⱥ(W/cm-K)
Johnson FOM
(normalized to Si)

Si

GaAs
InP
GaN
(AlGaAs/InGaAs) (InAlAs/InGAs) (AlGaN/GaN)

1.1

1.42

1.35

3.39

1500

8500
(10000)

5400
(10000)

900
(>2000)

1.0

1.0
(2.1)

1.0
(2.3)

1.5
(2.7)

3

4

5

33

1.5

0.5

0.7

1.3

1

1.33
(2.8)

1.67
(3.83)

16.5
(29.7)

The trade-off between ft and breakdown voltage (BV) is plotted in Fig. 2.2 (left) for several generations of the NXP
QUBiC4 BiCMOS process [40], [41] comprising Si BT or SiGe:C HBT devices, and for several generations of a GaAs
PHEMT process [42], [43], one of them [44] is used at reference [9] in Table 2.1. For the QUBiC4 devices, the

10
breakdown voltage corresponds with the BVCEO and for the GaAs PHEMT devices this corresponds with the BVDS for
DC 1. The average ft*BV products for both technologies are also plotted (solid lines), resulting in a 466GHzV and a
205GHzV ft*BV product for the GaAs PHEMT and the QUBiC4 BiCMOS technology, respectively. This indicates the
advantage of GaAs technology over SiGe for power applications considering the speed vs breakdown trade-off.
Also in Fig. 2.2 (right), the maximum frequency of oscillation fmax is plotted versus the breakdown voltage. This
figure-of-merit (fmax) is a better indication for the PA gain that can be expected as it depicts the frequency at which
the maximum available power gain (MAG) becomes equal to one, instead of the current gain. In contrast to the f t vs
BV plot, this plot depicts no monotonically decreasing relationship as function of BV. This comes from the fact that
fmax depends also strongly on the device’s extrinsic (parasitic) parameters as the series resistances, whereas the ft is
related to the intrinsic device parameters. This can be seen by the following approximation of fmax for a bipolar
device:
f୫ୟ୶ ൎ ඨ

݂௧
8ߨܴ ܥ

(2.2)

with Rb and Cbc the equivalent base series resistance and base-collector capacitance, respectively. This shows the
strong dependency of fmax on the base series resistance Rb [45]. A similar expression as (2.2) exists for a FET device
by replacing Rb for Rg (the gate resistance) and Cbc for Cgd (the gate-drain capacitance).

Fig. 2.2 ft vs breakdown voltage (BV) plotted (left) for several generations of the NXP QUBiC4 BiCMOS process [40], comprising
Si BT or SiGe:C HBT devices, and for several generations of a GaAs process, comprising PHEMT devices [42]. For the NXP
QUBiC4 devices, the breakdown voltage (BV) corresponds with the BVCEO and for the GaAs PHEMT device this corresponds with
the BVDS. The average ft*BV product for the GaAs PHEMT technology is 466GHzV and for the QUBiC4 BiCMOS technology this
is 205GHzV. The fmax vs breakdown voltage is plotted in the right figure.

Although the breakdown voltage of GaAs technology is larger, its power handling capability is lower compared to a
SiGe technology due to the GaAs substrate’s lower thermal conductivity compared to silicon (see Table 2.2),
resulting in a lower power density [33], [46]. Hence, a larger area (more devices) is required to deliver the same
power.
1

BVCEO is a worst-case value. The maximum voltage (DC+RF) for a HBT device is normally higher, as will be discussed in section 2.3. For the PHEMT devices the
DC-breakdown values are shown. The maximum voltage (DC+RF) is about a factor 2 higher compared to these values [38].
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2.2.2 BEOL Passives
High-performance passive components needed for matching, interconnect and for power splitting and combining
are commonly implemented in the technology’s back end of line (BEOL). The BEOL comprises the metallization
layers and dielectrics and within this back-end the inductors, MIM capacitors and transmission lines/interconnect
are formed. An overview of the properties for the BEOL for a typical GaAs process and the QUBiC4 gen. 8 process
are depicted in Table 2.3 together with other technology properties important for the passives’ performance. At the
back of the GaAs substrate a layer of gold is deposited (the back-side plating), where the through-substrate-vias
(TSV) connect to and which acts as a good ground plane. Although a SiGe BiCMOS process could have TSVs, as in the
IBM BiCMOS process [47], such option is not available at the QUBiC4 process (it is expensive). At the QUBiC4 gen. 8
process deep-trench-isolation (DTI) can be implemented underneath the passive components to reduce the
substrate parasitics and increase effectively the substrate resistivity.
Table 2.3 Overview of the technology properties important for the passives for a typical GaAs process and the QUBiC4 gen. 8
process.

property

GaAs

No. of metal layers
Top ŵĞƚĂůƚŚŝĐŬŶĞƐƐ;ʅŵͿ
Top metal conductivity (S/m)
Top metal distance to substrate ;ʅŵͿ
^ƵďƐƚƌĂƚĞƌĞƐŝƐƚŝǀŝƚǇ;ɏͼĐŵͿ
Deep Trench Isolation (DTI)
Through substrate vias

2-3
~3.5
3.7
~3.5
>1x106
N/A
yes

QUBiC
gen. 8
5
3
3.1
10
200
yes
no

Transmission lines in GaAs technology are commonly implemented as micro-strip lines (MSL) due to the
availability of the TSVs, making use of the top metal layer as signal path and the ground plane below the substrate
as return path. In contrast, transmission lines in a silicon technology are commonly implemented as
coplanar-waveguide (CPW) transmission lines, using the top metal layer(s) for the signal and return paths and
having a patterned ground shield in the lowest metal layer M1, as shown in Fig. 2.3. To compare their performance,
the attenuation constant and the Q-factor 2 as a ĨƵŶĐƚŝŽŶŽĨĨƌĞƋƵĞŶĐǇĨŽƌĂϱϬɏƚƌĂŶƐŵŝƐƐŝŽŶůŝŶĞĂƌĞƐŚŽǁŶŝŶ Fig.
2.4 for an MSL line in the GaAs technology and a CPW line in the QUBiC4 gen. 8 (SiGe) technology.

Fig. 2.3 CPW transmission line with patterned metal 1 ground shield.

2

The transmission-line Q-factor is defined as QTLсɴͬ;ϮɲͿǁŝƚŚɴƚŚĞƉƌŽƉĂŐĂƚŝŽŶĐŽŶƐƚĂŶƚĂŶĚɲƚŚĞĂƚƚĞŶƵĂƚŝŽŶĐŽŶƐƚĂŶƚ[48].
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Fig. 2.4 EM-simulated attenuation and Q-ĨĂĐƚŽƌŽĨĂϱϬɏƚƌĂŶƐŵŝƐƐŝŽŶůŝŶĞĨŽƌĂD^>ůŝŶĞŝŶ'ĂƐƚĞĐŚŶŽůŽŐǇĂŶĚĨŽƌĂWtůŝŶĞ
in SiGe technology.

Clearly observable, the attenuation constant is much larger (and the Q-factor lower) for the SiGe process as the
resistive losses are much larger.
The Q-factors of lumped inductors are almost equal for both technologies, in the range of 20-30. Hence,
matching with transmission line elements is extensively used in GaAs technology due do their low losses. The
impact of the component Q-factor on the matching losses will be discussed in more detail in section 2.4.2,
Impedance Matching.
Having discussed these differences in technology, it is clear that the realization of mm-wave Watt-level PA in a
SiGe technology is more a challenge compared to GaAs technology.

2.3 SiGe Technology
This section discusses additional properties of SiGe technology relevant for design and subsequently the selection
of the specific generation of the QUBiC4 BiCMOS process.

2.3.1 General Properties
The collector current of a bipolar device in its forward-active region is given in its simplified form as [49]:
ಳಶ

ܫ = ܫ௦ ݁ 

(2.3)

with Is the saturation current, VBE the base-emitter voltage and VT the thermal voltage kT/q, which equals ~26mV at
T=300K. The current IC increases exponential with the base-emitter voltage VBE and is dependent on temperature
via Is and VT.
The collector-emitter breakdown voltage for a bipolar device with its base open (RBсь ŽƌĞƋƵŝǀĂůĞŶƚůǇ/B=0) is
given by the parameter BVCEO. With a shortened base (RBсϬɏͿ ;ĂŶĚ Ăƚ ŶĞŐůŝŐŝďůĞ ĐŽůůĞĐƚŽƌ ĐƵƌƌĞŶƚͿ͕ the
collector-emitter breakdown voltage becomes equal to the parameter BVCBO, the collector-base breakdown voltage
with the emitter open. In normal operation the base resistance RB has a finite value and hence the collector-emitter
breakdown voltage will be in practice in between BVCEO and BVCBO.
Next to this voltage breakdown (electrical breakdown), which is caused by avalanche multiplication, current
flowing through a device can result in thermal runaway, caused by the collector current dependency on the
temperature.
The stable-operating-area (SOA) of the devices is defined in the voltage-current plane by the operation points at
which electro-thermal instability occurs, which is caused by the combination of the two mentioned mechanisms
(avalanche multiplication and thermal runaway) [50], [51].
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2.3.2 Selection of SiGe Process Generation
Fig. 2.2 showed several generations of the QUBiC4 process as a function of speed (gain) and breakdown. Table
2.4 gives a comparison of the parameters of the two generations most suitable for mm-wave applications, gen. 7
and gen. 8.
Table 2.4 QUBiC4 NPN HBT transistor comparison for gen. 7 and gen. 8 [40].

Peak ft (GHz)
JC @ peak fT ;ŵͬʅŵ2)
fmax (GHz)
hFE
BVCEO (V)
BVCBO (V)

QUBiC4 gen. 7
SiGe:C HBT LV
SiGe:C HBT HV
110
60
3.5
0.8
140
120
320
320
2.0
3.5
5.5
13.4

QUBiC4 gen. 8
SiGe:C HBT LV
SiGe:C HBT HV
180
90
8
2
200
200
1800
1500
1.5
2.5
4.5
11.5

Although the devices’ breakdown voltages are somewhat lower, the QUBiC4 gen. 8 is selected based on their
much higher values for fmax, both for the low-voltage (LV) and high-voltage (HV) device, and their higher optimum
current densities, requiring fewer devices to operate at the same current.
For this generation the maximum stable gain (MSG) and maximum available gain (MAG) are plotted in Fig. 2.5 for
the low-voltage device in a common-emitter configuration. At a frequency of 30GHz, a maximum gain of about
13dB is observed.

Fig. 2.5 Maximum stable gain (MSG) and maximum available gain (MAG) plotted as function of frequency for a QUBiC4 gen. 8
transistor in common-emitter configuration.

2.4 Design Considerations
In this section several general PA design considerations are discussed as the device efficiency, impedance
matching, the gain vs efficiency trade-off, stable operation and single-ended vs differential operation.

2.4.1 Device Efficiency
For class-A operation, an output efficiency of ideally 50% can be obtained [18]. Reducing the conduction angle of
the current waveform towards class-B operation by lowering the base bias voltage improves the efficiency as the
DC-current is lowered. However, lowering the base bias voltage reduces the gain as a larger input voltage-swing is
required to obtain the same output power. The power added efficiency (PAE) includes also the gain in its
representation and represents better the actual efficiency:
ܲ െ ܲ
1
ܲ= ܧܣ
= ߟ ൬1 െ ൰
(2.4)
ܩ
ܲ
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ǁŝƚŚ ɻo=Po/PDC the output efficiency, Pin and Po the input and output power, respectively, PDC the consumed DC
power and G the power gain.
Next to reducing the current conduction angle and hence shaping the current waveform, the efficiency can be
further improved by wave-shaping the voltage such that the voltage-current overlap and hence the dissipated
power Pdiss reduces, as at class-F or class-E. However, this requires specific harmonic load terminations,
complicating the design.
Another factor that impacts the device efficiency is the knee-voltage of the device Vknee, effectively reducing the
output efficiency in class-A operation compared to a hypothetical zero knee-voltage case by a factor:
ܸ
Ʉ୩୬ୣୣ = 1 െ
(2.5)
ܸ

2.4.2 Impedance Matching
The maximum output power that can be extracted from one device at ideal class-A operation is given by:
כ
P୭ = 0.5 ܴ݁(ܸ,௫ ܫ,௫
)

(2.6)

with Vo,max and Io,max the maximum voltage the device can withstand and Io,max the maximum current the device can
deliver, respectively, which are determined by the SOA, as discussed in section 2.3.1. To achieve this, the device
need to be terminated in its optimum impedance, the load-line impedance, which equals Zopt=Vo.max/Io,max. When the
required Zopt ŝƐ ŶŽƚ ĞƋƵĂů ƚŽ ϱϬɏ͕ ĂŶ ŽƵƚƉƵƚ ŵĂƚĐŚŝŶŐ ŶĞƚǁŽƌŬ ŝƐ ƌĞƋƵŝƌĞĚ ƚŽ ƚƌĂŶƐĨŽƌŵ ƚŚĞ ϱϬɏ ůŽĂĚ ƚŽ ƚŚŝƐ
optimum impedance to achieve load-line matching. This matching network impacts efficiency and bandwidth.
As example, for a single-section LC-network the efficiency can be expressed as [52]:
1
Ʉ୬୵ ൎ
(2.7)
ξ ܴܶܫെ 1
1+
ܳ
with ITR=RL/Ropt the impedance transformation ratio and QL the inductor’s Q-factor. Fig. 2.6 shows this efficiency as
function of the ITR for several values of QL. Clearly, the degradation of efficiency is observable as the impedance
transformation ratio increases and as the inductor’s Q-factor reduces.

Fig. 2.6 Efficiency as function of the impedance transformation ratio (ITR) for a single-section LC network for several values for
the inductor’s Q-factor.

2.4.3 Gain vs Efficiency Trade-off
As the maximum power gain (Gmax) (see section 2.3.2) of the active devices at these frequencies is typically lower
than the required gain level, and compensation for the passive (matching) losses is required, gain improvement
needs to be used. This can be accomplished by applying cascoding and/or cascading of active blocks. Cascading
reduces the PAE as the total consumed DC power increases. As example, for two cascaded stages, the PAE
becomes:
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ܲܧܣ௧௧

ିଵ
1
1
1െ
1െ
1
1
ܩଵ
ܩଶ
=൮
+
൲
ܲܧܣଵ ܩଶ 1 െ ܩଵ ܩଶ ܲܧܣଶ 1 െ ܩଵ ܩଶ

(2.8)

with PAE1,2 and G1,2 the PAE and gain of the first and second stage, respectively. This equation shows the impact of
the first stage’s PAE (PAE1) on the total PAE, directly depending on the value of G2, the gain of the second stage.

2.4.4 Stable Operation
All the active devices need to operate within the stable-operating-area (SOA) to prevent electro-thermal
breakdown. Moreover, oscillations within a distributed PA, with many interconnected devices and loops, might
easily occur. Therefore additional stabilization measures might be required to ensure stable operation from DC up
to fmax, i.e. to prevent both electro-thermal breakdown and any unwanted oscillation. Part of the required
stabilization networks will be located in the DC-path and hence the designs of the biasing and stabilization networks
impact each other and can have conflicting requirements.

2.4.5 Single-Ended vs Differential Operation
As the source- and load impedance of VSAT PAs ĂƌĞ ĚĞĨŝŶĞĚ ĂƐ ϱϬɏ ƐŝŶŐůĞ-ended, single-ended operation is
required at the PA system’s input and output. Applying single-ended to differential conversion such that the core of
the circuit can operate differentially offers benefits as virtual grounding, doubling the device voltage-swing and
being more immune to common-mode interferers. However, the required differential to single-ended conversion
increases losses and/or introduces asymmetry in the operation, the latter happening when using e.g. transformer
power combining [56].

2.5 State-of-the-Art in Silicon-Based Design
This section discusses the state of the art in mm-wave silicon-based PA design towards Watt-level output powers.
Table 2.5 gives an overview of published (near) mm-wave silicon PAs with saturated powers over 23dBm. Spatial
combining techniques [57], [58] are left out of consideration as the goal is to achieve Watt-level output power
on-chip.

Table 2.5 Comparison with (near) mm-ǁĂǀĞƐŝůŝĐŽŶWƐǁŝƚŚWƐĂƚшϮϯĚŵ delivered on-chip.

Technology

Topology
freq. (GHz)
Supply (V)
Psat,max
(dBm)
PAEmax (%)
Gainmax
(dB)
2
Area (mm )

[65]
(’13)
0.13um
BiCMOS
16-way
in-phase
current
combiner
42
4 / 2.4

[63]
(‘13)
45nm SOI
CMOS
8-way
lumped
ʄͬϰ
combiner
37
4.8

28.4

[60]
(’13)
45nm SOI
CMOS

45
5.1

[63]
(’13)
45nm SOI
CMOS
ʄͬϰůŽĂĚ
modulated
switched
PA
45
2.4 / 2.6

27.3

24.3

23.4

23

23

23.4

30.8

4-stacked
2-bit DAC

[62]
(’07)
0.13um
BiCMOS

[61]
(’05)
0.20um
BiCMOS

[59]
(’14)
0.13um
BiCMOS

[66]
(’15)
0.35um
BiCMOS

41
4

[66]
(’15)
0.35um
BiCMOS
4-way
lumped
ʄͬϰ
combiner
24
5.8

4-way
transformer
combiner

4-way
transformer
combiner

Doublestacked
class-E

60
4

22
1.8

24.7

Device
Parall.
24
5

10

10.7

14.6

6.7

6.3

19.7

34.9

17.6

31

18.5

19.4

18

11.9

20

20

14.5

16.1

18.5

5.55

4.16

0.77

4.16

3.42

6

1.02

5.37

0.86
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Several power combining techniques are presented in these references to overcome the problem of the limited
output power that one device can deliver, which are:
x device-level combining techniques:
o device-parallelization [66];
o device-stacking [59], [60];
x circuit-level combining techniques:
o transformer based voltage-combining [61], [62];
o lumped-element ʄͬϰ(Wilkinson) combining [63], [66];
o transmission-line based in-phase current combining [65].
The distinction between device-level and circuit-level combining is based on the scale of combining: the former at
small electrical distances ;ĚффʄͬϮϬͿ ĂŶĚ ƚŚĞ ůĂƚƚĞƌ Ăƚ ůĂƌŐĞƌ electrical distances. Another distinction can made
considering the implementation of the impedance matching ;ĨƌŽŵ ϱϬɏͿ͕ as this is commonly integrated in the
circuit-level combiner as more area is here available due to the combining over larger distances.
Considering Table 2.5, the highest output powers are achieved by the lumped-element Wilkinson combining [63],
[66] and the transmission-line based in-phase current combining [65]. These combiners allow symmetric operation
for large-scale networks as these types scale well with the number of inputs such that the signals are summed up
in-phase and with equal magnitude. The highest PAE-values are obtained by the device-parallelization [66] and
device-stacking [59], however their generated powers are moderate. These different techniques of power
combining or now discussed in more detail, starting with the device-level combining techniques in section 2.5.1 and
subsequently discussing the circuit-level combining techniques in section 2.5.2.

2.5.1 Device-Level Combining
Device Parallelization
One way to increase the output power is to put multiple devices in parallel (device parallelization) to increase the
output current [67], [68]. One problem here is that the required Zopt reduces when more power is required,
increasing the impedance transformation ratio. Another problem that arises is that the impact of the layout
interconnect becomes apparent when device parallelization is applied. Due to the spatial distribution of the devices
the layout interconnect between the devices shows distributed effects at mm-wave frequencies. This causes the
devices to operate differently from each other and limits the number of devices to use. Nevertheless, this approach
for power improvement is relatively easy at design and implementation.
Device Stacking
Another way to improve the power is to stack multiple devices such that the output voltage is increased [69],
[70], hereby increasing the required Zopt and hence reducing the impedance transformation ratio. The output power
generated by applying device-stacking is limited as it becomes more difficult to realize equally operating stacked
devices, especially at mm-wave frequencies. The design is more complex as compared to device-parallelization as it
is more difficult to obtain equally operating devices.
So for both techniques the linear scaling of output power with the number of devices is prevented as it becomes
more difficult to realize equally operating devices, which leads to a reduction in output power, efficiency and gain.
Moreover, when the devices are spatially put close to each other at both techniques for interconnect impact
reduction purposes, the mutual thermal coupling between the devices increases, which can lead to a thermal
hotspot.

2.5.2 Circuit-Level Combining
To cope with the mentioned interconnect, matching and thermal issues, power combining of multiple smaller PA
cells is therefore often used, leading to circuit-level combining.
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Transformer-Based Combining
Transformer-based combining gained a lot of attention in recent years [56], especially at mm-wave frequencies
as a transformer can offer properties as low loss, broadband transfer and small size [71], [72]. However, it is
difficult to implement a symmetric behaving transformer combiner at an increasing number of inputs due to its
inter-winding capacitances [73]. Consequently, the impedances shown towards the different output stages become
unequal and hence the injected currents need to be scaled down, otherwise electro-thermal breakdown can occur
more easily for some of the stages. This will lead to a degradation in total PA performance.
Wilkinson Combining
 ƉůĂŶĂƌ tŝůŬŝŶƐŽŶ ĐŽŵďŝŶĞƌ ƵƐĞƐ ƚƌĂĚŝƚŝŽŶĂůůǇ ʄͬϰ ƚƌĂŶƐŵŝƐƐŝŽŶ ůŝŶĞƐ ĂŶĚ ĂĐŚŝĞǀĞƐ ŝŵƉĞĚĂŶĐĞ ŵĂƚĐŚŝŶŐ ďǇ
selecting the proper characteristic impedances for the lines. Resistors between the inputs provide isolation
between the inputs [79]. The drawbacks are the large area consumption and increased losses due to the use of the
ʄͬϰ ůŝŶĞƐ͘ DŽƌĞŽǀĞƌ͕ĂƐĂ ůŝŵŝƚĞĚ ƌĂŶŐĞ ŽĨ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ ŝŵƉĞĚĂŶĐĞƐ ŝƐ ƌĞĂůŝǌĂďůĞ͕ ƚŚĞ ŝŵƉĞĚĂŶĐĞ ƚƌĂŶsformation
range is also limited.
To overcome these drawbacks, lumped-element Wilkinson combiners are used, where the ʄͬϰƚƌĂŶƐŵŝƐƐŝŽŶůŝŶĞƐ
are replaced with an equivalent LC-network [74]. However, transmission lines are still required to connect the
multiple lumped-element branches together and sum up the currents.
In general holds for a Wilkinson combiner that it is not flexible in impedance matching as it requires for each
cascaded section an (equivalent) electrical length of 90°.
Transmission-Line Based In-Phase Current-Combining
Compared to the Wilkinson combiner, the in-phase current combiner [64], [75], [76] provides flexibility for
impedance matching as it can employ arbitrary length transmission lines and can result in improved performance in
terms of used area, insertion loss and frequency bandwidth. Also here, as a limited range of characteristic
impedances is realizable, the impedance transformation range is also limited when using transmission lines solely.
To increase the impedance transformation range, lumped elements can be added.
Considering the discussed combining techniques, the device-parallelization would be a good choice to improve
the output power at the device-level, due to ease of use. At the circuit-level, a combiner based on the
transmission-line based in-phase current combiner seems attractive, as it allows large-scale combining and offers
flexibility for impedance matching. Both techniques are current combining and transmission-line based techniques,
one (device-parallelization) applying current combining at small electrical distances (d<<ʄͬ20), and the other
applying current combining at larger electrical distances.
In the next section, the design issues encountered at Watt-level mm-wave PA design, hereby using these two
combining techniques, are discussed.

2.6 Design Issues
As addressed in the previous section, at the device parallelization the performance scales not linear with the
number of device due to the impact of the layout interconnect. This causes the devices to operate differently from
each other. This is visualized in Fig. 2.7, which shows a number of devices connected in parallel with the layout
interconnect in between. A small difference between the devices’ base-emitter voltages causes a large difference in
their collector currents, as stated by (2.3). As the differences between the collector voltages is usually not much,
the differences in impedances observed by the devices is almost entirely determined by this collector current
difference. The result is that the devices are not operating equally and hence the output power is not scaling
proportional with the number of devices. Hence, the distribution and combination of these devices needs careful
attention such that performance degradation is minimized.
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Fig. 2.7 Example of unequal operation of devices when applying device parallelization due to unequal collector currents Ic,i as a
result of the impact of layout interconnect.

The design of the in-phase current combiner at the circuit-level has to deal with the number of inputs, the
desired input impedance, the required minimum transmission line length imposed by the pitch between two
successive PA cells, and the limited range of available component values.
Next to these actions required for power improvement, multiple options exist for realization of the gain
improvement. The goal is to minimize the PAE degradation due to the power and gain improvements, meanwhile
having proper biasing and ensuring stable operation. Also, the impact towards PA performance degradation at
insertion of the biasing and stabilization networks needs attention. Hence, the design complexity is large due to the
many choices existing and due to the interaction between the problems.
To find a power efficient design, all these choices need to be explored, which is a cumbersome and
time-consuming task as many design iterations are needed. Therefore, only a limited design space is normally
investigated, which might lead to non-optimum results. To cope with this, a modular design approach is presented
in this thesis to explore the available options in a structured way. This approach reduces the number of design
iterations such that the optimum PA performance is found in limited time, hereby focusing on output power,
efficiency and gain.
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3 Modular Approach
As discussed, a modular approach is used to reduce the design complexity, by exploring the available options for
accomplishing power combination, gain improvement and insertion of bias and stabilization functions in a
structured way. The modular concept is explained in the next section and subsequently in section 3.2, Example
Topology and Modules, the modular approach is explained in more detail by using an example topology. This
topology is used throughout this work. In chapter 6, Design Approach, the (qualitative) design for this topology will
be discussed in detail in section 6.2, Topology Design, and the (quantitative) design procedure for assigning the
design parameters for this topology will be discussed in section 6.3, Parameter Design. In section 3.3, Even-Mode
and Odd-Mode Operation, the desired mode of operation when combining multiple devices, the even-mode, is
discussed together with its counterpart that results in an undesired mode of operation, the odd-mode. The sources
of the undesired odd-mode operation are discussed in section 3.4 and in section 3.5 the combining efficiency
degradation due to odd-mode operation is discussed.

3.1 Modular Concept
In a modular concept, multiple hierarchical levels can be specified. This provides the opportunity to distribute
both power and gain improvement, biasing and stabilization means over the various levels. A specific choice of
hierarchical levels and of the (qualitative) distribution of the functions over these levels specifies a PA topology.
The (sub)functions at each level are represented by ‘modules’ or a group of modules, and each module on its turn
has various implementation options, the module options. The modular concept enables PA optimization by
exploration of the available module options within a certain PA topology in a structured way.

3.2 Example Topology and Modules
The modular approach is described now in more detail. For reasons of clarity, but without loss of generality, this
will be done on the basis of a specific topology. This topology, which is an instantiation of the generic topology, is
used throughout this work and is discussed here. The motivation for selecting this topology is that it is the preferred
topology for the specific design example that is used in this work. The choices made to result in this topology are
discussed in more detail in section 6.2, Topology Design. The available options for the distribution of the biasing and
stabilization functions throughout the multiple levels depend on the selected module options for the
implementation of the power and gain improvement functions and are therefore described later on in chapter 5.
The modular approach is a process-technology independent approach. However, examples used for clarification are
described in relation to a SiGe:C BiCMOS process using HBT devices.
The PA topology for the power and gain improvements is shown in Fig. 3.1. To improve PA output power
R-multiple active devices (AD) can be combined in the R-direction to create an active cell (AC) by using splitting
module PSR and combining module PCR as shown in Fig. 3.1 left. As shown in Fig. 3.1 upper right, the AD can be
implemented in a common-emitter or a common-base topology using elementary devices (ED). Elementary devices
(ED) have multi gate fingers or multi emitter stripes depending on the use of a FET or a bipolar device, respectively.
This ‘multiplication’ will from now on be referred to as multi-fingered devices for both. The active cells (AC) can be
used in a common-emitter only (H=1) or a cascoded (H=2) topology, the latter using a common-emitter and a
common-base configured active cell (AC). Cascoding performs power and gain improvement. Apart from that,
power can be further improved by combining Q-multiple ACs in the Q-direction by using splitting modules PSQ and
combining modules PCQ. This two-level splitting/combining results in an active module (AM). Instead of cascoding
active cells (AC), in the S-direction active modules (AM) can be cascoded within a power module (PM), as shown in
Fig. 3.1 lower right3.
At the highest level (the PA module) the output powers of N-multiple power modules PMK can be combined in
the N-direction with combining module PCN, as shown in Fig. 3.2. Gain improvement occurs at this level in the
K-direction using K-1 cascaded drivers PM with each driver cascaded with an inter-stage network ISN. At the input
3
At H=2 or S=2 only cascoding of two active cells (AC) or active modules (AM) is allowed within the used topology, respectively. So no cascading is allowed
at these levels, as will be explained in more detail in paragraph 6.2, Topology Design.
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side of each inter-stage network, Mk-multiple (parallel) drivers are present with the index k referring to a specific
driver. The PA’s input signal is distributed towards the M1-multiple (parallel) drivers PM1 with splitting module PSM.
The available sub-functions for the power improvement can be summed up as: amplification (ED, AD, AC, AM,
PM, PA), power splitting (PSR, PSQ, ISN1-ISNK-1, PSM) and power combining (PCR, PCQ, PCN). The inter-stage networks
ISN are here categorized as a power splitting function. However, they can also be implemented as a non-splitting
network (1:1).
The amplification modules containing splitting and combining modules are AC, AM and PA. Cascoding occurs by
cascoding active cells (AC) or active modules (AM). Cascoding improves gain, next to enhancing power. Cascading
on the highest level, the power modules (PM), is another way of accomplishing gain improvement. An amplification
module can comprise more than one active block, possibly combined with splitting and combining modules. Each of
these active blocks can be seen in turn as an amplification module.
At the available discussed directions (H, Q, R, S, K, N, M1-MK-1), the total number of inputs/outputs or submodules
is represented with the capital letter representing also the specific direction. A specific input/output or submodule
is indicated with the small letter representing also the specific direction. As example, in the Q-direction the total
number of inputs of the combining module PCQ is represented with ‘Q’, e.g. Q equals 10. When a specific input of
that module need to be indicated then ‘q’ is used, e.g. q equals two indicates the second input.

AC1
PCR
PSQ

AD

AC2

+

AD

PCR
AD

AD

R

PSR

H=1: CE
H=2: Cascode

AD

+

AD

AD

PCQ

R

PSR

AC1

H

EDCE

AC2

+

ED: multi-fingered devices

S

AC2

AC1

AM1

Q
AM

EDCB

S=1: CE
S=2: Cascode

AM2

PM

Fig. 3.1 Example topology showing the modular approach. The active devices (AD) can be implemented in a common-emitter or
a common-base topology using multi-fingered elementary devices (ED). Each active cell (AC) comprises R-multiple active
devices (AD), a power splitter PSR and a combiner PCR. The active cells (AC) can be used in a common-emitter only (H=1) or a
cascoded (H=2) topology. An active module (AM) comprises Q-multiple active cells (AC), a power splitter PSQ and a combiner
PCQ. The power module (PM) can be implemented in a common-emitter only (S=1) or a cascoded (S=2) topology using active
modules (AM). Cascoding is then applied at power module (PM) level instead of cascoding active cells (AC).
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Fig. 3.2 PA module comprising power splitter PSM, power modules PM1-PMK, inter-stage networks ISN1-ISNK-1 and power
combiner PCN.

3.3 Even-Mode and Odd-Mode Operation
At the amplification modules (AC, AM, PA) where the power improvement is performed by employing the
splitting and combining modules, the output signals of equally operating active blocks need to be combined
coherently to maximize output power within such an amplification module. Referring to Fig. 3.1, the active devices
(AD) within an active cell (AC) are an example of such (parallel) active blocks where it is desirable that they operate
equally. Equally operating active blocks are realized by using:
x Parallel active blocks that are intrinsically the same.
x Equal signals for the parallel active blocks, which means:
a. equal RF input signals;
b. equal biasing levels.
x Equal source- and load impedances over the whole frequency band from DC up to fmax. This includes the
impact of the biasing and stabilization networks.
x Parallel active blocks that operate isolated from each other or that experience equal interactions, which
means having:
a. electrically isolated active blocks, that is no or equal electrical coupling between the active blocks
exists;
b. thermally isolated active blocks, that is no or equal no mutual thermal coupling between the
active blocks exists;
c. electro-magnetically (EM) isolated active blocks, that is no or equal EM-coupling between the
active blocks exists;
d. spatial isolated active blocks, that is the active blocks experience no or equal impact due to
spatial restrictions.
Next to these equally operating active blocks, symmetrically operating splitting and combining modules are
required for distributing the amplification module’s input signal evenly towards the active blocks’ inputs and
summing up the active blocks’ output signals evenly, respectively.
Under these conditions ‘even-mode’ operation is realized: the active blocks’ output signals are equal in
magnitude and phase as well their input signals, so no ‘odd-mode’ components exist between these outputs and
between these inputs [79]. Odd-mode signals are defined here as the signal differences between pairs of output
nodes or pairs of inputs nodes.
At the described even-mode operation, no module interactions take place, i.e. no coupling between modules
exists. The loading presented to a specific active block is not depending on the other parallel active blocks in this
case. Moreover, the even-mode operation allows using an equivalent even-mode diagram, which greatly simplifies
the analysis and design for such an amplification module.
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Odd-mode operation will result in degradation of the amplification module’s combining efficiency, which will be
discussed in section 3.4.2. Moreover, when odd-mode operation occurs odd-mode electrical stability becomes
more of a concern, which will be discussed in more detail in section 5.5, Stabilization. In the next section the
sources for undesired odd-mode operation will be discussed.

3.4 Sources of Odd-Mode Operation
Undesired odd-mode operation within the amplification module results as asymmetry arises when one or more
of the required conditions for even-mode operation are not satisfied. Assuming having intrinsically the same active
blocks, asymmetry can result from:
x Splitting and combining modules:
o Asymmetric nature of the splitting and combining modules themselves.
o Electrical coupling between the outputs of the splitting module and/or between the inputs of the
combining module due to finite isolation between the outputs or inputs, respectively. This results
in dynamic loading. At dynamic loading, the loading presented by the splitting and combining
modules to an active block depends also on the behavior of the other parallel active blocks.
x Imperfect grounding resulting in unequal ground return paths for the parallel active blocks:
o Asymmetry between the ground return paths themselves.
o Increased electrical coupling between the parallel active blocks due to this.
x Bias distribution networks:
o Impact of asymmetric nature of the networks themselves;
o Increased electrical coupling between the parallel active blocks due to impact of the bias
distribution network;
x EM-coupling between or within modules.
x Thermal coupling between or within modules.
Due to coupling mechanisms (electrical, EM, thermal) existing between modules the situation becomes more
complicated as the modules can interact with each other, which leads to an increased odd-mode operation. The
final odd-mode operation is the result of the combined impact of the listed sources. These sources of odd-mode
operation are now discussed in more detail one by one.

3.4.1 Asymmetry and Dynamic Loading at Splitting and Combining Modules
Depending on the type of module used, the splitting and combining modules can show asymmetric and/or
dynamic loading behavior. Different types of those modules will be discussed in chapter 5. The asymmetry results
from unequal transmission paths and unequal reflections experienced by the outputs or inputs of a splitting or
combining module, respectively, which give rise to odd-mode operation. The dynamic loading behavior results from
the interaction between its (dynamic) outputs or inputs, respectively. This results from the fact that at a linear
passive multi-port the loading presented by a specific port depends in general next to the multi-port’s intrinsic
properties also on the (extrinsic) signals at the other ports. Due to these signal dependencies, all the signals of the
other modules within the same amplification module potentially contribute to that specific port’s presented
loading. Only when the ports of such multi-port are isolated from each other, no dynamic loading will occur at the
multi-port. Dynamic loading increases the odd-mode operation as the inequality between the loadings presented to
the parallel active blocks increases. As mentioned, depending on the type of module used the asymmetry and
dynamic loading manifests itself. This is now discussed in more detail for a combining module as an example.
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Fig. 3.3 Combining mŽĚƵůĞǁŝƚŚ&ŝŶƉƵƚƐ͕ŽŶĞŽƵƚƉƵƚĂŶĚůŽĂĚƌĞĨůĞĐƚŝŽŶĐŽĞĨĨŝĐŝĞŶƚȳL.
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A combining module can be seen as a multi-port module with F inputs and one output, as shown in Fig. 3.3. The
input reflection coefficient of such a module is expressed using s-parameters as:
ܵ,ிାଵ ߁
σி ܵ
σிୀଵ ܵ, ܽ +
ܽ
1 െ ܵிାଵ,ிାଵ ߁ ୀଵ ிାଵ, ୨
߁, =
ተ
(3.1)
ܽ
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with Sx,y the module’s s-ƉĂƌĂŵĞƚĞƌƐ͕ȳL the load reflection coefficient and ax the incident waves, with x,y=1,2,..,F,
and aj=f(ai) showing the condition that the incident waves at the other ports (aj) are a function of the incident wave
at the port of interest (ai). This function is required to define correctly an impedance for such multi-port, as the
relations between the incident wave at the port of interest and the incident waves at the other ports need to be
defined for this. The impedance definition for such multi-port is discussed in detail in Appendix A, Multi-port
Impedance Definition. From (3.1), one can see the dependency on the incident waves of the other input ports ax
(the extrinsic signals), next to the module’s s-ƉĂƌĂŵĞƚĞƌƐĂŶĚƚŚĞůŽĂĚƌĞĨůĞĐƚŝŽŶĐŽĞĨĨŝĐŝĞŶƚȳL.
For reasons of convenience, the condition that describes the relation between the incident waves is assumed to
be implicitly included in the equations and hence is not mentioned at the equations anymore from now on. The
type of module can be classified regarding the impact to the odd-mode behavior according to its intrinsic properties
(described with Z/Y-parameters and indirectly with S-parameters).
As said, a combining module can be seen as a multi-port module with F inputs and one output, as shown in Fig.
3.3. According to the module’s intrinsic properties described with S-parameters the combining module can be
classified considering its:
1. input reflection coefficients S i,i ǁŝƚŚŝт&нϭ͖
2. forward transmission coefficients from the inputs towards the output SF+1,i ǁŝƚŚŝт&нϭ͖
3. transmission coefficients between the inputs S i,j ǁŝƚŚŝтũ͕ŝт&нϭĂŶĚũт&нϭ͕ŝ͘Ğ͘ƚŚĞŝƐŽůĂƚŝŽŶďĞƚǁĞĞŶƚŚĞ
inputs. For these coefficients reciprocity is assumed, so Si,j=Sj,i;
4. reverse transmission coefficients from the output towards the input S i,F+1 ǁŝƚŚ ŝт&нϭ͕ ŝ͘Ğ͘ ƚŚĞ ŝƐŽůĂƚŝŽŶ
between the inputs and output.
Considering this, the following module classification is made:
x A symmetric module is classified as having equal input reflection coefficients and each type of transmission
coefficients is equally valued. Then (3.1) becomes:
߁, =
x
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An input isolated module is classified as having zero-valued transmission coefficients between the inputs.
Then (3.1) becomes:
߁,
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At a symmetric module, only when all incident waves ai ĂƌĞĞƋƵĂůƚŽĞĂĐŚŽƚŚĞƌ͕ƚŚĞȳin,i values are equal and
symmetric operation results. For even-mode operation, this type of combining module is required, as mentioned
earlier.
At an input isolated module, ǁŚĞŶȳL equals zero (the matched case) the presented impedances depend only on
its intrinsic properties and no dynamic loading occurs. When ȳL unequals zero (the unmatched case), the presented
impedances depend also on the incident waves, the input signals, and hence dynamic loading occurs.
A module can have multiple classifications, so e.g. a symmetric module can also be classified as input isolated.
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Putting this in relation to the odd-mode operation:
x A combining module that is asymmetric results in odd-mode operation due to the unequal loading of
the parallel active blocks and/or non-coherent summing of the active blocks’ output signals. Only in
case when this module is also input isolated and load matched, no dynamic loading occurs and hence
no module interaction between the active blocks occurs. So further enlargement of the odd-mode
operation will not occur.
x A combining module that is not input isolated results only in no odd-mode operation when this module
is also a symmetric module with having equal incident waves. Otherwise, such an module results in
increased odd-mode operation due to the dynamic loading that is changing the presented loadings to
each of the parallel active blocks.
x A combining module that is both asymmetric and not input isolated results in odd-mode operation due
to the two aforementioned mechanisms combined.
A similar classification and similar observation can be made for a splitting module, comprising one input and F
outputs.
Having unilateral active blocks in front of a combining module, the active blocks’ input signals are not affected by
a potential dynamic loading behavior of this combining module. Hence, this decouples the combining module’s
dynamic loading behavior from the splitting module’s dynamic loading behavior, which makes the realization of
even-mode operation less complex. The degree of complexity depends on the modules’ classification type and the
amount of modules participating in the dynamic loading behavior.
In chapter 5, Module Options and Limitations, the different options for implementation of the splitting and
combining modules and amplification modules will be related to the presented module classification. In section
3.5, Combining-Efficiency Degradation Due to Odd-Mode Operation, the impact of the discussed asymmetry and
dynamic loading is included.

3.4.2 Imperfect Grounding
In process technologies where no good, low-impedance, on-chip ground plane is available, the ground return
path needs to be implemented in one (or more) of the available metal layers. The (intended) on-chip ground return
paths for the RF-currents are part of the splitting and combining modules and hence the symmetry between the
ground return paths of the parallel active blocks depends on the type of splitting or combining module used, as was
discussed in the previous section. The ground return paths for the DC-currents are often implemented in an
asymmetric way from the point of view of the parallel active blocks due to spatial (planar) restrictions within the
technology. Using for this, if possible, also the RF ground return paths would lead to a larger DC voltage drop and
hence reduced output power and efficiency. The DC ground paths connect at some points to the RF ground return
paths, hereby introducing asymmetry in the effective ground return paths of the RF currents. Hence, the effective
RF ground path and DC path resistances differ between the parallel active blocks and asymmetry between the
operation of these blocks can result. Moreover, electrical coupling between the parallel active blocks can increase
due to this. The RF ground return paths and DC ground return paths are explicitly included for these reasons in the
modeling during design, which will be discussed at chapter 6, Design Approach.
Implementing the parallel active blocks in a differential topology ideally disconnects the differential (RF) ground
paths (for the odd harmonics) from the common-mode (DC) ground paths due to the concept of virtual grounding.
However, it is often required that the input and output of the chip still need to be a single-ĞŶĚĞĚ;ϱϬёͿĐŽŶŶĞĐƚŝŽŶ
and hence transitions from single-ended to differential are required here, leading to increased loss and/or
asymmetry. Hence, a single-ended topology is chosen.
For the application the chip will be finally mounted on a PCB, which has a low-impedance ground plane, with the
on-chip ground paths connecting to the PCB ground via bond wires. Hence, it makes sense to have enough ground
bond wires distributed along the chip sides to minimize the ground impedance from chip to PCB, which should be
included in the modeling. However, the PCB design is beyond the scope of this thesis, which focuses on the chip
design.
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3.4.3 Biasing Distribution
The networks required for distribution of the DC supply and bias signals can introduce an asymmetry in the
operation of the parallel active blocks as these networks are often implemented in an asymmetric way from the
point of view of the parallel active blocks due to (spatial) limitations within the technology. Moreover, these
networks can increase the electrical coupling between the parallel active blocks. The impact of the DC supply
networks on asymmetric operation of the parallel active blocks is discussed in section 5.4, Biasing.
The biasing signals for the parallel active blocks could be generated locally at each active block, hereby reducing
potential asymmetry of a distribution network. However, this is beyond the scope of this thesis due to time
limitations.

3.4.4 Electromagnetic Coupling
The other module interaction that can occur within a module or between modules is electromagnetic (EM)
coupling. The dominant coupling mechanism is magnetic coupling in the currents’ transverse spatial direction. At
even-mode operation, transverse capacitive coupling can be neglected due to the approximately zero-valued
voltages across the parasitic capacitances between the modules.
Due to these coupling effects, a changed behavior for the modules can be expected compared to the situation
that they are isolated from each other, i.e. when no EM coupling exists. Therefore, the coupling effect’s impact
towards performance should be investigated and hence included in the modeling. In chapter 6, Design Approach,
the inclusion of this EM-coupling in the module modeling is discussed.

3.4.5 Thermal coupling
Thermal coupling between the parallel active blocks results in a temperature gradient along the active blocks.
These temperature differences can result in different operation for the parallel active blocks [53]. The impact of
temperature on a (single) active block’s operation is investigated in section 6.3, Parameter Design. The investigation
of thermal coupling between the active blocks is beyond the scope of this thesis.

3.5 Combining-Efficiency Degradation Due to Odd-Mode Operation
In this section the relations towards the combining efficiency for an amplification module containing splitting and
combining modules (AC, AM, PA) are investigated. For the mentioned amplification modules, the combining
efficiency relates the combining module’s output power to the total available active blocks’ output power. The
available active block’s output power is the power that an active block delivers when it is load-line matched. This is
investigated for general operation, so including odd-mode operation next to the desired even-mode operation.
Having these relations enables to quantify potential degradation of the combining efficiency due to odd-mode
operation. Next to the described module interactions, also the (intrinsic) asymmetry of a splitting and/or combining
module contributes to the odd-mode operation. So all sub-blocks within these amplification modules can
contribute to the odd-mode behavior. This analysis makes no assumption regarding the combining module’s
classification-type, i.e. if it is (a)symmetric and/or (not) input isolated. This is in contrast to [55], which investigates
the degradation of the combining efficiency due to the variability among the signal sources and assumes hereby the
use of a symmetric input isolated combiner.
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Fig. 3.4 Combining module with F inputs and with ZL the output port’s load impedance.
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For a combining module having F inputs, as shown in Fig. 3.4, the overall combining efficiency is expressed as:
ߟ௧௧ =

ܲ
σிୀଵ ܲ,௧,

(3.4)

with Pin,opt,i the available active blocks’ output powers and Po the output power delivered to load ZL. Including the
ƌĞůĂƚŝŽŶƚŽǁĂƌĚƐƚŚĞĂĐƚƵĂůĚĞůŝǀĞƌĞĚŝŶƉƵƚƉŽǁĞƌƐ͕ɻtot becomes:
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and with Pin,del,i the actual delivered input powers. The first factor on the right (3.5) expresses the power mismatch
at the combining module’s inputs as it relates the total actually delivered input power to the available input power
of the combining module. The second factor on the right, the intrinsic ĞĨĨŝĐŝĞŶĐǇ ɻintr, relates the combining
module’s output power to the total actually delivered combining module’s input power. Having these two factors
enables to observe the contribution of each factor towards the overall combining efficiency.
Assuming equal active blocks and hence equal available optimum input powers Pin,opt,i , (3.5) reduces to:
ி
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The load mismatch factors, LMFs, are related to the mismatches between the actual combining module’s input
impedances and the optimum load-line matched impedances and the differences between the actual and optimum
input currents and voltages. Assuming that the elementary devices’ (ED) output voltages and currents will not
exceed their maximum values, the LMF values are expressed in terms of currents and impedances as:
ܨܯܮ =

|ܫ |ଶ ܴ݁{ܼ, }
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(3.7)

or expressed in terms of voltages and admittances as:
ܨܯܮ =
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with Imax and Vmax the active blocks’ maximum allowed RF-current and voltage and Zopt/Yopt the active blocks’
optimum load-line impedance/admittance, and Ii and Vi the actual input currents and voltages and Zin,i/Yin,i the
actual presented input impedances/admittances, respectively.
Considering (3.6), having all LMF values equal to one means that maximum input power is delivered to the
combining module͘ DĂǆŝŵƵŵ ɻintr for a specific combining module is achieved when the delivered combining
module’s input signals have the proper magnitude and phase such that they add up maximally to maximize output
power.
In case dynamic loading is present, the required extrinsic condiƚŝŽŶƐĨŽƌŵĂǆŝŵŝǌŝŶŐɻintr can be conflicting with
the required extrinsic conditions for maximizing the averaged summation of the LMFs, i.e. different sets of input
currents can be required. In case for a symmetric combining module, both required extrinsic conditions are the
same, which is the condition with equal input signals. Under these conditions all the input impedances are equal to
each other and hence the input currents and voltages are all equal. For the case the real part of Zin is smaller than
the real part of Zopt (current-limiting operation), (3.7) reduces to:
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and for the case the real part of Zin is larger than the real part of Zopt (voltage-limiting operation), (3.8) reduces to:
ܨܯܮ = = ܨܯܮ
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similarly as used in [77], [78], where in the latter reference the use of such a symmetric combining module having
equal input signals is assumed.
To quantify the potential degradation due to undesired odd-mode operation the LMF values should be
determined. The amount of LMF degradation sets a limit on the usable electrical size when using asymetric splitting
and combining modules. Assumed ŝƐŚĞƌĞƚŚĂƚƚŚĞĚĞŐƌĂĚĂƚŝŽŶŽĨƚŚĞŽǀĞƌĂůůĞĨĨŝĐŝĞŶĐǇɻtot is mainly determined by
the LMF factors. This is valid in the case the combining modules are not becoming very large in electrical size and
hence the intrinsic ĞĨĨŝĐŝĞŶĐǇɻintr remains close to one.
As the LMFs depend on the input currents, to determine them requires also knowledge of the behavior of the
other modules within the amplification module that define these currents, which are the splitting module and the
active blocks. The impact of the other modules towards these input currents is defined by the classification-types of
these modules. The injected input currents Ii are related to the active blocks’ generated currents, in the small-signal
case, by:
ܻ,
(3.11)
ܻை, + ܻ,
with Iact,i and YO,i the active block’ short-circuit current and output admittance, respectively.
Having unilateral active blocks, the short-circuits currents Iact,i are solely determined by the behavior of the
splitting module together with the active blocks’ Y-parameters Y11,i and Y21,i. No feedback signals from combining
towards splitting module are present here. Having non-negligible feedback, the short-circuits currents Iact,i are
determined by the behavior of all the modules and their interactions. Dynamic loading occurring at the splitting
module can therefore negatively affect the LMF values. Hence, in this case, the complete amplification module’s
behavior needs to be known, as it determines the input currents and hence the LMF values.
When operating in class-A, the DC-currents can be assumed to be not depending on the input signals and hence
can be approximated constant. Hence͕ĨŽƌƚŚŝƐƚǇƉĞŽĨŽƉĞƌĂƚŝŽŶƚŚĞŽǀĞƌĂůůĐŽŵďŝŶŝŶŐĞĨĨŝĐŝĞŶĐǇɻtot predicts next
to the mentioned degradation of output power also the degradation in output efficiency.
ܫ = ܫ௧,
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4 Structuring the Design Space
The main function of a PA is the amplification function, with its subfunctions, power splitting and power
combining, required within the modular approach for obtaining a mm-wave watt-level PA. The biasing and
stabilization functions are in turn required for proper operation of all the elementary devices (ED) within the PA.
The options for distribution of the latter two functions depend strongly on the implementation of the power and
gain improvement functions.
The distribution of these functions (amplification, power splitting, power combining, biasing and stabilization)
over the selected hierarchical levels together with the available design parameters at each level can be presented
with a ‘function matrix’. Such a distribution defines a PA topology and a function matrix comprising all the assigned
design parameters is the outcome of a specific design.
The result of the function distribution for the power and gain improvement functions (amplification, power
splitting and power combining) for an example PA topology was discussed in section 3.2. For this example PA
topology the function matrix is given in Table 4.1 with the already discussed modules and their related design
parameters at each level inserted in the matrix.
The choice of the hierarchical levels together with the module distribution for the functions (amplification, power
splitting, power combining, biasing and stabilization) is discussed in section 6.2, Topology Design. The procedure to
assign the design parameters is discussed in section 6.3, Parameter Design.
Table 4.1 Function matrix showing the distribution of the functions over the hierarchical levels, together with the design
parameters per level. The latter comprises ‘module type’ and ‘topology parameters’. For the example PA topology of section
3.2 the discussed modules (amplification, power slitting and combining) and their related design parameters at each level are
inserted in the matrix. The items that still need to be addressed are indicated as yet with TBA.
Function
Amplification
Level

Power
splitting

Power
combining

Biasing
base

Biasing
collector

Stabilization

PCN

TBA

TBA

TBA

-

TBA

TBA

TBA

Design parameters
Module
Topology
type
parameters
N, K,
TBA
M1-MK-1
TBA
S
H, Q
TBA

system

PM1-PMK

sub-level 1

AM

PSM
ISN1-ISNK-1
-

sub-level 2

AC

PSQ

PCQ

TBA

TBA

TBA

sub-level 3

AD

PSR

PCR

TBA

TBA

TBA

TBA

sub-level 4

ED

-

-

TBA

TBA

TBA

TBA

R
-
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5 Module Options and Limitations
In this chapter the module implementation options and the module limitations will be discussed for each of these
functions: amplification, power combining, power splitting, biasing and stabilization. For the power and gain
improvement functions (amplification, power combining and power splitting), the relation of the module options to
the dynamic loading from section 3.4.1 will be discussed, when relevant. The module options for the biasing and
stabilization functions depend on the given module implementation options for the power and gain improvement
functions, as mentioned earlier. At the module options, the pros and cons of the different options will be discussed
with their relation to the limitations imposed by the process technology constraints.

5.1 Amplification
The elementary devices (ED) within an active device (AD) are multi-fingered devices, which can be configured in a
common-emitter or common-base topology, to form the common-emitter only or the cascode topology (see Fig.
3.1). The remaining selectable parameters for the elementary devices (ED) are the device type, i.e. a low-voltage
(LV) or high-voltage (HV) device, the number of fingers 4 (Nf) and the device-area per finger (WfxLf). The HV-device
has in general a higher breakdown voltage with a lower peak ft compared with the LV-device, due to the inevitable
well-known trade-off between both parameters, as discussed in section 2.2.1. For the used process technology in
this work (QUBiC 4 gen. 8), the peak ft/fmax and BVceo/BVcbo values are once again shown in Table 5.1 for a low- (LV)
and high-voltage (HV) [40]. To obtain more insight in the behavior of ft and fmax as function of the current density,
these values are now determined by simulations for a LV- and HV-device in a common-emitter configuration at
VCB=1V, as shown in Fig. 5.1. Both devices have an emitter area of 0.4x20.4um2.
Table 5.1 Device parameters for low- and high-voltage device, see Table 2.4.

Device type
Low-voltage (LV)
High-voltage (HV)

ft/fmax (GHz)
180 / 200
90 / 200

BVceo/BVcbo (V)
1.5 / 4.5
2.5 / 11.5

Jopt ;ŵͬʅŵ2)
8
2

Fig. 5.1 Simulated ft and fmax as function of the current density (JC) for a single-fingered LV- and HV-device in a common-emitter
configuration at VCB=1V, both devices having an emitter area of 0.4x20.4um2.

4

as mentioned in section 3.2, a finger refers for a bipolar device to an emitter stripe.
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The HV device’s maximum ft, fmax is when Jc equals about 1.2ŵͬʅŵ2 and falls rapidly if the current density is
further increased. The LV device’s ft, fmax curves increase smoothly and peak at 6ŵͬʅŵ2. From about 3ŵͬʅŵ2
onwards the increase is not much anymore. The values for the optimum current densities are lower compared to
the values that were shown in Table 5.1, which come from the QUBiC4 manual [40], as the latter where extracted
at optimum VCB conditions. This is also the reason for the relatively large difference in peak fmax for the LV-device
(150GHz vs 200GHz).
Increasing the number of fingers of the elementary device (ED) for a given emitter area increases its fmax (and
hence power gain) as it reduces its effective base resistance ƉĞƌʅŵ2 emitter area. However, in building op a metal
stack from the lowest metal (M1) to the top metal (M6) layer and hereby obeying the layout DRC rules, it is
convenient to have maximum freedom in determining the spacing between the fingers (emitter stripes) and hence
in view of this a single finger is desirable. The number of fingers (emitter stripes) can then effectively be increased
at a higher level (see Fig. 3.1), within the active module (AM), by increasing the number of active devices (AD).
The emitter width of a finger is typically set to a minimum to minimize the device’s layout parasitics ƉĞƌʅŵ2
emitter area such that the device gain degradation is kept to a minimum. Setting the finger’s emitter length to the
maximum value allowed by the foundry model maximizes the output power per elementary device (ED) per finger,
however, this increases the layout parasitics ƉĞƌʅŵ2 emitter area, and hence reduces the device gain. This gain
degradation is investigated by simulating the ft and fmax as function of the emitter length for a single-finger
LV-device in a common-emitter configuration, with the results shown in Fig. 5.2.

Fig. 5.2 Simulated ft and fmax as function of the emitter length (Leсϭ͕ϱ͕ϭϬ͘Ϯ͕ϮϬ͘ϰʅŵͿ for a single-fingered LV-device in a
common-emitter configuration at VCBсϭs͘dŚĞĞŵŝƚƚĞƌǁŝĚƚŚŝƐƐĞƚĨŝǆĞĚƚŽƚŚĞŵŝŶŝŵƵŵŽĨϬ͘ϰʅŵ͘

As can be seen, the ft and fmax curves decrease monotonically, as expected. The reduction in ft and fmax above an
ĞŵŝƚƚĞƌ ůĞŶŐƚŚ ŽĨ ϭϬʅŵ ŝƐ ŶŽƚ ŵƵĐŚ ĂŶǇŵŽƌĞ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ŽƵƚƉƵƚ power that can be extracted increases
approximately proportional with the emitter length. Hence, an emitter length of e.g. 20.4ʅŵǀƐϭϬ.2ʅŵŐŝǀĞƐĂďŽƵƚ
the same gain, but double output power.
To cope with the relatively low ft*BV product of the SiGe:C technology, a cascode configuration comprising a
low-voltage common-emitter (LV-CE) device and a high-voltage (HV-CE) common-base device can be used to
improve the gain and the breakdown voltage significantly [80]. Having a fixed supply voltage can result in efficiency
degradation at cascoding compared to a common-emitter topology as only the total knee-voltage increases (see
section 2.4.1). However, when the supply voltage is freely to choose the knee-voltage efficiency can become even
larger for the cascoding.
The BVcbo values from Table 5.1 indicate the maximum allowable collector-base voltages with the emitter open,
i.e. the emitter current is zero. In case there is emitter current flowing, as in normal PA operation, the elementary
devices’ (ED) voltage and current limits are determined by the stable-operation-area (SOA) regarding
electro-thermal stability, as discussed in section 2.3, together with the DC and RF current limitations for the
device’s backend due to DC electro-migration and Joule-heating.
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Considering the mentioned classification regarding dynamic loading behavior, an amplification module is simply
classified by its two-port reverse transmission coefficient S12, the isolation. A cascoded amplification module (AD,
PM) can be seen as a unilaterized module due to its high isolation (S12уϬͿ͘ dŚŝƐ ǁŝůů ĚĞĐŽƵƉůĞ ƚŚĞ ĐŽŵďŝŶŝŶŐ
module’s dynamic loading from the splitting module’s dynamic loading behavior, as mentioned. At a
common-emitter amplification module the reverse transmission coefficient S12 is often non-negligible when
operating at mm-wave frequencies. The comparison between the common-emitter and cascode topology is
summarized Table 5.2.
Table 5.2 Comparison between common-emitter and cascode topology

Topology
Gain
Common-emitter Moderate
Cascode

Good

Breakdown
Moderate
Good (using
(LV/HV pair)

Isolation efficiency
Moderate See (2.5)
Good

see (2.5)

5.2 Power Combining
The performance of the combining module impacts the amplification module’s output power and efficiency
directly, as the combining module connects to the outputs of the active blocks. Three combining topologies are
selected as potential candidates for implementation at network level: the star, the distributed and the binary tree
topology, which are all shown in Fig. 5.3. The topologies are all current-summing and transmission-line based, as
selected in section 2.5.
Next to the power combining, the combining module performs impedance transformation. Additional matching
elements can be integrated with the combiner to extend the impedance transformation range and/or reduce the
combiner’s losses for a certain impedance transformation ratio.

distributed
binary tree
star
Fig. 5.3 Current-summing topologies using transmission-line elements for the splitting and combining modules.

Considering the three topologies and the module classification, none of them results in an input isolated module,
so in general dynamic loading occurs for these topologies. Obtaining an input isolated combining module would
require e.g. a Wilkinson combiner, as discussed in section 2.5.2.
The binary tree topology is the only topology resulting in a real symmetric module, independent of its electrical
size. As discussed earlier, at a symmetric combining module with equal input signals, all input impedances are equal
and also no dynamic loading occurs. The drawback of the binary tree topology is the required area, which is larger
compared to the other two topologies.
The star and distributed topology have an asymmetric nature, the distributed topology more than the star
topology. However, when their electrical size is small they can perform approximately as symmetric modules.
Therefore, for these two topologies care must be taken at synthesizing the desired impedances as their symmetric
operation depends on their electrical size, where the latter is a function of physical distance and the signals’
wavelength. This can result in unequal input impedances and dynamic loading. A (qualitative) comparison between
the discussed topologies is shown in Table 5.3 considering symmetry, input isolation and area.
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Table 5.3 Characteristics for the combining module options.

Topology Symmetry Input isolation
Area
Star
Moderate
Poor
Moderate
Distributed
Poor
Poor
Good
Binary tree
Good
Poor
Poor
The combiner topologies can be implemented at physical level with different types of interconnect/transmission
lines, such as CPS, Micro-strip and CPW [79]. Considering the undesired EM-coupling, a CPW-line performs
outstanding in terms of self-shielding and hence the interaction is negligible. However, it consumes the largest area.
The currents flowing within the combiner are limited by the backend electro-migration and Joule-heating
restrictions. The metal traces should therefore be well-dimensioned to prevent failure as relatively large powers
and DC-currents are expected here.

5.3 Power Splitting
For the splitting modules the same topologies as used at the power combining can be used. As mentioned in
section 3.5, symmetric operation of the splitting module is important to maximize the combining efficiency. The
main differences to the power combining are the power and DC-current levels, which are relative low here. Hence,
no problems will be expected due to the mentioned backend current limitations.

5.4 Biasing
With the module options known for the splitting and combining modules, the module options of the biasing
and stabilization functions can be discussed.
Each power module (PM) can be biased separately and in that case it needs its own biasing signals. In general, the
biasing distribution can be located closer to or further away from the active devices (AD).
Without loss of generality, the available options for the collector biasing are discussed using a four-input
binary-tree combining module as an example, as shown in Fig. 5.4. Considering this figure, moving the location of
bias insertion from reference plane A towards C will have a number of consequences: 1) Reduce the number of
supply nodes to connect. This leads to less asymmetry between the inputs introduced by the biasing network and
hence reduced odd-mode operation. 2) Enlargement of the available area per bias element. 3) Increase of the
DC-resistance. Considering Fig. 3.2, the power modules’ collector biasing networks are likely to be integrated at PA
module level within the combining module PCN and the inter-stage networks ISN1-ISNK-1 due to the area
consumption of the required inductors. Another option, which is only available for PMK, is to insert the collector
biasing off-chip at reference plane ‘D’. This allows using off-chip high Q-factor components.
The inductors for the collector biasing can be implemented in a lumped or distributed fashion, the latter using
transmission lines and hence occupying more area and having a lower Q-factor in the used SiGe:C BiCMOS
technology. These shunt inductors can be included as part of the impedance matching. From this perspective,
inserting the inductors at reference plane ‘A’ (see Fig. 5.4) would be a proper choice as the shunt inductance can
resonate out directly the active blocks’ output capacitances.
The currents flowing in the output biasing networks need attention as relatively large powers and DC-currents
are expected here. The metal traces should therefore be well-dimensioned to prevent failure.
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G
S
G

A

B

C

D
off-chip

Fig. 5.4 Different positions (plane A, B, C) for inserting the collector biasing means for a ‘binary tree’ combining module with
four inputs. The option at plane ‘D’ is only available for combining module PCN.

The base DC current per active device (AD) is relatively small compared to the collector current and hence
resistors are a good option to use for the input biasing. However, having a large resistor can change the
voltage-drop significantly when the DC base current increases when driving the devices into compression [81]. The
result is that the device’s base DC voltage reduces and hence the device operation will deviate from the intended
operation as it will operate deeper into class B. The impact of this effect will be a function of input power and
therefore affects the output power versus input power characteristic and hence the 1dB compression point. The
focus in this work is on VSAT PAs that are operated into saturation, so the latter point is less of an issue here.
From a (small-signal) gain point of view, the impedance the bias network presents to the RF-signal must be at
least 10 times the impedance of the RF-path to prevent non-negligible leakage of RF-current; otherwise the gain
will reduce.
As the base biasing is often a combined design with the base stabilization networks and the distribution locations
for the stabilization functions are more critical, the distribution of this combined base network is further discussed
at the stabilization section in section 5.5.

5.5 Stabilization
Insertion of stabilization functions can be required to prevent electro-thermal breakdown and oscillations.
Electro-thermal (ETh) breakdown is a destructive mechanism and the relation between the total base resistance in
the DC path and the stable-operating-area (SOA) to prevent ETh breakdown for a bipolar transistor, as discussed in
section 2.3.1. When operating below BVCEO, no avalanche current is generated and a larger base resistance can be
applied. This can be desired for base-ballasting [54], which makes the generated current more robust for
temperature variations.
To prevent current collapse [53]-[54], each active device (AD) should ideally have its own base resistance for
ballasting. The current collapse results from a non-uniform temperature distribution over the active devices.
Moreover, even- and odd-mode electrical stability [83] should be ensured over the entire frequency band from DC
up to the elementary devices’ fmax to prevent oscillations. Odd-mode instabilities can arise more easily at
single-ended power combining PA topologies in the form of unwanted differential operation between the parallel
active blocks [84]. The k-factor method is commonly used to verify even-mode instabilities in a single-ended
amplifier. However, this method only predicts unconditional stable operation with the proviso that the unloaded
two-port network has no poles in the RHP [85]. Unconditional stable operation refers to the situation that the
two-port remains stable for all passive source- ĂŶĚ ůŽĂĚ ŝŵƉĞĚĂŶĐĞƐ ;ͮȳSͮфϭ͕ ͮȳL|<1) presented to the two-port.
However, the proviso is often neglected and not verified by the conventional k-factor test in a circuit simulator.
Next to this, odd-mode instabilities are possibly not observable via the system’s two-port parameters [83].
Therefore, the rigorous generic method described in [86] is used to verify both even- and odd-mode stability. This
method observes the open-loop gain of different internal loops at the power modules’ inputs and outputs by using
circulators.
Adding additional series resistance at the active devices’ terminals damps out potential oscillations in general.
However, implementing this at the device’s emitter and collector terminals is unpractical as large DC-currents will
flow here. Having an amplification module designed for even-mode operation only, odd-mode stability is more
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effectively improved by inserting stabilization resistances between the parallel active blocks’ inputs and outputs,
which will leave the desired even-mode operation unimpaired.
Ideally, the stabilization networks need to be as close as possible to the active devices’ (AD) input and output
terminals to have maximum impact to prevent the mentioned instabilities. However, depending on the
implementation type of these networks, the related area consumption puts a limit on this.
When electrical stability around the operating frequency needs to be increased, the inserted base resistance will
inevitably lead to gain reduction at these frequencies. However, normally the low-frequency (LF) stability is more of
a concern due to the increased device gain at those frequencies. Inserting a high-pass network shunt RC network
will attenuate the LF gain while leaving the gain at high frequencies (HF), as at the operating frequency, unimpaired.
Due to the relatively large area of the shunt capacitance, this high-pass network limits the option to put a
stabilization network at each active device’s (AD) base terminal, which would lead to an increased spacing between
these devices, enlarging the required size of the splitting and combining modules. To further improve LF stability,
large output (collector) bypass capacitances are required to present a low impedance also for low frequencies.
When operating above BVCEO, the requirements for total DC input resistance (RB1+Rsh1+Rser1) regarding ETh
breakdown (low resistance required) and LF electrical stability, RF leakage and temperature robust operation (high
resistance required) are contradictory and this results therefore in a trade-off. Using cascoding relaxes this
trade-off. As the common-emitter devices can operate now below their BVCEO, they don’t require a low base
resistance to sink the generated avalanche current. Therefore the input DC resistance can be increased to meet the
requirements for LF electrical stability, RF leakage and robustness to temperature variations. The common-base
devices will operate above BVCEO. RF leakage is not an issue for these devices and the resulting trade-off for these
devices is only between resistance selection for ETh breakdown and LF electrical stability. Although the isolation
increases when using a cascode configuration, the stability of the common-base device is a point of attention as a
parasitic inductance between the base and ground can cause oscillation [82]. Fig. 5.5 visualizes the insertion of the
base networks for biasing and stabilization for a cascode configuration with the signal paths for each of the three
discussed frequency regions (HF, LF and DC) also depicted. As discussed, the high- and low-frequency paths are
important for electrical stability. The DC-path is important for ETh breakdown and for the biasing purposes. The
total DC-resistance for the common-emitter and the common-base device are given by RB1,tot and RB2,tot,
respectively.
DC+RFout
Csh1
Rser1
RFin
Rser2
RB2 VB2
R Rsh1
B1

CB2

VB1

CB1

HF: electrical

stab
LF: electrical stab
DC: ETh stab + Biasing

RB1,tot=RB1+Rsh1+Rser1
RB2,tot=RB2

Fig. 5.5 Base networks for biasing and stabilization of cascode configuration.

The currents flowing through the stabilization networks are relatively low here compared to the collector
currents. Hence, no problems are expected due to the mentioned backend current limitations.
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6 Design Approach
In the previous sections the analysis was discussed related to the modular approach. In the coming sections the
design approach is discussed. At section 6.1, Design-driven Modeling, the module modeling which is used at the
design is discussed. When no EM coupling occurs, the model for an amplification module is easily scaled with the
number of active blocks by adding extra unit elements, i.e. adding additional transmission line paths within the
splitting/combining modules and adding additional active blocks. However, when EM coupling occurs within or
between modules this is not the case and hence the coupling should be included in the modeling. To accurately
include these coupling effects, an EM-simulator is commonly used [87], [88] to characterize a passive structure that
incorporates all these coupling effects. However, setting up and performing an EM-simulation can be
time-consuming as for each of the multiple active devices (AD) three EM-ports (base, collector, emitter) need to be
inserted to connect to the device ports. Moreover, for each new structure a new EM-simulation needs to be
performed. By investigating the relevant coupling effects it is possible to shorten the design cycle as for the parts of
the passive structure where coupling can be neglected, EM-simulated structures could be re-used. This allows a
more easy scaling of the amplification module model. The design-driven modeling will be based on the used PA
topology and the latter will be discussed afterwards in detail in section 6.2, Topology Design, and was already
mentioned in section 3.2 for the power and gain improvement functions, as an example to become familiar with
the modular approach. In section 6.3, Parameter Design, the procedure for assigning values to the design
parameters is discussed. The topology and parameter design have a strong dependency on the frequency of
operation due the potential impact of the splitting and combining modules’ electrical size on symmetric, and hence
even-mode, operation. Subsequently in section 6.4, Layout Implementation, the layouts of the power blocks need
to be implemented and their performance should be verified with a circuit simulator. In section 6.5, Overall PA
Simulations, the performance and stability verification of the overall PA by using a circuit and an EM simulator is
discussed. The matching networks need to be tuned when deviating from the intended impedance levels. The
flowchart for the design approach is depicted in Fig. 6.1 with the references to the related sections included.
Start PA design

Topology design
including designdriven modeling

section 6.1, 6.2

Parameter design

section 6.3

Layout
implementation

section 6.4

Overall PA simulation,
optimization and
stability analysis

section 6.5

PA design
ok?

No

Yes
PA design finished

Fig. 6.1 Design flowchart for PA design
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6.1 Design-driven Modeling
This section discusses first the general modeling of the elementary devices (ED) and passives (splitting and
combining modules) when they are used in an isolated environment, i.e. no EM-coupling exists to other modules.
Subsequently, based on the used PA topology, the design-driving modeling including the EM-coupling effects is
discussed. The design of the used topology will be discussed in detail afterwards in section 6.2.

6.1.1 General Modeling
The modeling of an ED is shown in Fig. 6.2 for an HBT device as an example and consists of the foundry transistor
model [95] together with the RC-extracted local parasitics.
foundry model
C'

B'

C'

ED

=

B'

C'

B'

E'
RCX

E'

E'

multi-port model

electrical model

Fig. 6.2 Modeling ED shown for a HBT device as example. The electrical model incorporates the HBT foundry model together
with the RC-extracted local parasitics.

The elementary device is actually a four-port device with a base (B), collector (C), emitter (E) and a substrate
terminal. However, the substrate terminal is not depicted as it is assumed implicitly to be connected to the local
ground. This elementary device can be used in a common-emitter or common-base configuration. The elementary
device (ED) is modeled up to metal 1 layer by the HBT foundry model. The model includes the poly and
active-to-metal contact information. The local interconnect towards the top metal layer is modeled by
RC-extraction.
For the splitting and combining modules an EM-simulator is used to acquire an accurate model over frequency
for the multiple transmission line section for each of the topologies shown in Fig. 5.3. This is especially required for
the splitting and combining modules not implemented with CPW-lines, as this transmission line type is the only
available type in the technology library.

6.1.2 Including EM and Electrical Coupling Effects in Module Modeling
The relevant EM and electrical coupling effects are investigated for the used PA topology, and the topology
design for this will be discussed in the next section in detail. The result of this topology design for the power and
gain improvement functions will already be discussed now, such that the coupling effects can be included in the
modeling. The implementation for the used PA topology, shown in Fig. 6.3 once again, resulted in:
x for the R-level, splitting and combining modules PSR and PCR of the ‘distributed’ type;
x for the Q-level, splitting and combining modules PSQ and PCQ of the ‘star’ type;
x for the M1, M2 and N-level, splitting and combining modules PSM and PCN and inter-stage networks ISN1 and
ISN2 of the ‘binary tree’ type.
First the modeling of an active module (AM) will be discussed and subsequently the modeling of a power module
(PM) and PA module.
The resulting active module (AM) for this topology is shown in Fig. 6.4 using at active cell (AC) level ‘distributed’
splitting/combining modules (PCR/PSR) and at active module (AM) level ‘star’ splitting/combining modules
(PSQ/PCQ). The active devices (AD) within this active module (AM) are configured here in a common-base topology,
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but this could also be a common-emitter topology. They comprise a single elementary device (ED), hence, the same
model is used as shown in Fig. 6.2 for the active devices (AD).
H=1: CE
H=2: Cascode
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+

PCR

AD
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Fig. 6.3 Topology diagrams at the various hierarchical levels.
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Fig. 6.4 Active module (AM) with the ‘distributed’ topology for modules PSR/PCR and ‘star’ topology for PSQ/PCQ. The splitting
and combing modules are represented with the transmission line sections. The active devices (AD) are configured here in a
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As observed in Fig. 6.4, within an active cell (AC), the splitting module PSR consists of the transmission line sections
connected the active devices’ (AD) inputs, the emitter ports in this case (common-base configuration). In a similar
way combining module PCR connects to the active devices’ (AD) outputs, the collector ports. The ground references
of the active devices (AD), the base ports, are connected to a distributed ground, which connects at the ends to the
local grounds of the splitting and combining modules PSQ and PCQ. The distributed grounds are explicitly modeled to
include the impact of the imperfect grounding in an accurate way, as discussed in section 3.4.2. When the active
devices (AD) would be configured as common-emitter, the splitting module PSR would connect to the active
devices’ (AD) base ports, the combining module PCR would still connect to the active devices’ (AD) collector ports,
and the distributed ground would be connected to the active devices’ (AD) emitter ports.
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Fig. 6.5 Modeling of AM, including coupling effects. The active device group (ADG) comprises multiple active cells (AC).

The coupling effects that exist for this active module (AM) are:
1. at active cell (AC) level, EM-coupling between the splitting (PSR) and combining module (PCR);
2. at active module (AM) level, EM-coupling between the different active cells (AC), caused by their splitting
(PSR) and combining modules (PCR);
3. also at active module (AM) level, electrical coupling between the multiple transmission paths within the
splitting and combining module PSQ and PCQ.
Assumed is that the coupling of the active devices (AD) themselves to other modules is negligible compared with
the first two mentioned coupling effects [87]. Due to these coupling effects the active module’s (AM) model cannot
be easily scaled in the Q-direction. In contrast to the Q-direction, in the R-direction the models for the splitting and
combining modules PSQ and PCQ at active cell (AC) level are easily scaled for an increasing number of inputs or
outputs, as no EM or unintended electrical coupling between the multiple transmission line sections within these
modules is assumed. This includes the electrical coupling via the substrate, which is considered to be negligible
compared with the intended electrical coupling via the splitting and combining modules PSR and PCR.
As mentioned in the introduction of this chapter, a passive structure comprising the relevant splitting and
combining modules can be characterized by an EM-simulator to incorporate all the relevant coupling effects [87],
[88], however, this is time-consuming. A different (scalable) approach that can be used for modeling of the
‘distributed’ type of splitting and combining modules as PSR and PCR (see Fig. 6.4) is to use a sliced model [89]-[91],
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which includes the first listed coupling effect: the EM-coupling between the splitting (PSR) and combining module
(PCR) at active cell (AC) level, using coupled transmission line sections (passive slices).
The metal structures forming these splitting and combining modules are for a silicon technology normally more
complex compared to a III-V compound technology, such as GaAs technology, as these metal structures consists
commonly of more (stacked) metal layers [92] (see Table 2.3) and are denser. Moreover, in the used NXP QUBiC4
SiGe:C technology no ground plane is available below the substrate and hence the ground return path needs to be
explicitly included in the structure, whereas in the GaAs technology such a ground plane is available, as explained in
section 2.2.2, BEOL Passives. Therefore, to accurately model the passive slices in the QUBiC4 SiGe:C technology
over frequency, it is desirable to make use of an EM-simulator.
However, the 2nd listed coupling effect is not included with this approach; the EM-coupling between the different
active cells (AC) at active module (AM) level, caused by their splitting (PSR) and combining modules (PCR). Therefore,
to incorporate all the listed coupling effects, the modeling approach of Fig. 6.5 is adopted where the passive
interconnect networks (PIN) include the discussed coupling effects between the splitting (PSR) and combining
modules (PCR) at active cell (AC) and at active module (AM) level (the 1st and 2nd listed module coupling effects). The
resulting PIN has nine ports, three inner ports and six outer ports, for each value of Q. The three inner ports result
as the active device (AD) only counts three ports (B, C, E), see Fig. 6.4. The PIN network has therefore 9*Q ports, as
shown in Fig. 6.6 on the left, and is used multiple times along the R-direction.
Due to the coupling between the active cells (AC), the outer located active cells (AC) could be affected differently
by the coupling with the surroundings than the inner located active cells (AC) and hence different operation can
result between those cells [88], even at equal excitation of the active cells (AC). At a small number of Q, the ratio of
the outer active cells (AC) versus the inner active cells (AC) is relative large and hence the outer active cells (AC)
have a relative large impact on the amplification module’s (AM) overall performance. Adding an additional active
cell (AC) in this case will not result in performance scaling in a proportional way due to the differences in operation.
However, when the value of Q increases the impact of the outer active cells (AC) on the overall performance
reduces and for some value of Q the performance will be mainly determined by the more equally operating inner
active cells. The threshold value for Q when this is occurring is indicated with Qth. Adding an additional active cell
(AC) in this case will result in performance scaling in an almost proportional way as almost all of the active cells (AC)
operate equally. Hence, instead of characterizing a new PIN network, the addition of an extra active cell (AC) can be
accounted for by adding a passive network called RPIN that is the averaged version of the PIN network at value Qth.
Actually, for the cases when QQth, the averaging allows to model the PIN network with multiple, equal, RPIN
networks as shown in Fig. 6.5, which are extracted at Qth. Adding an active cell (AC) means now simply adding an
RPIN network together with an active device (AD).
Averaging of the PIN network for a given value of Q is expressed in y-parameters with:
ܻோூே ,ொ௩ =

1
ܻ
ܳ ூே,ொ

(6.1)

with YPIN,Q representing the even-mode y-parameters of the PIN network at the value Q. The Q-value of averaging is
called Qavg. The RPIN network has only nine ports and the mapping of the 9*Q port PIN network to the 9 port RPIN
network under the even-mode excitation condition is visualized in Fig. 6.6.
To determine the value of Qth, multiple PIN networks for different values of Q are characterized and subsequently
the RPIN networks for the corresponding Q-values are extracted with (6.1). The y-parameters of the different RPIN
networks should now be compared for different Q-values and the value for Q from which on the differences in
y-parameters become negligible results in the threshold value Qth. However, to have better understanding what
these differences between the various extracted RPIN networks mean for the active module’s (AM) performance, a
better approach would be to compare the differences between the combinations of RPIN networks and active
devices (AD). The performance of such an active device group (ADG), as indicated in Fig. 6.5 in the red box, is then
compared for the different obtained RPIN networks by means of the active device group’s (ADG) two-port
even-mode s-parameters.
This is investigated now for a specific layout example. The spatial orientation of the multiple active devices (AD)
in the Q-topology direction can be with their long- or short-side aligned with this direction. For the sake of
conciseness only the short-side alignment case is discussed here, but the approach is also applicable to long-side
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Q-direction aligned active devices (AD). The used layout example is shown in Fig. 6.7 with the connections to one
active device (AD) depicted.
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Fig. 6.6 Mapping of 9xQ port PIN network to obtain the 9-port RPIN network.

Fig. 6.7 Layout example of the passive interconnect network (PIN). The short-side of the active device (AD) is aligned in the
Q-direction.

The coupling in the Q-direction impacts the performance also when scaling in the R-direction. Hence, an active
device group (ADG) of 8x1 (QxR) and of 1x4 (QxR) are selected to observe the coupling’s impact towards both
directions of scaling (Q and R). Fig. 6.8 shows the resulting simulated two-port even-mode s-parameters in the
frequency range from 1 to 100GHz for the 8x1 active device group (ADG) using RPIN networks averaged at Q equals
1, 4, 10 and 20 (see (6.1)). Fig. 6.9 shows these s-parameters for the 1x4 active device group (ADG). In both cases
the active devices (AD) are configured as common-base. Both figures show that the s-parameters converge when
the Q-value of averaging (Qavg) is increased, as expected. The s-parameters for Qavg equals one differ the most in
respect to the other Qavg values as within the corresponding PIN network no inter-module coupling is experienced
from other active cells (AC) at all. The differences in s-parameters for Qavg equal to 4, 10 or 20 are small, which sets
Qth to 4. Therefore, the approach shown in Fig. 6.5 employing multiple compact RPIN networks is sufficient to
model the AD scaling behavior in the Q- and R-direction for this specific example ĂƐůŽŶŐĂƐYш4 (QшYth). Under this
condition the performance of the active device group (ADG) scales approximately linear in the Q-direction.
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Fig. 6.8 Comparison of the simulated 2-port even-mode s-parameters of a 8x1 (QxR) active device group (ADG) in
common-base configuration using different RPIN networks averaged at Qavg=1,4,10,20.

Fig. 6.9 Comparison of the simulated 2-port even-mode s-parameters of a 1x4 (QxR) active device group (ADG) in
common-base configuration using different RPIN networks averaged at Qavg=1,4,10,20.

The remaining coupling effect to discuss now is the coupling, also at active module (AM) level, between the
multiple transmission paths within the splitting and combining module PSQ and PCQ (the 3rd listed coupling effect).
The ‘star’ topology splitting/combining modules PSQ/PCQ are implemented by a tapered microstrip line (MSL)
structure using two metal layers on top of each other, as shown in Fig. 6.10. As the multiple transmission paths
within each module are in the same fully filled metal plane, they inherently couple to each other and hence the
realization of an easily scalable model as a function of the number of inputs/outputs becomes more difficult.
Therefore, to characterize these splitting and combining modules’ performance as function of the number of Q, for
several numbers of outputs (inputs) (4, 10, 20), ‘star’-topology structures are EM-simulated, under the assumption
of (approximately) even-mode operation, to obtain their even-mode s-parameters.
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Fig. 6.10 Active module’s splitting/combining module implemented as tapered microstrip-line structure using two metal layers
on top of each other.

At power module (PM) level, the modeling approach as depicted in Fig. 6.11 is adopted when using a cascode
topology. This can be seen as two active modules that are cascaded with the splitting and combining modules in
between removed, with active module AM1 configured as common-emitter and AM2 configured as common-base.
Considering the topology diagrams shown in Fig. 6.3, this approach is used both for cascoding of active cells (H=2,
S=1) as well as cascoding of active modules (H=1, S=2). The impact of the layout interconnect in between the
common-emitter and the common-base active cells is assumed to be negligible. Due to the cascoding the bases of
the common-base devices may not be directly connected to ground. Hence, the modeling of the common-base
active module (AM2) within a cascoded power module (PM) differs in two aspects with the modeling of the
(stand-alone) common-base active module (AM) shown in Fig. 6.5: 1) Decoupling capacitors need to be added
across the bias source, so from the bases to the local grounds. 2) Local ground paths need to be added and included
within the RPIN networks as the bases are not grounded anymore. These are modelled in Fig. 6.11 as the lower
transmission line paths within the RPIN networks.
To allow easy scaling of this power module (PM) in the R- and Q-direction the number of R and Q are kept the
same for both active modules. This means that ratio of the emitter areas of an active device (AD) of AM1 and an
active device (AD) of AM2 are scaled with the ratio of their (near)-optimum current densities (see Fig. 5.1 ).
An active cell (AC) can now be seen as the combination of the active devices of active module AM1 and AM2 both
having an equal value for R, as indicated in the dashed box in Fig. 6.11. The active cell (AC) for R equals one is
defined as the reference cell for this cascode topology comprising one active device (AD) for each active module
(AM) with their RPIN networks extracted at Qth. This reference cell will be scaled up as a function of R to form the
active cell (AC). This is similarly as was done for a power module (PM) comprising only one active module (AM), as
was shown in Fig. 6.5. Also in that case the reference cell is defined as the active cell (AC) for R equals one.
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Fig. 6.11 Modeling approach for cascode topology. For the modeling of the common-base active module (AM2) base
capacitances and local ground paths are added compared with the (stand-alone) modeling of the common-base active module
from Fig. 6.5.

At PA module level, no intra-module coupling is expected, for two reasons: 1) the physical distance between the
modules increases, which reduces EM coupling; 2) CPW transmission lines are used here due to the increased
available area at this level compared to lower levels. CPW lines are self-shielding and therefore coupling from these
lines is negligible.

6.2 Topology Design
The selection of the PA topology and the module options are discussed in this section, starting with the design for
the power and gain improvements functions.
The three available hierarchical levels using splitting/combining modules (R, Q, N), shown in Fig. 3.1, with their
module topologies are selected based on the following considerations: at an increasing number of active blocks
that need to be combined, the physical distances between the active blocks increase. Therefore, to obtain the
desired even-mode operation, splitting/combining modules are required which operate more symmetric to cope
with the increased electrical distances between the active blocks. However, using a more symmetric
splitting/combining module inherently results in a larger occupied splitter/combiner area. Moreover, in the process
technology only a 2D-planar distribution of active blocks can be applied.
These considerations resulted in the three levels with the first level, the R-level, mapped in the horizontal spatial
direction using the ‘distributed’ splitting/combining topology to save area, as shown in Fig. 6.4. This topology has an
asymmetric nature. However, as the electrical distance between the active blocks is relatively small this will
manifest itself only in asymmetric active block performance for a larger number of active blocks.
The second level, the Q-level, is mapped to the vertical spatial direction using the ‘star’ splitting/combining
topology, again for area saving considerations. This topology has a more symmetric nature than the ‘distributed’
topology and hence asymmetric active block performance will result also here only at larger electrical distance
between the active blocks. The R- and Q-level form together a 2D-planar distribution at the lowest level, as shown
in Fig. 6.4.
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The third level, the N-level, is mapped to the vertical spatial direction using the ‘binary tree’ splitting/combining
topology to obtain symmetric operating active blocks, even at large electrical distances between the active blocks.
Adding here next to the N-level an additional level mapped to the horizontal spatial direction would require
multiple large-sized symmetric splitting/combining modules and is therefore not selected. As a ‘binary tree’
combiner is inherently symmetric, the N-level combining remains symmetric, regardless of the electric distances
between the inputs. Hence, these three levels should be sufficient to obtain watt-level output powers while
ensuring proper symmetric operation of active blocks at each splitting/combining level. The M1-MK-1 levels at the
inter-stage networks (ISN) are consequently also mapped to the vertical spatial direction and are using also the
‘binary tree’ topology in the case that MK-1<N and for Mk-1<Mk with k<K (so when they are splitting networks), for
the same reasons as mentioned at the N-level. The splitting and combining modules within the PA module (PSM,
PCN, ISN1-ISNK-1) will also perform impedance matching using additional matching components.
Applying cascoding at a lower level, by cascoding active cells (AC) in the topology direction H, results in not
having the multiple common-base devices connected together at their emitters as occurs at cascoding at a higher
level, within a power module (PM) in the topology direction S. Cascoding at the lower level (H-direction) is
beneficial when the potential current collapse due to a non-uniform temperature distribution becomes an issue
[96]. For this case, separate connections between the common-emitter and common-base active cells (AC) are
required, in contrast to cascoding within a power module (PM) where only one (broad) connection between the
two active modules (AM) is required.
The cascading of amplification modules to improve gain is applied at PA module level, the highest level, in the
topology direction K. Cascaded blocks need in general their own input and output biasing signals. Cascading on the
highest level results therefore in a minimum number of biasing networks. The option to select the values for the
number of parallel drivers stages, Mk, is included such to have the freedom regarding the number of the drivers’
output biasing networks to insert, as discussed in section 5.4.
The topology design for the biasing and stabilization functions is now discussed, knowing the type of splitting and
combining modules used. The splitting and combining modules within the PA module (PSM, PCN, ISN1-ISNK-1) are of
the type ‘binary tree’ and allow insertion of the collector biasing for the power modules, similar as was shown in
Fig. 5.4. A main concern for insertion of the collector biasing is to keep the contribution to odd-mode operation
small. Therefore, for power module PMK off-chip collector biasing (Fig. 5.4, reference plane ‘D’) is selected and for
power modules PM1-PMK-1 on-chip collector biasing at reference plane ‘B’ or ‘C’ will be selected. Off-chip collector
biasing allows also using components with higher Q-factors. Lumped inductors will be implemented at the on-chip
collector feed networks as they consume smaller area compared to a transmission line stub. These will be included
in the design of the inter-stage networks in the next section. Each on-chip collector biasing inductor is accompanied
by a large bypass capacitance to improve LF-stability, as discussed in section 5.5.
The base biasing and stabilization networks are inserted per active module (AM) to reduce the total area
consumed by these networks such that the spacing between the parallel active devices (AD) can be kept to a
minimum.
Therefore, considering the function matrix shown in Table 4.1, the biasing collector function is inserted at
system-level, whereas the biasing base function is inserted at sub-level. The stabilization functions are inserted at
system-level (integrated with the collector biasing) and at sub-level (integrated with the base biasing).

6.3 Parameter Design
In this section the parameter design for the power and gain improvement functions together with the biasing and
stabilization functions will be discussed.
Having defined the topology for the power and gain improvement functions in the previous section, values need
to be assigned to the topology parameters at each hierarchical level, see Table 4.1. The topology parameters are:
x at system level: N, K, M1-MK-1
x at sub-level 1: S
x at sub-level 2: H,Q
x at sub-level 3: R
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The parameters S, Q, R, H are available within each power module (PM) and can be assigned different values for
each PM.
The flowchart depicted in Fig. 6.14 summarizes the parameter design flow. The topology block diagrams of Fig.
3.1 and Fig. 3.2 are repeated in Fig. 6.12 and the even-mode equivalent diagram of Fig. 3.2 is depicted in Fig. 6.13 to
support the explanation of the design flow. At PA module level, the splitting/combining modules and the
inter-stage networks (PSM, PCN, ISN1-ISNK-1) are all called ‘coupling networks’ (CNW) in the design flow for ease of
explanation, as shown in Fig. 6.12 and Fig. 6.13. The parameter design flow is explained step-by-step in the coming
sections, without loss of generality, using a design example. The design example is discussed in more detail in the
next chapter and is targeting 1W of output power at 30GHz with a minimum gain of 20dB and to be implemented in
a 0.25um SiGe:C BiCMOS technology.
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First, the global design flow at PA module level will be discussed. Considering Fig. 6.13 and Fig. 6.14, the design
flow is in the reverse direction, starting with the design of the combination of power module PM 3 and combining
module PCN. Such a combination of a power module with its output module, in this case a combining module, is
called a power block (PB). A power block is indicated in the red box in Fig. 6.13 and its related steps in the design
flow are also indicated with a red box in the flowchart (Fig. 6.14). A specific power block (PB) is indicated with index
k. The performance of a power block can be compared for different numbers of power modules, so for power block
PBK this is for different values for N. This is indicated with the blue arrows in Fig. 6.13 and Fig. 6.14. After the design
of a power block the preceding power block is considered, ending with power block PB0, which corresponds with
the splitting module PSM. These steps are indicated with the green arrows in Fig. 6.13 and Fig. 6.14.
The impact of the various power blocks (PB) on the PAE can be considered with the following equation (see
Appendix B. for the derivation):
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with GPM,k and ɻPM,k denoting the power gain and output efficiency of power module PM k and GCNW,k denoting the
power gain of coupling network CNWk. GPA denotes the power gain of the total PA module. Assuming a GPA value of
larger than about 15dB, (6.2) can be approximated by:
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From (6.3), one can observe that the contribution of the output efficiency of power module PMk ;ɻPM,k) is reduced
with the factor GCNW,kGPM,k+1 compared to the contribution of the output efficiency of power module PM k+1 ;ɻPM,k+1)..
This justifies the reverse direction flow as the last power block (PBK) has therefore the most impact on PAE and also
directly impacts the output power with the power gain of combining module PCN (GCNW,K).
As an example, the PA module’s PAE and power gain are plotted in Fig. 6.15 as function of the gain of the power
modules and the gain of the inter-stage/splitting modules for a PA module comprising only two power modules
PM1 and PM2 (K=2) using (6.2). Assumed is that both power modules have the same power gain (G PM=GPM1=GPM2)
and the same output ĞĨĨŝĐŝĞŶĐǇ ;ɻPMсɻPM1сɻPM2), the latter having a fixed value of 42%. The power gain of the
interstage-network (GCNW1) and splitting module (GCNW0) are set equal (GCNW0,1=GCNW0=GCNW1 ) and the power gain of
the combining module (GCNW2) is set to -2.0dB. These fixed values can be expected, as will be discussed later on in
this section. The relative contribution of power block PB1 towards the PA module’s PAE is also depicted in Fig. 6.15
by determining the contribution of the term of the summation related to PB1 in (6.2) to the total PAE, so the
summation term of k=1. Considering Fig. 6.15 right, for relatively low values of the power modules’ gain (GPM) and
larger values for GCNW0,1, the impact of power block PB1 towards the PAE is considerable and cannot be neglected,
as can also be observed from the PAE plot (Fig. 6.15 left). The target power gain of 20dB is indicated in the gain plot
with the red solid line, putting a lower limit on the required combination of GPM and GCNW0,1.
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Fig. 6.15 PAEPA, GPA and the contribution of PB1 to the PA module’s PAE as function of GPM for several values of GCNW0,1 for
ɻPM=42% and GCNW2=-2.0dB. Two cascaded power modules are used here (K=2).

Continued is now with the explanation of the flowchart step-by-step:
Step 1: Initialization, select last power block (PB)
Started is with the design of the last power block, PBK, as just is explained, so k equals K.
Step 2: Select device topology and the reference cell to-be-scaled of current power module (PM)
The design of a power block is discussed now, with power block PBK taken as example. For the other power
blocks a similar approach can be followed. First, in this step, the device topology used within the current power
module (PM) needs to be selected as common-emitter or cascode, which relates to the topology parameters S and
H. The reference cell for both device topologies will be extracted such that their performance can be compared and
to determine subsequently, in step 3, the performance degradation as function of scaling in the R-direction. For the
parameter design it makes no difference if cascoding of active cells (H=2, S=1) is applied or cascoding of active
modules (H=1, S=2), for both situations the modeling approach shown in Fig. 6.11 is used, as discussed in section
6.1.2.
For the common-emitter configuration a reference cell with a low-voltage type active device (AD) having one
finger (emitter stripe) with minimum emitter width and maximum emitter length is selected, for the reasons
mentioned in section 5.1, which results in an emitter area of 0.4x20.4um.
The reference cell for the cascode configuration comprises both a common-emitter and a common-base active
device (AD) and the ratio of their emitter areas is set by their (near)-optimal current densities. Using a low-voltage
(LV) and high-voltage (HV) device for the common-emitter and common-base device, respectively, the resulting
current density for the HV-device is set just below peak ft, fmax ĂƚϬ͘ϴŵͬʅŵ2 and for the LV-device this is set to
Ϯŵͬʅŵ2, see Fig. 5.1. This results in a device area ratio between the CB and CE device of 2.5. Although the
LV-device’s current density could be increased to operate more towards peak ft, fmax, the profit in power gain (fmax)
is not that much, while the device area ratio would increase, leading to an increase in the LV-device’s emitter-area,
which is undesirable as it lower the device’s input impedance. Moreover, realizing the required increased emitter
area by increasing the LV-device’s emitter length would lead again to a (small) reduction in ft, fmax as shown in Fig.
5.2. The common-base device has an emitter area of 0.4x20.4μm and the common-emitter device an emitter area
of 0.4x8.2μm. For the same reasons as at the common-emitter configuration, the number of fingers and the emitter
dimensions per finger are set.
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The DC-currents for (near) optimal peak fmax operation and the input and output impedances for both reference
cells are depicted in Table 6.1. These parameters are used in the design of the base networks for biasing and
stabilization purposes, which will be discussed next.
Table 6.1 Common-emitter (LV) and cascode (LV+HV) active device reference cells’ DC-currents for (near) optimal peak fmax
operation ĂŶĚƚŚĞŝƌŝŶƉƵƚŝŵƉĞĚĂŶĐĞƐĂƚĂϱϬɏůŽĂĚŝŶŐ͘

CE (LV) Cascode (LV+HV)
Ic,fmax (mA)
20.4
6.5
Zin ;ɏͿ
8-j4.6
22-j44
R
Csh1*R

Rser1/R

RFin
VB1 RB1/R

R

RPIN

RPIN

AD

AD

Rser2*(2/R)

CB2*(R/2)

AD

AD

Rser2*(2/R)

DC+RFout

CB2*(R/2)

Rsh1/R

RB2*(2/R)
VB2

RB1,tot=(RB1+Rsh1+Rser1)/R
RB2,tot=RB2/R

RB2*(2/R)
VB2

Fig. 6.16 Cascode active cell (AC) with the biasing and stabilization base networks from Fig. 5.5 inserted. The situation for the
reference cell is equal to the case with R=1. The used RPIN networks are averaged at Q=10 (see (6.1)).

For both reference cells, the required component values of the base networks need to be determined such that
they operate in the stable-operating-area (SOA) regarding electro-thermal breakdown and show no electrical
instabilities (oscillations), as discussed in section 5.5, Stabilization. The cascode active cell (AC) with their base
networks for stabilization and biasing are shown in Fig. 6.16. The situation for the reference cell in this figure is
equal to the case with R=1. For the common-emitter reference cell only the common-emitter device with its base
network would remain. Although the base biasing and stabilization networks will be finally inserted per active
module (AM), as mentioned in the topology design in section 6.2, these networks are inserted in the modeling
approach shown in Fig. 6.16 per active cell (AC). This is done to include already the impact of these networks before
scaling the active cells in the Q-direction towards active modules (AM), hereby introducing a (small) error in the
modeling as the impact of the splitting and combining modules PSQ and PCQ is neglected for this moment. First the
impact of the base resistance on the SOA is investigated for both reference cells and subsequently its impact on the
electrical stability.
The common-emitter reference cell’s SOA is determined by simulating the IV-curves for different values of the
device’s total base resistance RB1,tot,. For the cascode reference cell’s this is done for different values of the
common-base device’s total base resistance RB2,tot, meanwhile keeping the common-emitter device’s base
resistance RB1,tot ĂƚϬё͘dŚĞƌĞƐƵůƚƐĂƌĞƐŚŽǁŶin Fig. 6.17 and Fig. 6.18. The SOA is defined by the points on the
curves where snap-back occurs, i.e. the point on the curves where dIC/dVC goes to infinity [50].
Fig. 6.17 shows for the common-emitter cell that the SOA reduces when RB1,tot is increased due to the impact of
the generated avalanche current flowing out of the common-emitter’s base. Fig. 6.18 shows for the cascode cell a
similar reduction of the SOA when RB2,tot is increased. However, the voltage-range of this SOA is much larger due to
the use of the high-voltage device as common-base device.
For large-signals containing an RF-component next to the DC-component, the SOA regions obtained from Fig.
6.17 and Fig. 6.18 are pessimistic. The RF-impedance presented to the common-emitter cell’s base is likely to be
conjugate matched with the cell’s input impedance. This input impedance (see Table 6.1) is quite low-ohmic at
mm-wave frequencies and hence also the presented RF-impedance to the base will be. For the cascode cell, the
RF-impedance presented to the common-base device’s base is determined by Rser2 and CB2 (Fig. 6.16) and is usually
low-ohmic. With a low-ohmic RF impedance the generated RF avalanche current will induce a low-valued
RF-voltage at the base, which is beneficial for electro-thermal stability.
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Fig. 6.17 Common-emitter cell’s DC IV-curves to determine the SOA for different values of RB1,tot: RB1,tot=0ɏ (blue), RB1,tot=500ɏ
(red), RB1,tot=1kɏ (green). Base voltage VB1 ranges from 700mV to 900mV in steps of 20mV.Tamb=27°C and self-heating of the
devices is turned on.

Fig. 6.18 Cascode cell’s DC IV-curves to determine the SOA for different values of RB1,tot: RB2,tot=0ɏ (blue), RB2,tot=1kɏ (red),
RB2,tot=2kɏ (green). RB1,tot=0ɏ. Base voltage VB1 ranges from 700mV to 900mV in steps of 20mV.Tamb=27°C and self-heating of
the devices is turned on.

Moreover, the thermal time-constant of the devices is much larger than the time-constant of the RF signal and
hence for thermal operation the average dissipated power of the device can be considered, instead of the
instantaneous power dissipation. The average power dissipation equals:
1
(6.4)
ܲௗ௦௦ = ܲ + ܲ െ ܲ = ܲ െ ܲ ൬1 െ ൰ < ܲ
ܩ
with the inequality on the right side ǀĂůŝĚƵŶĚĞƌƚŚĞĐŽŶĚŝƚŝŽŶƚŚĂƚƚŚĞƉŽǁĞƌŐĂŝŶ'шϭ. So for thermal operation it
is sufficient to considerer only the DC-values of the voltages and currents (PDC=VDC*IDC). The SOA for large-signals
will therefore be extended compared to the DC IV-curves of Fig. 6.17 and Fig. 6.18. In case the impact of the
RF-avalanche current can be completely neglected (zero-valued external base impedance) it is sufficient to select
the DC-values of the operating voltages and currents to be within the SOA regions predicted by the DC IV-curves.
Moreover, the impact of self-heating is much less noticeable at the cascode cell compared to the
common-emitter cell by the smaller dIc/dVc slopes at relative low collector-voltage values. This is due to the fact
that the cascode’s common-emitter device, which acts as the current source, is dissipating not much DC power
compared to its common-base device and hence will heat up less.
The temperature behavior of both reference cells is further investigated by simulating the DC IV-curves as
function of temperature for different values of the common-emitter’s base resistance RB1,tot, as this device acts as
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the current source at both reference cells. The temperature is swept from 25°C to 100°C in steps of 25°C. Fig. 6.19
and Fig. 6.20 show the results for the common-emitter and the cascode reference cell, respectively, and a reduced
variation in collector-current over temperature is observed for both reference cells when RB1,tot is increased as this
acts as base-ballasting. The collector-current for the common-emitter cell drifts much more when temperature is
increased compared to the cascode cell, as just was discussed. Hence, the common-emitter cell needs a relatively
higher base resistor for ballasting, which is not beneficial for its SOA.

Fig. 6.19 Common-emitter cell’s DC IV-curves to determine the thermal behavior for different values of RB1,tot: RB1,tot=0ɏ (blue),
RB1,tot=500ɏ (red), RB1,tot=1kɏ (green). The temperature is swept from 25°C to 100°C in steps of 25°C. The base voltage VB1 is set
fixed for each RB1,tot value.

Fig. 6.20 Cascode cell’s DC IV-curves to determine the thermal behavior for different values of RB1,tot: RB1,totсϬɏ ;ďůƵĞͿ͕
RB1,totсϭŬɏ;ƌĞĚͿ͕ZB2,totсϮŬɏ;ŐƌĞĞŶͿ͘ZB2,totсϬɏ͘The temperature is swept from 25°C to 100°C in steps of 25°C. Thermal coupling
between both devices is not included. The base voltage VB1 is set fixed for each RB1,tot value.

Having considered the impact of the base resistances on electro-thermal stability to prevent breakdown, next point
is to determine the components values of the base networks (Fig. 6.16) for both reference cells to obtain
unconditional stable cells using the k-factor method (see section 5.5). The required components values for both
reference cells are depicted in Table 6.2 and the resulting k-factors depicted in Fig. 6.21 show unconditional stable
behavior.
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Table 6.2 Component values for the base networks of both reference cells for unconditional (electrical) stable operation.

Component values
base networks
RB1
Rsh1, Csh1
Rser1
RB2, CB2
Rser2
RB1,tot
RB2,tot

Common-emitter
reference cell
ϮϴϬɏ
ϯϯϬɏ͕ϮϴϰĨ&
Ϭɏ
ϲϭϬɏ
-

Cascode
reference cell
ϳϬϬɏ
ϲϲϬɏ͕ϮϰϬĨ
Ϭɏ
ϭŬɏ͕ϳϬϬĨ
5ɏ
ϭϯϲϬɏ
1000ɏ

Fig. 6.21 Stability factor Kf as function of frequency for the common-emitter and cascode reference cell after applying electrical
stabilization.

Relating the total required base resistances for electrical stability to the SOAs of Fig. 6.17 and Fig. 6.18, shows that
for the common-emitter cell the required RB1,tot ǀĂůƵĞŽĨϲϭϬɏĐŽƌƌĞƐƉŽŶĚƐǁŝƚŚĂŶŵĂǆŝŵƵŵĂůůŽǁĂďůĞŽƉĞƌĂƚŝŶŐ
DC-voltage of about 1.5V when operating at the (near) optimal current for fmax (20.4mA), hereby assuming that the
impact of the RF-avalanche current can be neglected. Similarly, for the cascode cell the required RB2,tot value of
ϭϬϬϰɏĐŽƌƌĞƐƉŽŶĚƐǁŝƚŚĂŶŵĂǆŝŵƵŵĂůůŽǁĂďůĞŽƉĞƌĂƚŝŶŐ-voltage of about 5V when operating at the (near)
optimal current for fmax (6.5mA).
The large-signal performance for both reference cells is now determined using the base networks component
values of Table 6.2 and the results are shown in Table 6.3 after applying load-pull in the circuit simulator at the
operating point for optimum PAE. Comparing both, their output powers are comparable as well as their output
ĞĨĨŝĐŝĞŶĐǇ ;ɻo) values. The power gain Gp of the cascode reference cell is 8.5dB larger, which explains the
larger-valued PAE for this cell. The almost equal output power values (0.4dB difference) are explained to the first
order by the fact that the ratio of the resulting DC-currents Icc of both reference cells is more or less equal to the
inverse ratio of the DC-voltages Vcc. The large voltage headroom of the cascode reference cell results in a
larger-valued Zopt compared to the common-emitter reference cell, which results finally in a smaller impedance
ƚƌĂŶƐĨŽƌŵĂƚŝŽŶ ƚŽ ďĞ ŵĂĚĞ ĨƌŽŵ ϱϬё ǁŚĞŶ ŵƵůƚŝƉůĞ ĂĐƚŝǀĞ ĚĞǀŝĐĞ ;Ϳ ĂƌĞ ƵƐĞĚ͘ As a conclusion, the cascode
reference cell is the preferred cell to continue with, as all the parameters show comparable or better values.
Table 6.3 Comparison of common-emitter (LV) and cascode (LV+HV) active device reference cell characteristics after applying
stabilization around the operating frequency.

Vcc (V)
Vb (V)
Po (dBm)
Gp (dB)
PAE(%)

CE (LV)
1.5
0.76
11.5
7.4
36.4

Cascode (LV+HV)
5
0.76
11.9
15.9
44.6
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ɻo (%)
Icc (mA)
Zopt ;ɏͿ
Zin ;ɏͿ
S12 (dB)

44.5
21.1
36.1+j18.8
10.9-j22.3
-22.5

45.8
6.8
83.3+j176.5
22-j46
-44.4

Step 3: Determine scaling behavior in R-direction of current power module (PM)
The performance degradation as a function of scaling in the R-direction is now investigated for the cascode
configuration for the device layout alignment configuration of Fig. 6.7, so with the short-side aligned in the
Q-direction. For the common-base active devices (AD), each pair has their bases together such that an
equi-potential base voltage results for each pair. This is important as these bases are AC-coupled to the local
grounds and have a large impact on asymmetric operation between the active devices and hence this reduces the
overall combining efficiency degradation, as discussed in section 3.5, in the R-direction. For the common-emitter
active device (AD) it is of less importance to connect the bases together as here their emitters are connected to the
local grounds. The results of the scaling of the reference cell as function of the number of R are shown in Fig. 6.22
after applying load-pull in the circuit simulator around the operating point for optimum PAE.

Fig. 6.22 Performance of the cascode active cell as function of R for R={1,2,3,4}.

Considering Fig. 6.22, above R=2 the output power remains almost constant despite of having more active devices
(AD) and is contributed to the dynamic loading. To obtain more insights in this, the LMF values observed by each
common-base active device’s (AD) output (so for each input of the combining module PC Q) within the cascode
active cell (AC) are determined with (3.7) and depicted in Table 6.4 as function of the scaling in the R-direction. The
input currents are determined at the active cell’s input power level such that all the elementary devices’ (ED)
large-signal voltages and currents remain within their SOA.
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Table 6.4 LMF values, decomposed in the fundamental input current and impedance, for each input of the combining module
PCR, so for each common-base active device’s output (AD) within the cascode active cell (AC).

R

LMF1
|Ii,1|2 (μA2)
Zin,1 ;ɏͿ
1

1
315
2

300

3
275
4
255

99.6+j195
1.01
105.8+j200.5
1.1
124.6+j158
1.08
132.6+j130.9

LMF2
|Ii,2|2 (μA2)
Zin,2 ;ɏͿ
-

LMF3
|Ii,3|2 (μA2)
Zin,3 ;ɏͿ
-

304
271
252

0.97
100.5+j195
1.06
121.8+j154.6
1.05
130.9+j126.3

-

LMF4
|Ii,4|2 (μA2)
Zin,4 ;ɏͿ
-

142
108

-0.09
-20.4+j263.0
-0.06
-16.8+j268.5

-

103

-0.04
-10.9+j261.6

At R=2, all the LMF values are equal or almost equal to one, indicating that both common-base active devices (AD)
deliver the optimum power to the combining module PCR as the input currents and impedances of this combining
module are all approximately the same. This is due to the fact that both bases are connected together. At R=3 and
R=4, the LMF values of the first two active devices (AD) are again almost equal to one, however, the other active
devices (AD) have even a negative LMF value, indicating that these devices observe a negative real part of the load
impedance due to the dynamic loading. The main reason for the dynamic loading is the inequality in the base
voltages of the common-base active devices (AD) caused by the distributed inductance of the splitting and
combining modules PSR and PCR, connecting the bases. The resulting unequal base-emitter voltages cause
asymmetry in the generated collector currents and hence the impedances differ, due to the dynamic loading.
Although the output power remains almost constant above R=2, the output efficiency and power gain in Fig. 6.22
are not degrading accordingly as the devices are operated in class-B and hence the DC-current and power gain are a
function of the device’s input signal, in contrast to class-A operation. The performance difference between R=1 and
R=2 is not much, hence R=2 is used further on, which results in an active cell (AC) output power of 15dBm with an
output efficiency of 44.5% and a power gain of about 15.4dB, as shown in Table 6.5, which depicts the performance
parameters of this active cell (AC).
Table 6.5 Performance parameters of cascode active cell at the selected R-value, R=2.

Po (dBm)
Gp (dB)
PAE(%)
ɻo (%)
Icc (mA)
Zopt ;ɏͿ
Zin ;ɏͿ

Cascode (LV+HV) @ R=2
15
15.4
43.2
44.5
14.2
41.6+j88.3
11.3-j21
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Step 4-5: Select number of power modules (PM) and determine number of active cells (AC) for current PM
Linear scaling of the performance of the reference cells can be applied when QшQth, as discussed in section 6.1.2.
Under this condition linear scaling rules can be applied for the performance of an active device group (ADG); such a
group comprises multiple active cells (AC), as discussed in section 6.1.2. The linear scaling rules are:
ܲை,ீ = ܳ ܲ כை,,

(6.5)

ܩ,ீ = ܩ,,

(6.6)

ߟீ = ߟ,

(6.7)

ܼ௧,,
(6.8)
ܳ
ܼ,,
(6.9)
ܼ,ீ =
ܳ
with for PO,AC,ref , GP,AC,ref͕ɻAC,ref, Zopt,AC,ref and Zin,AC,ref the parameter values obtained for the selected active cell (AC)
with their values shown in Table 6.3.
ܼ௧,ீ =

Knowing the required Zopt for the active device group (Zopt,ADG), the impact of the combining module PCQ and
splitting module PSQ can be included. This is done by cascading the splitting and combining modules with the active
device group’s (ADG) input and output, respectively. The resulting required load reflection coefficient of the
combining module PCQ, which is the load reflection coefficient of the power module (PM), can be determined with:
߁௧,ெ =

߁௧, െ ܵଵଵ
ଶ
߁௧, ܵଶଶ െ ܵଵଵ ܵଶଶ + ܵଶଵ

(6.10)

with Sii, Sij the even-mode s-parameters of the combining module PCQ ĂŶĚ ȳopt,ADG the optimum load reflection
coefficient of the active device group (ADG).
Similarly, the resulting input reflection coefficient of the splitting module PSQ, which is the input reflection
coefficient of the power module (PM), can be determined with:
߁,ெ = ܵଵଵ +

ଶ
ܵଶଵ
߁,
1 െ ܵଶଶ ߁௧,

(6.11)

with Sii, Sij the even-mode s-parameters of the splitting module PSQ ĂŶĚȳin,ADC the input reflection coefficient of the
active device group (ADG).
Selecting a value for N, the number of power modules for the current power block PBK, and using (6.5) the
required value for Q can be estimated by:
ܳ=ቜ

ܲை,,,ௗ௦
ቝ
ܰ ߟ כேௐ, ܲ כை,,

(6.12)

with PO,PB,k,des the desired total output power of the current power block, ɻCNW,k the (estimated) efficiency of the
current power block’s coupling network and PO,AC,ref the output power of the selected active cell (Table 6.5). The
impact of combining module PCQ is neglected in this. The target output power is set to 31dBm, which includes 1dB
margin to obtain finally 1W (30dBm) of output power at measurement. EƐƚŝŵĂƚŝŶŐ ɻCNW,K as -2dB and using the
results depicted in Table 6.5, then (6.12) results in:
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ܳ=

1259ܹ݉
63.2
ඈ=
ඈ
ܰ  כ0.63  כ31.6ܹ݉
ܰ

(6.13)

The outcome of (6.13) is used to determine the required Zopt,PM with (6.8) and (6.10) and subsequently this
impedance is used as target in the design of the current power block’s coupling network (CNW), which is for power
block PBK the combining module PCN. The design of this combining module is described next.
Step 6-10: Determine performance of current coupling network (CNW) and check performance of current power
block (PB).
Knowing now the required load impedance of the current power module, the next step is the design of the
current coupling network, the combining module PCN. To obtain the combiner’s optimum design parameters for
maximum output power targeting the power modules’ (PM) optimum load impedance, an exhaustive search
optimization routine was implemented in Matlab. The impact of the combining module PCQ is also immediately
included within this routine. The routine is based on an even-mode analysis of the combiner and uses models for
the various matching components that are based on data extracted from the technology library or data extracted
employing an EM simulator to improve modeling accuracy. An exhaustive search checks for all possible candidates
if they satisfy the optimization goals and will therefore deliver a global optimum. The outcome will be independent
of the initial starting point, which is in contrast to an iterative optimizer. The routine takes into account the
constraints imposed by: 1) the required minimum transmission line length, which is determined mainly by the pitch
between two successive stages; 2) the limited range of available component values; 3) the minimum metal width to
prevent DC electro-migration. The pitch is determined by the size of the power module in the Q-direction or by the
size of the required matching components of combining module PCN. The maximum value of both sets the pitch.
The optimization flow is as follows: first a matching topology is determined on forehand by considering the
required combiner’s input impedance, the number of inputs and the required bandwidth. The discrete set of
available component values for each cascaded subsection is then reduced by considering the pitch between two
successive stages and the expected DC-current flowing through each section. A large data-set is then generated
comprising all possible combinations for the subsections’ component values. Afterwards the exhaustive search is
applied on this data-set and looks for the highest overall combining efficiency ɻtot, targeting the power modules’
(PM) optimum load impedance, hereby using (3.6) in combination with (3.9) and (3.10).
The used matching topology is shown in Fig. 6.23 for an eight-way combining module as example and its
even-mode equivalent circuit is shown in Fig. 6.24. An example of the impedance path on the Smith-chart for this
matching topology is shown in Fig. 6.25. The series inductor Lo2 is inserted to reduce losses and area consumption
and shunt inductor Lo4 is resonating out the output capacitance of the power module (PM).
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ZL,PM,K
TLo4

Lo4
Co4

TLo3

Lo2

TLo2

TLo4
TLo1
TLo4
TLo3
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TLo4
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TLo4
TLo3
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TLo2

TLo4
TLo1
TLo4
TLo3

Lo2

TLo2

TLo4

combining module PCN
Fig. 6.23 Used matching topology shown as example for an eight-way combining module PCN, which combines transmission line
elements with series (Lo2) and shunt (Lo4) lumped inductors.
ZL,PM3/8

ZA
G
S

Z4/8,Ⱥ4

Z3/4,Ⱥ3

Lo2/4

Z2/4,Ⱥ2

Z1/2,Ⱥ1

Z0,Ⱥ0

G

Lo4/8
Co4/4

Fig. 6.24 Even-mode equivalent diagram for the eight-way combining module PCN of Fig. 6.23.

Fig. 6.25 Example of the even-mode impedance path of the used matching topology for eight-way combining module PCN
depicted on a Smith-chart. Zas equals ZL,PM,K.
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For several values of N, the performance of the combination of combining module PCQ and combining module
PCN is determined. The required value for shunt inductor Lo4 can become quite small; e.g. for the eight-way
combining module this value is in the range of 50-60pH and the related Q-factor for such an inductor value is about
12. For the combining module PCN, the estimated required shunt inductor Lo4 values and the corresponding
Q-factor values are depicted in Table 6.6 for several values of N. The shunt inductor values are estimated by
assuming that the impedance before the shunt inductance action takes place (impedance ZA, Fig. 6.24) is
real-valued, similar as shown in Fig. 6.25, and that the shunt inductor’s finite Q-factor is not influencing the
presented impedance value. Moreover, the impact of the combining module PCQ is neglected. The impact of the
Q-factor of the shunt inductor Lo4 on the combining module’s efficiency can then be approximated with:
1
ߟೌೝ =
ܴ
(6.14)
1+
ܳೌೝ ߱ܮ
with RA the resistance of the combining module before the shunt inductor action takes place, QLsh the shunt
inductor’s Q-factor and Lsh the value of the shunt inductor. The ratio of RA and ʘLsh is almost constant as a function
of the number of N, as increasing N e.g. with a factor two will increase the required Zopt,PM ;ȳopt,PM) (6.10) with a
factor two, when neglecting the impact of combining module PCQ. Consequently, both the required RA and Lsh will
increase with a factor two. The shunt inductor’s efficiency ɻLsh as a function of its Q-factor is plotted in Fig. 6.26 for
a fixed value of RA/ʘLsh of 2.65, which is determined by the Zopt of the cascode reference cell.
Table 6.6 Estimated required shunt inductor Lo4 values as function of the number of N, together with the inductor’s Q-factor at
30GHz. The used R an Q values at the power module (PM) are also shown. The impact of the finite Q-factor towards the
presented impedance and the impact of the combining module PCQ are neglected in this estimation.

N
4
8
16

R
2
2
2

Q
16
8
4

Zopt,ADC ;ёͿ
2.6+j5.5
5.2+j11
10.4+j22

Lo4 (pH)
30
60
120

Q-factor
12
17
24

Fig. 6.26 Estimated efficiency of shunt inductor Lo4 as function of its Q-factor using (6.14) for RA/ʘLsh=2.65

Fig. 6.26 shows that the estimated shunt inductor efficiency for N equals 4 is about -0.72dB and in the case that N
equals 16 it is about -0.36dB, which is a difference of 0.36dB. So selecting a larger value for N leads to an increasing
shunt inductor’s efficiency. However, on the other hand the inductor size increases, which has effect on the
required pitch between two successive power modules (PM) and hence the minimum required transmission lines
lengths. Therefore, asymmetrically shaped lumped inductors with their height smaller than their width can be
beneficial. Creating a larger inductance by increasing only the inductor width will not lead to an increase of the
required pitch and hence reduces the required minimum transmission line length compared to an inductor with
equal height and width. An example of two inductors with different heights having about the same inductance
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value of 106pH is shown in Fig. 6.27. The inductor on the left has a slightly higher Q-factor (Q=20.2) compared to
the inductor on the right (Q=19.8).
The efficiency of the combination of combining modules PCQ and PCN is now determined for N equal to 4,8 and
16 and the results are shown in Table 6.7. In this table ɻPC,Q,N expresses the combined efficiency of PCQ and PCN and
the efficiency of combining module PCN is decomposed into the efficiency of shunt inductor Lo4, indicated with ɻLo4,
and the efficiency of the transmission lines and series inductor Lo2, indicated with ɻTL. The LMF values (3.6) are
almost equal to one and are not shown here. The minimum required pitch is determined for N equal to 4 and 8 by
the size of the power modules (PM), whereas for N equal to 16 this is determined by the size of the required shunt
inductor Lo4.

Fig. 6.27 Inductors having same inductance value (~106pH) and almost same Q-factor (20.2 vs 19.8), but with different
geometry. The inductors are implemented in the top metal layer (in blue) and have a poly shield (in red).
Table 6.7 Efficiency of combining modules PCQ and PCN for different numbers of N

N

Lo4 (pH) pitch (μm)

4 28.75
8 57.5
16 110

200
120
120

ɻPC,N
ɻTL (dB) ɻLo4(dB)
-0.87
-1.11
-0.84
-1.0
-0.97
-0.76

ɻPC,Q(dB) ɻPC,Q,N (dB)
-0.19
-0.09
-0.03

-2.17
-1.93
-1.76

Considering Table 6.7, the differences in ɻPC,Q,N result mainly from the differences in the shunt inductor efficiency
ɻLo4. These shunt inductor efficiency values are lower than estimated with (6.14) and depicted in Fig. 6.26 as now
the impact of the finite Q-factor towards the presented impedance and the impact of the combining module PCQ
are not neglected. N equal to 16 shows the highest value for ɻPC,Q,N, however, the estimated area consumption of its
combining module PCN is about a factor two larger compared to the case when N equals 8 as the required pitch is
the same. Hence, N=8 is selected for the number of power modules PMK as its ɻPC,Q,N is only 0.17dB worse
compared to the case when N equals 16.
The resulting total output power of the power block PMK using N=8 is now:
ܲை,, = ൫ܲை,,@ோౣ౮ ܰ כ ܳ כ൯ ߟ כேௐ, = (31.6ܹ݉  כ8  כ8)  כ0.64 = 31.1݀݉ܤ
which is sufficient as the target PA output power is 31dBm.

(6.15)
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Having obtained the output power of the current power block, the rest of the performance parameters (gain, PAE
and input impedance) of the current power block need to be determined. To determine the power blocks’ gain the
only thing remaining is to determine the power gain of the splitting module PSQ as the gain values of the other
modules within the power block were already obtained in the previous steps. This is easily done as the input
impedance of the active device group (ADG) (see Fig. 6.11) is known, which acts as the load impedance of the
splitting module PSQ. Next, the power block’s input impedance, which equals the power module’s input impedance,
can be determined with (6.11). With the power gain known, the PAE of the power block can be determined. The
power block’s performance parameters are summed up in Table 6.8 together with the parameters for the power
module PMK and the coupling network PCN (=CNWK). The parameter values refer to the even-mode equivalent
values, as shown in Fig. 6.13. So, as an example, the power module’s (PM) output power refers to the total output
power of the eight power modules together in this table.
Table 6.8 Performance parameters of the current power block PBK together with the performance of power module PMK and
coupling network PCN (=CNWK). The parameter values refer to the (total) even-mode equivalent values, as shown in Fig. 6.13.

Performance PMK performance PCN performance PBK performance
parameter
Po (dBm)
23.9+9
31.1
31.1
GP (dB)
15.0
-1.93
13.1
PAE(%)
41
25.8
ɻo (%)
42.3
27.1
ZL (ɏ)
(3.7+j9.2)/8
Zin (ɏ)
(1.1-j1.8)/8
(3.8+j9.4)/8
(1.1-j1.8)/8
Having discussed the design approach for the combination of the power module PMK with its coupling network,
the combining module PCN, these steps can be repeated in a similar way for the preceding combinations of power
modules and coupling networks. For each of the coupling networks a suitable matching topology should be
selected.

Step 11: Determine current PA performance
Having obtained the performance of the current power block for different values of power modules, the current
PA performance, i.e. the combined performance of the up to now designed power blocks, need to be determined.
Referring to Fig. 6.13:
ܲை, = ܲை,,

(6.16)



ܩ,௨ = ෑ ܩ,

(6.17)
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ܲܧܣ,௨

(6.18)



ܼ,௨ = ܼ,

(6.19)

With only power block PBK designed up to now, using (6.16)-(6.19) results in the current PA performance similar as
shown in Table 6.8 for power block PBK.
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Step 12-14: Check if current PA gain is sufficient. Check if PAE performance can be decoupled from gain. Set total
number of cascaded power modules (PM).
With the current PA performance determined, it needs first to be checked in step 12 if the current PA gain is
sufficient to meet to specification. If this is sufficient, continued is with step 14. If the PA gain is not sufficient, in
step 13 it needs to be checked if the gain and PAE can be decoupled, i.e. that the gain is sufficient large that its
impact on the PAE can be neglected. When the latter is the case, the final PA module’s PAE can be predicted with
good accuracy by the current PA’s PAE. Otherwise, the design of potential preceding power block(s) using the
design flow should be considered and hereby returning to step 2, see Fig. 6.14.
Estimating the performance of the preceding power modules as having the same power module gain (15dB) and
efficiency as power module PMK (42%), as shown in Table 6.8, Fig. 6.15 shows that the total PA module’s gain is
likely to be sufficient when using two power modules as the required 20dB of gain is obtained, even when the
power gains of the inter-stage module (CNW1) and splitting module (CNW0) are both -4dB. Moreover, the figure
shows that the power gains of the inter-stage and splitting module have a fairly negligible impact on the
contribution of the preceding power block (PB2) to the PA module’s PAE. For a power module gain GPM of 15dB,
having a (worst-case) value for GCNW0,1 of -4dB results in the contribution of PB2 to the PAE of about only 7.4%, so
the expectation is that the final PA module’s PAE can be predicted to be close to the value depicted in Fig. 6.15. The
PA module’s PAE will accordingly be in the range of 24.4-25.4% for a GCNW0,1 range of -1 to -4dB, as show on the left
in this figure. The design of the preceding power blocks can therefore be assumed less non-critical and hence there
is no need for designing the preceding power block (PBK-1) within this parameter design flow. Hence, in step 14, the
number of cascaded power modules (PM) to be used within the PA module, can be set to two (K=2).

6.4 Layout Implementation
After the parameter design, the layouts of the power blocks need to be completed and their interconnect and
parasitics should be extracted. Subsequently, the power blocks’ performance should be verified by post-layout
simulations and, if required, optimized.

6.5 Overall PA Simulations
After the layout implementation of the power blocks, the performance of the overall design needs to be verified by
post-layout simulations and, if required, to be optimized. These simulations need to include the impact of the
whole layout environment such that all the (potential) asymmetry due to the imperfect grounding and biasing, as
discussed in section 3.4, is taken into account. Special attention needs the overall electrical stability. As mentioned
in section 5.5, Stabilization, the rigorous generic method described in [86] is used to verify both even- and
odd-mode stability by observing the internal loop gains. Depending on the open-loop gain to be characterized, each
of the active stages’ inputs and outputs need to be connected in one of these three states: to a circulator, to an
isolator or to a thru. To speed up the simulation time a self-created component was added which can easily switch
between these three states [97]. The method allows to observe the stability with the active stages embedded in the
complete test bench, hence the impact of all the components and interconnect external to the active stages is
included.
RB1+Rsh

RB2

L1
CB2

CB1

LDC,B1 LDC,GND

CBP

LDC,B2

LDC,C2

Fig. 6.28 Low-frequency even-mode equivalent circuit for a power module to indicate critical components for LF bias
instabilities. The DC-probing equivalent circuit external to the chip is shown in the dashed box.
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Concerning LF even-mode stability, the impact of the DC-probing need to be included. A typical equivalent
simplified LF even-mode circuit to indicate the critical components for the LF bias instabilities is depicted in Fig.
6.28. The DC-probe’s ground pin inductances can cause an additional feedback mechanism and can therefore play
an important role for these instabilities. Proper decoupling (CB1, CBP) is therefore required up to low frequencies.
Concerning the odd-mode stability, the analysis will show if it is required to insert odd-mode stabilization resistors
between the parallel power modules.
When the obtained PA performance (output power, gain) of the overall design is not meeting the specification,
one need to iterate back in the design flow, as depicted in Fig. 6.1, building in larger margins for the required
output power and/or gain.
In this chapter, the design approach was explained making use of a design example and targeting its specification.
This design example will be discussed in more detail in chapter 9, titled 30GHz, 1W Power Amplifier Design
Example. In the next chapter, Hybrid Multi-Harmonic Load- and Source-Pull System, first measurement techniques
are discussed to perform large-signal device characterization. In chapter 8, the obtained measured data from this
characterization is used for the large-signal model verification, which is performed to gain confidence in the
modeled performance.
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7 Hybrid Multi-Harmonic Load- and Source-Pull System
Large-signal model verification requires non-linear device characterization to acquire the measurement data used
at the verification. At this non-linear characterization, the importance of proper load- and source terminations for
the active device is emphasized due to their impact on the device’s output power, efficiency, gain and linearity.
Mostly, passive load- and source-pull systems serve this purpose, however, they can offer only a limited reflection
coefficient. Using active techniques to extend the reflection coefficient is not a cost-effective solution. Hence, in
recent years, hybrid techniques gained attention, combining the passive and active techniques. This chapter
focusses on a novel broadband hybrid load- and source-pull system. First, in section 7.1, large-signal measurements
setups using source- and load-pulling to allow device characterization are discussed. Subsequently, in section 7.2,
common load-pull techniques are discussed and in section 7.3 the novel hybrid multi-harmonic load- and
source-pull system is discussed in detail. Parts of this chapter have been published in [98].

7.1 Large-Signal Measurement Setups
A conventional measurement setup for load- and source pulling using passive tuners is depicted in Fig. 7.1. Such a
setup typically comprises an RF source, passive tuners, pre-amplifiers, bias tees, attenuators, directional couplers
and power meters. The passive tuners perform the tuning to the desired fundamental and harmonic impedance
values and the pre-amplifier is required in case the RF-source is not able to deliver the required input power. The
two bias-tees supply the DC-voltages to the DUT’s input and output. The power meters (PM A, PMB) are used to
measure, after calibration and de-embedding, the powers of the incident wave at the DUT’s input and the incident
wave towards the DUT’s load at, typically, the fundamental frequency only. The incident wave at the input is fed to
the power meter PMA using a directional coupler, which has a main path (between port 1 and 2) having low losses
and a coupled path (between port 1 and 3) having an attenuation of e.g. 10dB. As the power meters have a
broadband characteristic, filters in front of the meters (not depicted) are therefore normally required to measure
only the fundamental powers.
PMA

~

RF source pre-amp

1

3

power meter

Ȟs
2

directional bias-tee
coupler

attenuator

source-pull
tuner

f0

load-pull
tuner

probe

Ȟin

probe

f0, 2f0, 3f0

PMB

bias-tee

power meter

Fig. 7.1 Conventional measurement setup for passive load- and source pulling.

A typical measurement setup using a Non-linear Vector Network Analyzer (NVNA) [99] for passive load- and
source pulling is depicted in Fig. 7.2. The NVNA enables the characterization of a non-linear device by
reconstruction the device’s time domain waveforms after measuring the signals’ fundamental and harmonics’
complex components (magnitude and phase) at the DUT’s ports. One application of such setup is that waveform
reconstruction allows to monitor the dynamic load-line and apply waveform engineering [18]. Another application
is to improve the accuracy of the device large-signal verification procedure as the measured data contains the
information of the signals’ complex value of fundamental and harmonics, whereas in the conventional load-pull
setup only the magnitude of the fundamental is monitored. The latter application is used in the large-signal
verification procedure, described in chapter 8.
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f0, 2f0, 3f0

Fig. 7.2 Typical measurement setup using NVNA for load- and source pulling.

7.2 Common Load-Pull Techniques
A passive load-pull system (Fig. 7.4) has a limited tuning range for generating a high (towards one) reflection
coefficient at the DUT reference plane. This limitation has been imposed by losses of tuners, probes, cables and
connectors. Realization of a high magnitude for the reflection coefficient is required for observation and
characterization of device’s high performance operation in terms of output power and efficiency.
An active load-pull system can effectively compensate the path-loss by providing auxiliary energy flow towards
the reference planes [100], [101] (Fig. 7.5, Fig. 7.6). The required injected power level is a complex function of the
path-loss, reflection coefficient and the output power level of the DUT. Obviously, adjusting the output power level
of the DUT without taking additional measures can change the exact value of the reflection coefficient. This
dependency might complicate the proper interpretation of the results. The required injected power can achieve an
extremely high level when the measurement must be carried out on a high output power device requiring an
extremely high reflection coefficient. These extremely high power levels are visualized for the active load-pull
system depicted in Fig. 7.5 by plotting the required injected power as a function of the desired reflection
coefficient’s magnitude for an example DUT, as shown in Fig. 7.3, hereby using:
ܲ
Pୟ୳୶ = |aୟ୳୶ |ଶ =
ଶ
1 ଶ
(7.1)
หܮ ห ቆቚ ቚ െ 1ቇ
Ȟ
with PL ĂŶĚ ȳL the desired delivered power and load reflection coefficient of the DUT, respectively, and Lpb the
passive (probe) losses.

Fig. 7.3 Required injected power as function of the desired reflection coefficient’s magnitude for PL=1W and Lpb(dB)=-1.7dB as
example.
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In order to reduce the stress on the auxiliary power units, the active load-pull systems can be complimented with
a passive load-pull system [102], [103]. In such hybrid systems (Fig. 7.7, Fig. 7.8) the energy flow towards the
reference planes is now composed of injected power and the reflected power from the passive tuner.
In general, both active and hybrid systems can be divided in two categories: closed loop [100], [102] (Fig. 7.6, Fig.
7.8) and open loop [101], [103] (Fig. 7.5, Fig. 7.7). As the operation of the closed loop type relies on a constant loop
gain, both in amplitude and phase, a highly linear microwave amplifier with negligible AM/PM conversion behavior
is required when the power wave exiting from the DUT (b2) increases in amplitude. Closed loop circuits may
oscillate, when the loop gain is larger than one and the phase 360 degrees; to prevent oscillations of the closed
loop type at frequencies other than the operation frequency, additional selective filters can be required in the loop.
This reduces the loop gain outside the frequency band of interest and prevents spontaneous spurious oscillations.
The narrowband nature of both categories demands additional paths for performing multi harmonic
measurements. Each of the paths encompasses an auxiliary amplifier, circulators and adjustable narrowband filters,
phase-shifters and attenuators. In addition, the proper functionality of the open loop topology demands
synchronization measures between the output power level of the DUT and the injected power level.
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Fig. 7.4 Passive load-pull system.
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Fig. 7.5 Active load-pull system, open-loop.
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Fig. 7.8 Hybrid load-pull system, closed-loop.

The closed-loop hybrid topology that will be presented in the next section proposes a solution to these problems.
The broadband nature of the presented hybrid topology enables a multi-harmonic tuning using a minimum set of
components. This topology can be used as source-pull system as well.

7.3 Proposed Hybrid Load- and Source-Pull System
This section describes a novel broadband hybrid load- and source-pull system. It eliminates the need for a
variable attenuator and variable phase-shifter and it employs the conventional passive tuner calibration procedure.
Device measurements at 900MHz and 30GHz demonstrate a significant improvement for the measured output
efficiency and transducer gain.

7.3.1 Principle of Operation
The proposed hybrid system is formed around a Gamma Boosting Unit (GBU) (see Fig. 7.9), which resembles a
positive feedback loop and it encompasses two directional couplers (DCA, DCB) and an auxiliary amplifier with an
available power gain G. In essence, the positive feedback loop generates a negative resistance that compensates
the loss of probe and cable and in this way it boosts the maximum tunable reflection coefficient.

GBU
III

IIb

out
1

2

IIa
I
Fig. 7.9 Proposed hybrid load-pull system with the Gamma Boosting Unit.

Fig. 7.9 presents the proposed hybrid load-pull system composed of a passive load-pull tuner (LP-tuner) and the
Gamma Boosting Unit (GBU). The losses of probe and cable are indicated as LA. Assuming the components (except
ƚƵŶĞƌͿĂƌĞŵĂƚĐŚĞĚƚŽϱϬɏ͕ƚŚĞƉƌŝŶĐŝƉůĞ of the operation of the proposed system can be explained as follows:
I. The incident wave from the DUT’s output, b2, travels towards the tuner via losses LA and the main paths of
directional couplers DCA and DCB and will be initially reflected at the input-plane of the tuner to engender a new
power wave, b3. This new power wave can be expressed as b3=a3**t , in which *t is the tuner reflection
coefficient.
II. Power wave b3 travels back towards the DUT output via two paths:
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a) One part via the main paths of DCB and DCA (path IIa in Fig. 7.9);
b) The other part via coupled paths of DCB and DCA, getting amplified by the auxiliary amplifier (path IIb in Fig.
7.9);
III. The reflected wave a2 at the DUT output can then be expressed as:
aଶ = ܮଶ ܵଶଵ,ீ ܵଵଶ,ீ ߁௧ ܾଶ

(7.2)

with:
Sଶଵ,ୋ = DC,୲୦୰DC,୲୦୰
(7.3)

Sଵଶ,ୋ = DC,୲୦୰DC,୲୦୰ + DC,ୡ୮୪ DC,ୡ୮୪ G

where DCX,thr and DCX,cpl represent respectively the through and the coupled path of the directional couplers.
S12,GBU consists of two parts, the passive part DCA,thrDCB,thr (path IIa) and the active amplified part DCA,cplDCB,cplG
(path IIb). Obviously, the constructive summation between passive and active paths will maximize S12,GBU and it will
relief the stress on the auxiliary amplifier. This can be accomplished in a broadband fashion by equalizing the group
delays of both paths, e.g. by inserting additional line length. The reflection coefficient (L can be expressed as:
aଶ
Ȟ =
= Lଶ Sଶଵ,ୋ Sଵଶ,ୋ Ȟ௧
(7.4)
bଶ
In this case, *t is boosted by S21,GBU*S12,GBU.
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Fig. 7.10 Proposed hybrid source-pull system

The hybrid source-pull system is depicted in Fig. 7.10. The principle of the operation is similar to that of Fig. 7.9.
In this case, ȳS can be expressed as:
aଶ
Ȟୗ =
= Lଶ Sଶଵ,ୋ Sଵଶ,ୋ Ȟ௧
(7.5)
bଶ
where S12,GBU and S21,GBU are defined as in (3.2). Similar to the previous section, *S is now boosted by S21,GBUS12,GBU.
As the GBU forms an integral part of the system, the calibration can be done in the conventional way: by on
forehand characterizing the passive tuner and the GBU together as one block. This makes the need for real-time
sensing of the a- and b-waves superfluous and hence also the need for additional directional couplers. Before
starting calibration, the gain of the amplifier must be fixed such that at ͮȳt,max| the desired ͮȳL,max| (or ͮȳS,max|)
results. The obtained calibration data-set is then used for tuning towards the desired reflection coefficient, similar
as done with a passive system.
Expressions (7.4) and (7.5) are in essence linear and frequency and power level independent. The operation
range of these systems will then be primarily determined by the linear operation range of the auxiliary amplifier
and the frequency bandwidth of the components in use. Employing broadband directional couplers and auxiliary
amplifier enables a broadband loop response. Combination of a broadband GBU with a multi-harmonic tuner
facilitates not only the boost of the reflection coefficient of the main tone but it will also boost the reflection
coefficients of the associated harmonics.
Besides this, it is clear from (7.4), (7.5) that ȳL and ȳS are a direct function of ȳt, i.e. by adjusting ȳt the magnitude
and phase of ȳL or ȳS can directly be controlled. Therefore no additional variable attenuator and variable
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phase-shifter are required in the active loop. Furthermore, the calibration procedure of the proposed system is
similar as at conventional passive tuners, so no complex procedure is required.

Fig. 7.11 Calibration result for the fundamental (black), 2nd (red) and 3rd (blue) harmonic impedances at f 0=900MHz of the
passive load-pull system (left) and for the hybrid load-pull system (right).

7.3.2 Performance Assessment of the Proposed Systems
A performance assessment of the proposed topology has been carried out for two cases:
1) multi-harmonic hybrid load-pull system ( f0 = 900MHz);
2) hybrid source-pull system ( f0 = 30GHz)
Both setups use 2-50GHz 10dB directional couplers.
Multi-Harmonic Hybrid Load-Pull at f0=900MHz
In order to provide a proper assessment procedure, the calibration results of a 0.4GH-7GHz multi-harmonic Focus
MPT tuner for the fundamental, 2nd and 3rd harmonic are depicted in Fig. 7.11 (left). These results include the path
losses from DUT’s output to the input of the tuner 5. Fig. 7.11 (right) represents the calibration results accomplished
by the proposed hybrid load pull system. The gain of the used amplifier was about 25dB. The maximum achievable
reflection coefficients in both cases are enlisted in Table 7.1. As observed in Fig. 7.11, the centers of the calibration
ƉĂƚƚĞƌŶĂƌĞŶŽƚĂƚϱϬɏ, resulting in different maxima for the reflection coefficients’ magnitude as function of their
phase.
Considering Table 7.1, the maximum reflection coefficients for the proposed hybrid system regarding the 2nd and
rd
3 harmonic are boosted considerably compared to the passive system. The fundamental reflection coefficient is
boosted to a lesser extent, which is due to the fact that only 2-50GHz directional couplers were available. This
causes a larger attenuation of the coupled path at f0=900MHz; hence this reduces the injected active power.
Table 7.1 Maximum reflection coefficients for multi-harmonic passive- and hybrid load-pull systems at f0=900MHz.

Passive LP
Hybrid LP
ѐ

|ȳL|@ f0
0.68
0.76
0.08

|ȳL|@ 2f0
0.56
0.82
0.26

|ȳL|@ 3f0
0.50
0.89
0.4

5
As the directional couplers of the GBU were in front of the tuner, the path losses consist of the couplers’ through losses, next to the losses engendered by
probe, cable and connectors.
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Hybrid Source-Pull at f0=30GHz
Similar as in the previous section, Fig. 7.12 present the calibration results of the passive and the proposed hybrid
source-pull system. Both systems employ a Focus MPT 8GHz-60GHz multi-harmonic tuner and the results include
the path losses. The gain of the used amplifier was about 26dB. The proposed hybrid source pull system boosts the
maximum reflection coefficient from 0.51 to 0.80.

Fig. 7.12 Calibration result for the fundamental impedances at f0=30GHz of the passive source-pull system (left) and for the
hybrid source-pull system (right).

7.3.3 Device Measurements with Proposed Systems
This section compares the capability of the proposed hybrid system to that of the conventional passive load and
source pull system for device performance assessment. To serve this purpose we have used two on-wafer HBT
ĚĞǀŝĐĞƐ ŝŶ Ă Ϭ͘Ϯϱʅŵ ^ŝ'Ğ͗ ŝDK^ ƚĞĐŚŶŽůŽŐǇ (NXP QUBiC gen. 7 process, see Table 2.4) with respectively an
output power of 12dBm and 22dBm.
Multi-Harmonic Load-Pull at f0=900MHz
The device under test is the 12dBm HBT transistor. To achieve a higher efficiency the device operates in class-F.
This means that the 2nd and 3rd harmonic load impedances must be set to the lowest and highest available values,
respectively.
As shown in Table 7.1, the conventional passive load-pull system can generate a 2nd and 3rd harmonic reflection
coefficient of 0.56סϭϴϬΣ;ĞƋƵŝǀĂůĞŶƚƚŽϭϰɏͿ and 0.50סϬΣ;ĞƋƵŝǀĂůĞŶƚƚŽϭϱϬɏͿ, respectively.
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Fig. 7.13 Fundamental output efficiency contours at a fundamental load-impedance sweep using the passive load-pull system
at f0=900MHz (left). The 2nd and 3rd harmonic load reflection coefficients are set to 0.56ס180° and 0.50ס0°, respectively. For
the proposed hybrid load-pull system (right), the 2nd and 3rd harmonic load reflection coefficients are set to 0.82ס180° and
0.89ס0°, respectively.

While keepings these harmonic impedances at those fixed values, a maximum output efficiency of 63.4% is
measured by sweeping the fundamental load-impedance, see Fig. 7.13 (left).
The proposed hybrid system realizes values of 0.82סϭϴϬΣĞƋƵŝǀĂůĞŶƚƚŽϱɏͿ and 0.89ס0° ;ĞƋƵŝǀĂůĞŶƚƚŽϵϬϬɏͿ for
respectively the 2nd and 3rd harmonic reflection coefficients. These values represent better the ideal class-F
terminations. While keepings these harmonic impedances at those fixed values, a maximum output efficiency of
68.1% is measured by sweeping the fundamental load-impedance, see Fig. 7.13 (right).
Hybrid Source-Pull at f0=30GHz
For this case, the 22dBm HBT transistor is used. The transducer gain of the device is primarily a function of the
source impedance. At these specific measurements, the source reflection coefficients selected for the conventional
and proposed hybrid system are respectively 0.51ס-159° and 0.76ס-153°.
This enlarged reflection coefficient results in a significant improvement for the measured transducer gain from
-1.4dB to 2.8dB, see Fig. 7.14.

Fig. 7.14 Gain contours for a source-impedance sweep at f0=30GHz. using the passive source-pull system (left) and using the
proposed hybrid source-pull system (right).
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Having discussed the measurement techniques for large-signal device characterization, the next section discusses
the large-signal verification procedure.
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8 Systematic Large-Signal Verification Procedure for mm-Wave
Transistors
In order to gain confidence in their performance and to enable first-time-right mm-wave power amplifier (PA)
designs, verification of the large signal models with measurements is required. Large-signal verification is needed as
DC and small-signal performance verifications are not sufficient due to the non-linear behavior of the active devices
[107].
Although MEXTRAM [95] provides an accurate (large) signal model of an active device at low frequencies
(GSM-band) [111], [112], the large-signal behavior of the model has not been verified at mm-wave frequencies. At
these frequencies the interconnect starts to play an important role, especially at multiple parallelly connected
active devices, which results in large geometries.
In [107] a large signal SiGe HBT model validation at 77GHz was presented, comparing the measured vs modeled
data for the fundamental output power, gain and efficiency. Due to the limited frequency range of such
measurement setups, the behavior of the harmonic signals at these frequencies cannot be captured by
measurements and hence the model is not verified for this. Therefore, the behavior of the harmonic signals is
verified at lower frequencies [109], using a spectrum analyzer to measure the magnitude of the harmonic output
signals as function of input power.
The availability of the NVNA (see the previous chapter) allows improving the accuracy of the device large-signal
verification procedure as the measured data contain the information of the signals’ complex value of fundamental
and harmonics, whereas in the conventional setups only the magnitudes of the signals are monitored. This is
demonstrated in [110], although at low frequencies (fO=900MHz).
In this chapter a systematic large-signal verification procedure for single and multi-device structures at mm-wave
frequencies is presented. Measurements have been performed on two device sizes and at two distinct frequencies
(900MHz and 30GHz). Although the focus of the verification procedure is for Ka-band frequencies, the 900MHz
frequency is also considered to improve the accuracy of the procedure and observe in the data any scaling trend as
a function of frequency and size. For the single-device structure, NVNA measurements are performed at both
frequencies (900MHz and 30GHz) to improve the accuracy of the verification by comparing the measured
fundamental and 2nd harmonic complex output signals with the modeled data.
In section 8.1 the devices under test will be discussed. Section 8.2 explains the verification paradigm, whereas
section 8.2.5 presents the comparison between the simulation and measured data. Parts of this chapter have been
published in [104].

8.1 SiGe:C HBT Device Structures
The verification procedure has been carried out on single and multi-ĚĞǀŝĐĞƐƚƌƵĐƚƵƌĞƐŝŵƉůĞŵĞŶƚĞĚŝŶĂϬ͘Ϯϱʅŵ
SiGe:C BiCMOS technology, in this case the NXP QUBiC4 gen. 7 process having high speed NPN devices with an ft of
110GHz (see Table 2.4). Although this process is of a generation earlier than the NXP QUBiC gen. 8 process, which is
used for the demonstrator in the modular design approach and in the design example in chapter 9, the active
device modeling using MEXTRAM is the same for both generations.
dŚĞƐŝŶŐůĞĚĞǀŝĐĞƐƚƌƵĐƚƵƌĞŚĂƐĂŶĞŵŝƚƚĞƌĂƌĞĂŽĨϬ͘ϰǆϮϬ͘ϳʅŵĂŶĚƚŚĞŵƵůƚŝ-device structure is composed of 16
single devices in parallel. The die photos of both structures are depicted in Fig. 8.1. Both structures are configured
in a common-emitter topology. Parallel devices have been connected by the top metal layer. In order to carry out
the measurements, these structures are embedded in the required test-fixture, which is composed of
interconnects, bond-pads and unwanted parasitic components and coupling effects.
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Fig. 8.1 Die photo of single device (left) and multi-device (right) test structures, with the intrinsic devices shown within the
yellow boxes.

8.2 Verification Procedure
The verification procedure is composed of five complementary steps:
1.
2.
3.
4.
5.

Collecting the measurement data;
De-embedding the test fixture from the measured data;
Modeling of the intrinsic device;
Extraction of the simulated data for the intrinsic device;
Comparing the measured data with the simulated data.

Modeling the intrinsic device in the single structure comprises simulation of intrinsic active device plus
RC-extraction of the metallization structure on top of the device, used to make the connections to the outer world.
Modeling of the intrinsic device in the multi-device structure implies modeling of the individual intrinsic single
structures and the associated inter-connects.
The required test fixture will have impact on the large signal operation of the intrinsic device(s). Therefore this
impact must be included during the modeling and simulation of the intrinsic device(s). The verification paradigm
aims at the comparison between the simulated data of the intrinsic device(s) and the de-embedded measured data.
The situation is visualized in Fig. 8.2, with ports 1&2 as the probe tips reference planes and ports 3&4 as the
intrinsic device ports.
2

1
3

Intrinsic
Device

4

test fixture
Fig. 8.2 Intrinsic device structure embedded in test fixture.

8.2.1 Collecting Measurement Data
The measurement setup is composed of a 67GHz four-port Agilent NVNA, power meters, 67GHz calibration
structures, a 67GHz comb generator, 0.4GH-7GHz and 8GHz-60GHz multi-harmonic Focus MPT tuners, directional
couplers, and pre-amplifier. The 67GHz Agilent NVNA has the capability of reconstruction of the time domain
signal’s waveform which is composed of the fundamental and harmonics’ magnitudes and phases. This information
is used for verification purposes and for monitoring the active devices’ output voltage for breakdown.
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Fig. 8.3 Test fixtures EM-simulator view with indication of reference planes, referring to Fig. 8.2.

The pre-amplifier has been used to overcome the input mismatch loss of the low power gain of the devices at
30GHz. After various calibration procedures the required data for the signals has been collected at the tips of the
probes (reference planes 1&2, see Fig. 8.2). Load-pull measurements have been performed on the single as well as
the multi-device structures. The single and multi-devices structures have been verified for two operating
frequencies, i.e. 900MHz and 30GHz.

8.2.2 De-Embedding Test Fixture from Measured Data
The procedure demands an accurate modeling of the test fixture which has been achieved through extensive use
of EM simulators [93], [94]. This enables the characterization at higher frequencies with respect to on-wafer
de-embedding structures, which is limited by the used VNA’s bandwidth (67GHz). Extending to higher frequencies is
desirable to e.g. include the 3rd harmonic load termination at a fundamental of f0 = 30GHz. Fig. 8.3 illustrates the
implemented test fixture in the ADS Momentum EM simulator. The method discussed in [88] has been used as
guideline for the implemented de-embedding procedure.

C'

B'

B'

C'
RCX

RCX
E'

single device

RCX

RCX

EM-SIM
E'

multi-device
Fig. 8.4 Intrinsic device structure model view.
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Fig. 8.5 Intrinsic multi-device inter-connect EM-simulator view based on the schematic overview given in Fig. 8.4.

8.2.3 Modeling of Intrinsic Device
Similar as described in section 6.1, the active device is modeled up to metal 1 layer by the MEXTRAM transistor
model. The model includes the poly and active-to-metal contact information. For a single device, the local intrinsic
interconnect towards the top metal layer is modeled by RC-extraction. For the multi-device, this is carried out partly
by RC-extraction and partly employing an EM-simulator. The latter takes care of the inter-connect wires between
the parallel devices [87] as these have non-negligible inductive behavior at an operating frequency of 30GHz and its
related harmonics. The intrinsic models for both single and multi-devices are depicted in Fig. 8.4, where B’, C’, E’
represent the effective base, collector and emitter terminals, respectively. Fig. 8.5 shows the inter-connect wires of
the intrinsic multi-device in the Sonnet EM simulator.

8.2.4 Extraction of Simulated Data for Intrinsic Device
The comparison between the measured and the simulated data in the next section requires that at the extraction
of the intrinsic device’s simulated data, the intrinsic device observes the same external environment as in the
measurements. This is required to allow the intrinsic device having the same large-signal operating point in the
simulation testbench as during the measurements. Hence, in the simulation testbench, the impact of the test
fixture and the external DC-feed lines, which connect to the power supplies, should be included.

8.2.5 Comparing the Measured Data with Simulated Data
Single device structure
Verification at 900MHz includes the fundamental and two harmonics. The values for 2 nd and 3rd harmonics
termination are kept fixed at a low impedance level, while the termination value at the fundamental frequency has
been swept. From this procedure, the load value for the optimum PAE condition is determined as 75 + j0.5ɏ. The
results of simulated intrinsic device performance and de-embedded measurements for the output power (Pout) and
power-added-efficiency (PAE) have been depicted in Fig. 8.6 for 900MHz operation.
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Fig. 8.6 Comparison of measured and simulated PO and PAE of single device at f0=900MHz. The DC biasing voltages are set to
VBE=760mV and VCE=2V.

Fig. 8.7 Comparison of measured (dots, triangles) and simulated (solid,dashed) complex values for fundamental and 2nd
harmonic output voltage and output current of single device at f0=900MHz.

Fig. 8.6 shows a maximum deviation of 0.3dB and 7% for respectively Pout and PAE over the entire range of Pin.
Fig. 8.7 illustrates the simulated and de-embedded measured data of the complex values of the output voltage (on
the left) and output current (on the right) for the fundamental and second harmonic frequency and shows excellent
agreement.
Verification at 30GHz includes the fundamental and 2nd harmonic frequency. Using the procedure, we have
determined the load value for the optimum PAE condition as ϯϮ͘ϰнũϯϴɏ. The results of simulated intrinsic device
and de-embedded measured data of Pout and PAE for these specific terminations have been depicted in Fig. 8.8.
Maximum deviations of 0.3dB and 6% for respectively of Pout and PAE over the entire range of Pin indicate the
correctness of the verification procedure.
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Fig. 8.8 Comparison of measured and simulated Po and PAE of single device at f0=30GHz. The DC biasing voltages are set to
VBE=760mV and VCE=2V.

Fig. 8.9 Comparison of measured (dots, triangles) and simulated (solid,dashed) of complex values for fundamental and 2nd
harmonic output voltage and output current of single device at f0=30GHz.

Fig. 8.9 illustrates the simulated and de-embedded measured data of complex values of output voltage (on the
left) and output current (on the right) of the fundamental and second harmonic frequency. A good fit between
measurements and simulation has been obtained.
Multi-device structure
Measurements on the multi-device structure at 900MHz are performed with the same procedure as described in
the previous section. P out and PAE are verified at a fundamental load value of 10ɏ, and depicted in Fig. 8.10.
Maximum deviations of 0.2dB and 5% for respectively of Pout and PAE over the entire range of Pin can be observed.
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Fig. 8.10 Comparison of measured and simulated Po and PAE of multi-device at f0=900MHz. The DC biasing voltages are set to
VBE=760mV and VCE=2.5V.
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Fig. 8.11 Comparison of measured and simulated Po and Eff of multi- device at f0=30GHz. The DC biasing voltages are set to
VBE=760mV and VCE=2.5V.

Measurements at 30GHz revealed a negative transducer gain as result of high input mismatch loss and low power
gain. Hence, the output efficiency (Eff) is used as parameter of comparison instead of PAE. Pout and the efficiency
are verified at a fundamental load value ŽĨϭϬɏĂŶĚare depicted in Fig. 8.11. Due to the power-rating limitation of
used bias-tee at input, the swept P in range is also limited. Maximum deviations of 0.3dB and 5% for respectively Pout
and the output efficiency are observed over the entire range of Pin.
A systematic large-signal verification procedure for mm-wave transistors was described and demonstrated in this
chapter. The verification procedure is composed of five complementary steps: collecting the measured data,
de-embedding the test fixture from the measured data, modeling of the intrinsic device, extraction of the intrinsic
device data from the simulations and comparing the measured data with the simulated data. The accuracy of this
method has been validated on two device sizes and at two distinct frequencies (900MHz and 30GHz). Verification
has revealed an accuracy of .3dB and 7% for respectively output power level and efficiency.
Having verified the large-signal device modeling, continued is with the in detail discussion of the 30GHz, 1W
design example in the next chapter.
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9 30GHz, 1W Power Amplifier Design Example
The modular design approach discussed in the previous chapter was used to design a power amplifier for
Ka-band applications hereby targeting 1W of output power and 20dB of gain and to be implemented in a 0.25um
SiGe:C BiCMOS technology. In the previous section the design parameters for the dominant power block(s) towards
output power and PAE were obtained, which was for this example only for power block PB2 (K=2). The design
parameters of the preceding power blocks, having mainly impact only on gain, still need to be determined.
Moreover, the complete power blocks, including biasing and stabilization networks, need to be implemented in the
layout and the power blocks’ performance should be checked with post-layout simulations.
The architecture of the final PA module will be discussed in section 9.1, Architecture, and the power blocks design
will be discussed for each power block in sections 9.2-9.4. Subsequently, simulations performed on the complete PA
module to verify overall performance and stability, will be discussed in section 9.5, PA-Module Performance, and
section 9.6, PA-Module Stability, respectively. The measurement results of the implemented design will be
discussed in section 9.7. Parts of this chapter have been published in [113].

9.1 Architecture
The final PA module architecture is shown in Fig. 9.1. As can be seen from this is, N, the number of parallel power
modules PM2, equals 8 and K, the number of cascaded power modules, equals 2, as discussed in the previous
chapter.
For reasons of symmetric operation, as discussed in section 5.4, Biasing, the number of parallel power modules
PM1 (M1) equals 2 such that the power modules PM1 observe the same RF impedances. This resulted in the use of
two times a four-way power splitting network within inter-stage network ISN1.
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Fig. 9.1 Final architecture of the implemented PA module.

With the final architecture determined, the function matrix, which was discussed in chapter 4, Structuring the
Design Space, can be completed and is shown in Table 9.1. The module types and designed parameters are now
shown separately in Table 9.2.
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Table 9.1 Function matrix of the design example after having determined the final architecture, showing the distribution of the
functions over the hierarchical levels. The mapping of the biasing and stabilization function to the levels are indicated with solid
dots (). The topology parameters for sub-level 1 to sub-level 3 are shown in Table 9.2.
Function Amplification Power
Power
Biasing +
Design parameters
splitting
combining
Stabilization
Level
base collector
Module type
Topology
parameters
System
PM1-PM3
PSM
PCN

PSM, ISN1,2, PCN: ‘binary tree’
N=8
ISN1-ISN2
K=2
M1=2
sub-level 1
AM

Table 9.2
sub-level 2
AC
PSQ
PCQ
PSQ, PCQ: ‘star’
Table 9.2
sub-level 3
AD
PSR
PCR
PSQ, PCQ: ‘distributed’
Table 9.2
ED
sub-level 4
Table 9.2 Resulting topology parameters for the design example for sub-level 1 to sub-level 3 depicted for each power module
(PM).

Module

PM1

PM2

S=2
H=1, Q=10
R=2

S=2
H=1, Q=10
R=2

Level
sub-level 1
sub-level 2
sub-level 3

The design details for the power blocks (PB) of the shown PA architecture are discussed next, together with the
resulting topology parameters of the power modules (PM) and comparing those with the outcome of the
parameter design.

9.2 Power Block PB2
The (initial) design parameters of power block PB2 were determined during the parameter design in the previous
chapter, resulting in R=2 and Q=8. After implementation, the combining efficiency of the implemented combining
module PCN resulted in a value of -2.4dB, which is 0.47dB lower than expected via the parameter design. The
output power of the implemented power module PM2 resulted in a value of 23.4dBm, which is 0.5dB lower than
expected. With these numbers the PA output power would result in only 30.1dBm, which is 0.9dB lower than the
target of 31dBm. Hence, the number of active cells (AC) within the power module PM2 was increased according to:
ܲ,ௗ௦
1259ܹ݉
ܳ௪ = ආ
ඊ=ቦ
ቧ = 10
ܲ,ெయ
218.8ܹ݉
8  כ0.58 כ
ܰ ߟ כ௪ כ
8
ܳௗ

(9.1)

So the updated power module PM2 has now 20 active devices (AD) per active module (AM) as now R=2 and Q=10,
as shown in Table 9.2. The design details of the power module PM2 and the combining module PCN will be discussed
next, together with the reasons for these performance degradations.

9.2.1 Power Module PM2
The power module PM2 was implemented according to the topology parameters depicted in Table 9.2. This
resulted in 20 active devices (AD) for each active module (AM). Each active device (AD) within the common-emitter
active module AM1 ŚĂƐ ĂŶ ĞŵŝƚƚĞƌ ĂƌĞĂ ŽĨ Ϭ͘ϰǆϴ͘Ϯʅŵ2 and for the common-base active module AM2 this is
Ϭ͘ϰǆϮϬ͘ϰʅŵ2͕ ƌĞƐƵůƚŝŶŐ ŝŶ ƚŽƚĂů ĞŵŝƚƚĞƌ ĂƌĞĂƐ ŽĨ Ϭ͘ϰǆϴ͘ϮǆϮϬʅŵ2 ĂŶĚ Ϭ͘ϰǆϮϬ͘ϰǆϮϬʅŵ2 respectively. The layout
implementation of the power module’s splitting and combining modules is shown in Fig. 9.2. As can be seen,
cascoding of active modules (AM) is applied instead of cascoding active cells (AC), resulting in H=1 and S=2 (see

81
Table 9.2), which is done for ease of layout implementation. The components from the biasing and stabilization
networks (Fig. 6.16) are also added in this figure in their schematic view, excluding base resistor RB2 for reasons of
clarity. These are inserted per active module (AM), as discussed in the topology design in section 6.2 and shown in
Table 9.1. The total component values are the scaled versions of the reference cell component values depicted in
Table 6.2, as shown in the simplified schematic in Fig. 9.3. Base capacitor CB2’ is a poly capacitance with a moderate
Q-factor and is designed such the series resistance Rser2 immediately is included and is implemented below the
splitting and combining modules PSQ and PCQ.

Fig. 9.2 Layout implementation of the splitting and combining modules for power module PM2. The blocks depicted as PSR+PCR
comprise multiple splitting and combining modules. The components from the biasing and stabilization networks are also
added in this figure in their schematic view. Regarding the modeling for this power module, the impact of the combining
module PCQ from active module AM1 and the splitting module PSQ from active module AM2 is assumed to be negligible.

DC+RFout
Csh1´=Csh1*(RQ)

RFin

VB2

Rsh1´=Rsh1/(RQ)
RB1´=RB1/(RQ)

VB1

RB2´=RB2/(RQ)
CB2´

CB2´=CB2*(RQ/2)

Fig. 9.3 Simplified schematic of Fig. 9.2.

This layout view was implemented in an EM-simulator to obtain an overall combined characterization for these
modules. Afterwards the active devices (AD) were connected in a circuit simulator to the ports of this EM-simulated
view. The performance parameters for this power module are depicted in Table 9.3, which are obtained after
applying load-pull in the circuit simulator.
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Table 9.3 Expected performance of power module PM2 via the modular approach and via simulations.

Expected via
Simulated
Modular approach
R
2
2
Q
8
10
Po (dBm)
23.9
24
Po/AD (dBm)
11.9
11
Gp (dB)
15.0
13.9
PAE(%)
41.0
33.9
Icc (mA)
114
144
Icc/AD (mA)
7.1
7.2
Zopt ;ɏͿ
3.7+j9.2
3.9+j8.8
Zin ;ɏͿ
1.1-j1.8
1.9-j0.7
As mentioned shortly in the previous section, the output power per active device (AD) was degraded compared to
the expected output power via the parameter design. The reason for this is that at the time this design and its
implementation was carried out, the local ground paths of the common-base active module AM2 were not
implemented per active device (AD) but as common paths for the whole active module AM2. This common path’s
inductance didn’t scaled inversely proportionally with the number of active cells (AC) in the Q-direction and hence
the effective ground path inductance observed by an active cell (AC) was increased. This resulted in PAE and output
power degradation compared with the performance obtained via the parameter design in the previous chapter.
The power gain is about 1dB lower. The simulated stability k-factor of this power module is depicted in Fig. 9.4 and
shows a value of larger than one over the frequency range from 0.1GHz-50GHz.

Fig. 9.4 Simulated stability k-factor of power module PM2 after layout implementation and extraction.

9.2.2 Combining Module PCN
The 8-way combining module (PCN) of power block PB2 uses a combination of series transmission-lines (TL) and
lumped components to perform the required impedance transformation. This is the same topology as described in
section 6.3, Parameter Design. It consists of five series TL-sections (TLo0-TLo4), a lumped series inductor (Lo2) and
lumped shunt inductor (Lo4). Capacitance Co4 is inserted for DC-blocking purposes. Deep trench isolation (DTI) is
implemented underneath the passives to improve their Q-factor by reducing the substrate parasitics. The
combining module’s design parameters determined at the parameter design served as input for the module’s
layout implementation, which was simulated with an EM-simulator to verify its performance. The simulated
performance of this combining module together with the expected performance via the modular approach are
depicted in Table 9.4.
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Table 9.4 Expected performance via the modular approach and simulated performance of combinig module PCN.

Matching
approach
ȳin
ɻPC,N (dB)

Expect via modular Simulated
approach
3.8+j9.4
3.9+j8.3
-1.93
-2.4

The difference between the modular approach outcome and the EM-simulated combining module is 0.47dB,
which can be contributed mainly to a lower Q-factor of the finally implemented combination of shunt inductor Lo4
and DC-blocking capacitance Co4. The layout implementation of the combination of TLo4, Lo4 and Co4 is shown in
Fig. 11 with the inductive loop formed by shunt inductor Lo4 visible.

Fig. 9.5 Layout implementation of the combination of TLo4, Lo4 and Co4, with the inductive loop formed by shunt inductor Lo4
shown.

9.3 Power Block PB1
The (initial) design parameters for power block PB1 were not determined with the parameter design in the previous
chapter as the impact to PA performance of this power block is expected to be not dominant, as discussed at the
parameter design in the previous chapter.
Power Module PM1
For power module PM1 the same module is used as for power module PM2, only this power module is operating at
a supply voltage (VCdrv) of 4V instead of 5V to reduce on-chip power dissipation. This power module is terminated
with a load impedance of ϰ͘ϰнũϳ͘ϰɏ͘
Inter-Stage Network ISN1
The inter-stage network (ISN1) consists of two times a 4-way CPW-line in-phase current splitter (TLm1-TLm2) and is
implemented together with lumped shunt capacitances (Cm2) for matching, and series capacitances (Cm1) for
DC-blocking purposes, see Fig. 9.1. Chokes L1 are implemented as a cascaded lumped and microstrip-line inductor
design and CBP is a distributed bypass capacitor with a total value of 64pF to offer a broadband low impedance path,
favorable for low frequency stability, which will be discussed in more detail in section 9.6, PA-Module Stability.

9.4 Power Block PB0
Power block PB0 comprises only the 2-way splitting module PSM, which is based on in-phase current splitting with
CPW-lines and additional lumped components. It ƚƌĂŶƐĨŽƌŵƐƚŚĞŝŶƉƵƚŝŵƉĞĚĂŶĐĞĨŝŶĂůůǇƚŽΕϱϬё͘ŚŝŐŚ-pass filter
is implemented with a shunt inductor (Li1) and series capacitances (Ci1) to reduce the gain at lower frequencies.
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9.5 PA-Module Performance
The simulated overall large-signal performance of the PA module at 30GHz is shown in Table 9.5 with the
performance parameters of the power blocks’ power modules and coupling networks also depicted.
Table 9.5 Simulated large-signal performance of PA module at 30GHz with the performance parameters of the power blocks’
power modules and coupling networks also depicted. The parameter values refer to the (total) even-mode equivalent values,
as shown in Fig. 6.13.

PB0
CNW0
Po (dBm)
GP (dB)
-3.3
PAE (%)
ɻo (%)
-

PB1
PM1 CNW1
30.3 19.5
16.2 -3.5
16.7
17.1
-

PB2
PM2 CNW2
32.7 30.3
13.2 -2.4
26.7
28
-

PA
30.3
20.2
13.4
13.8

The target PA module’s output power of 31dBm is not reached mainly due to the DC-voltage drop across the
combining module PCN that was not accounted for during the parameter design, which also lowers the PAE of the
power module PM2 and hence the PA module’s PAE compared to the parameter design. The simulated PAE is
13.4%, which is significantly lower than the expected ~24% via the parameter design, due to the explained reasons
at power block PB2 level and here at PA module level. The target power gain of larger than 20dB is obtained.

9.6 PA-Module Stability
The stability analysis method as discussed in section 5.5, Stabilization, was carried out and showed that the
output node of power module PM1 is sensitive to low-frequency (LF) even-mode instabilities which are caused by
interaction with the bias circuit’s components. This is because no damping resistor is inserted here as large
DC-currents are flowing at this terminal, in contrast to the devices’ bases. The equivalent simplified LF even-mode
circuit to indicate the critical components for the LF bias instabilities was depicted in Fig. 6.28. The DC-probe’s
ground pin inductance (LDC,GND) causes an additional feedback mechanism and plays therefore an important role for
these instabilities. Selecting the proper value for capacitance CBP is therefore important as this capacitance can
bypass the impact of this inductance and inductance LDC,C2. The open-loop gain observed at the driver’s output is
shown in a Nyquist plot in Fig. 9.6 for different CBP values from 10MHz to 10GHz. Encircling the +1 point in a
clock-wise direction is occurring for CBPчϱϱƉ&͘dŚĞƌĞĨŽƌĞ͕BP=64pF was selected to include an additional stability
margin. Regarding the odd-mode stability, the analysis showed that there was no need to insert odd-mode
stabilization resistors between the successive stages.

Fig. 9.6 Nyquist plot of open-loop gain observed at output power module PM1 for different bypass capacitance CBP values.
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9.7 Measurement Results
This section describes the results of the small-signal and large-signal measurements in the chip after being
ƉƌŽĐĞƐƐĞĚ ŝŶ ƚŚĞ Ϭ͘Ϯϱʅŵ ^ŝ'Ğ͗ ,d ƚĞĐŚŶŽůŽŐǇ͘ The chip photograph of the realized PA with a die size of
ϭϴϲϬǆϭϱϮϬʅŵŝƐƐŚŽǁŶŝŶ Fig. 9.7.

Fig. 9.7 Chip photograph of 8-way power combining PA. The chip size is 1.86mmx1.52mm (2.83mm2).

9.7.1 Small-signal Measurements
On-wafer small signal measurements have been carried out using a 67GHz Agilent PNA-X and Cascade Microtech
probes. Fig. 9.8 shows the results (solid lines) in which a maximum gain of 24.5dB can be observed at 28.3GHz. The
results reveal a 3dB-bandwidth of 3.8GHz (from 26.5 to 30.3 GHz) and the S11 is below -10dB from 27.7GHz to
30.5GHz.
Compared with the intended simulation results (sim v1, dashed lines) a downward frequency shift is observed,
mainly for the graphs of S21 and S22. This is caused by the large sensitivity of the low impedance levels at inputs and
outputs of the power modules towards passive modeling inaccuracies. This modeling inaccuracy is likely to result
from the splitting up of the total EM-simulation layout view to speed up the simulation time and hereby neglecting
some mutual coupling effects. The EM layout view comprises the modeling of the interconnect and passives,
excluding capacitors and resistors. Considering the measured S22, a less inductive impedance path as function of
frequency was observed compared with the intended simulated S22. Adding a series inductance of 20pH at the
inputs and outputs of the power modules PM2 resulted in a better match for S22 and S21. This shows the sensitivity
towards a small modeling inaccuracy. These new simulation results are also shown in Fig. 9.8 (sim v2, dotted lines).

Fig. 9.8 DĞĂƐƵƌĞĚĂŶĚƐŝŵƵůĂƚĞĚ^ϭϭ;ӑͿ͕^Ϯϭ;ᇞͿĂŶĚ^ϮϮ;පͿ͘dŚĞŽƌŝŐŝŶĂů (sim v1, dashed) and new (sim v2, dots) simulation
results are both shown.
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9.7.2 Large-signal Measurements
Fully calibrated large-signal measurements were performed using an Agilent NVNA. Due to the modeling
inaccuracies, the power modules PM2 were not terminated in their optimum load impedance ZL,PM2 and this
resulted in reduced output power. The more inductive load impedance resulted in a voltage-limited load line and
therefore VCC was increased to cope with this. This necessitated the reduction of its common-emitter device’s base
bias voltage VB1 (see Fig. 9.3) to 0.7V and 0.66V. Reducing the bias voltage VB1 extends the maximum allowable
supply voltage before breakdown as it reduces the current conduction angle and hence DC-current and dissipated
DC power. This extends the large-signal operating region within the SOA. However, this measure is at the expense
of reduced gain. The measured saturated output power and PAE versus the output stage’s supply voltage (VCC) are
shown in Fig. 9.9 at a frequency of 27GHz for the base bias voltage VB1 of the power module PM2 equal to 0.7V and
0.66V. The supply voltage VCdrv for the power module PM1 was set fixed to 4V. At VB1= 0.66V and a supply voltage
VCC of 6.55V, the PA achieves a maximum saturated output power of 29.7dBm with a PAE of 10.2%. This extends the
maximum saturated output power with 0.6dB compared with VB1 set to 0.7V.
EĞǆƚƚŽƚŚĞƐĞϱϬɏŵĞĂƐƵƌĞŵĞŶƚƐ͕ĂůƐŽůŽĂĚ-pull was applied to compensate for the impedance mismatch. This
resulted in an optimum load impedance of 21.2-ũϭϴɏ͘ƚƚŚŝƐŽƉƚŝŵƵŵŝŵƉĞĚĂŶĐĞ͕ƚŚĞŵĞĂƐƵƌĞĚƐĂƚƵƌĂƚĞĚŽƵƚƉƵƚ
power and PAE versus supply voltage VCC are shown in Fig. 9.10 at a frequency of 27GHz at VB1=0.7V. The PA
achieves a maximum saturated output power of 31dBm with a PAE of 13% at a VCC of 6.9V. An additional off-chip
matching network is still rĞƋƵŝƌĞĚƚŽŵĂƚĐŚƚŽϱϬɏ͘
dŚĞŵĞĂƐƵƌĞĚƐĂƚƵƌĂƚĞĚŽƵƚƉƵƚƉŽǁĞƌ͕ŐĂŝŶ͕ĐŽůůĞĐƚŽƌĞĨĨŝĐŝĞŶĐǇĂŶĚWǀĞƌƐƵƐĨƌĞƋƵĞŶĐǇĂƚĂϱϬɏƚĞƌŵŝŶĂƚŝŽŶ
are shown in Fig. 9.11 at a VCC of 5.5V and power module PM1 its supply voltage (VCdrv) of 4V. The common-emitter
device’s base bias voltage VB1 of the power module PM2 is set to 0.7V. At 27GHz, the PA achieves a maximum
saturated output power of 29.1dBm with a PAE of 10.3% and a collector efficiency of 10.7%. The saturated gain is
more than 14.7dB in the frequency band from 26-31GHz and the output power 1dB bandwidth is about 4GHz, from
~25GHz to 30GHz, and corresponds with a 14.2% fractional bandwidth.
To observe PA instability a 50GHz spectrum analyzer was connected to the output with a directional coupler
during the small- and large-signal measurements. No unexpected spurs were observed here and also the obtained
measurements results show no indication for instable PA operation.
Table 9.6 summarizes and compares the performance of (near) mm-wave silicon PAs with a saturated power of
23dBm and larger. The proposed PA delivers 1.3dB more saturated output power compared to [65] and has
therefore the highest reported output power in the frequency regime above 26GHz. After applying ZL=21.2-ũϭϴɏ͕
the PA delivers another 1.3dB power. The achieved PAE and gain values are moderate. The consumed area is only
2.83mm2.

Fig. 9.9 Measured saturated output power and PAE versus supply voltage VCC at 27GHz for VB1,AS2 is 0.7V and 0.66V and at
>сϱϬɏ͘
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Fig. 9.10 Measured saturated output power and PAE versus supply voltage VCC at 27GHz for VB1,AS2 is 0.7V and at
ZL=21.2-ũϭϴɏ͘

Fig. 9.11 Measured saturated output power, gain, collector efficiency and PAE versus frequency at VCC=5.5V, VB1,AS2=0.7V
ĂŶĚ>сϱϬɏ͘
Table 9.6 Comparison with (near) mm-ǁĂǀĞƐŝůŝĐŽŶWƐǁŝƚŚWƐĂƚшϮϯĚŵ
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Putting the results of this design example in perspective to the performance of state-of-the-art Ka-band VSAT PAs
(see Table 2.1), we see that 1W-class output powers are obtained. The finally obtained PAE value in this example
(13%) is lower than typically seen at the state-of-the-art (>20%). However, by using a power module PM2 with
improved grounding at its common-base active module AM2, as used at the parameter design, and by implementing
a higher-Q shunt inductor at the combining module PCN, the expectation is that PAE values above 20% can be
obtained in this technology, similarly as at the state-of-the-art. The outcome of the parameter design supports this.
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10 Conclusions and Recommendations
10.1 Conclusions
This thesis proposes a structured modular design approach for mm-wave Watt-level power amplifiers and shows
its correctness and effectiveness. It also shows the feasibility of silicon technologies, and more specifically, SiGe:C
BiCMOS technology, for Watt-level PA design.
Ka-band VSAT networks are interesting due the enormous growth market for consumer VSAT in regions with
unserved/underserved terrestrial broadband internet access. State-of-the-art PAs for these applications are
commonly implemented in III-V compound technologies, with GaAs PHEMT technology dominating the market,
which is indicated by a literature survey. In recent years, SiGe transistors are becoming more favorable due to their
relatively low cost and high integration capability. However, the intrinsic performance of this technology is in
general worse than GaAs technology. Comparison of both technologies for different process generations reveals
that their average product of ft and breakdown voltage (ft*BV) is 466GHzV and 205GHzV for the GaAs PHEMT and
the SiGe:C HBT devices, respectively. The Q-factors of the passive components used for matching and for
interconnect are larger than 100 for the GaAs technology when using transmission lines, whereas in the SiGe
technology this is 20-30 for inductors and around 10 for transmission lines.
Moreover, silicon PAs in the (near) mm-wave frequency regime with saturated powers towards Watt-level need
extensive distribution and multi-level power combining, which introduces severe problems in power combining,
gain improvement, stability, and power-added efficiency (PAE). At the same time, a distributed design offers many
choices for accomplishing power combination, gain improvement and insertion of bias and stabilization functions.
To find a power efficient design, all these choices need to be explored, which is a cumbersome and time-consuming
task as many design iterations are needed. From this it is clear that the realization of mm-wave Watt-level PA in a
SiGe technology is more challenging than realization in a GaAs technology. Due to the complexity in design, only a
limited design space is normally investigated, which leads to non-optimum results.
A modular design approach is presented that enables to explore the available options in a structured way and to
reduce the number of design iterations such that the optimum PA performance is found in limited time, hereby
focusing on output power, efficiency and gain. The approach starts from the desired mode of operation when
combining multiple devices, the even-mode, and takes into account the sources of the undesired odd-mode
operation. These sources are related to the asymmetry and dynamic loading at the splitting and combing modules,
imperfect grounding, biasing distribution, electromagnetic coupling and thermal coupling. A classification is made
for splitting and combining modules regarding their asymmetric and dynamic loading behavior. The combining
efficiency degradation due to the odd-mode operation is expressed in terms of the combining module’s intrinsic
efficiency and in terms of load mismatch factors (LMF), the latter expressing the mismatches between the actual
combining module’s input impedances and the optimum load-line matched impedances and the differences
between the actual and optimum input currents and voltages. To quantify the potential degradation due to
undesired odd-mode operation the LMF values should be determined, which requires also knowledge of the
behavior of the other modules within the amplification module that define these currents, which are the splitting
module and the active blocks.
A proposed ‘function matrix’ supports the structuring of the analysis and design. It gives an easy overview of the
distribution of the required functions for power and gain improvement and for biasing and stabilization over
selected hierarchical levels together with the available design parameters shown at each level. Such a distribution
with design parameters defines a PA topology, and a filled-in function matrix, comprising all the assigned values for
the design parameters, forms a structured overview of the outcome of a specific design.
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An overview of module options and module limitations further supports the structured approach. This is done for
each of the functions amplification, power combining, power splitting, biasing and stabilization. The module options
for amplification showed the trade-offs in selection of the elementary device’s parameters: the number of fingers
(emitter stripes) and the emitter area dimensions per finger. Cascode topologies for enlarging the breakdown
voltage and the gain cope with the relatively low ft*BV product of the SiGe:C technology. Three transmission-line
based current-summing topologies are indicated as the preferred candidates for implementation of the
splitting/combing modules: the star, the distributed and the binary tree topology. The selection of one these
topologies is a trade-off between symmetric operation and area consumption.
The presented design approach covers the full design trajectory: design-driven module modeling, topology
design, parameter design, layout implementation and overall PA simulations. The design-driven modeling approach
allows including the relevant EM and electrical coupling effects, meanwhile offering a scalable (design-driven)
model, which reduces the number of time-consuming EM-simulations. The options and tradeoffs for the PA
topology design are provided. The parameter design, the procedure for assigning values to the design parameters,
targets PAE maximization by exploring the impact of the available options in a structured way by:
x Considering multiple times during the design, i.e. after each power block design, the impact of the power
blocks’ performance on the PA module’s PAE.
x Comparing the performance of a common-emitter and a cascode configuration active reference cell. The
cascode configuration performs better or equally in almost all aspects.
x Selecting the values for the biasing and stabilization networks after considering their impact on the
electro-thermal stability, thermal behavior and electrical stability.
x Determining the active devices’ (AD) scaling behavior in the different topology directions.
x Using an exhaustive search optimization routine to obtain for a ‘binary-tree’ combining module the
optimum design parameters for maximum output power, targeting the power modules’ (PM) optimum
load impedance.
A novel hybrid load- and source-pull topology facilitates large-signal device characterization. The topology
minimizes the set of required components for multi-harmonic tuning by employing a broadband Gamma Boosting
Unit (GBU) and eliminating the need for a variable attenuator and variable phase-shifter inside the GBU.
Furthermore, the system requires no complex calibration procedure. Device measurements at 900MHz and 30GHz
validate the improved functioning of the proposed topology both as load- and as source-pull system.
A systematic large-signal verification procedure for mm-wave transistors was described and demonstrated in this
section. The verification procedure is composed of five complementary steps: collecting the measured data,
de-embedding the test fixture from the measured data, modeling of the intrinsic device, extraction of the intrinsic
device data from the simulations, and comparing the measured data with the simulated data. The accuracy of this
method has been validated on two device sizes and at two distinct frequencies (900MHz and 30GHz). Verification
has revealed an accuracy of .3dB and 7% for respectively output power level and efficiency.
The usefulness and effectiveness of the design approach was further validated with a specific design example: an
eight-way in-phase current-combining power amplifier for Ka-band VSAT applications, targeting 1W of output
power, and to be implemented in a 0.25um SiGe:C BiCMOS technology. Measurement results show a saturated
output power of 29.7dBm at 27GHz with a maximum PAE of 10.5%. After applying load-pull, this output power
increases further to a level of 31dBm, with a maximum PAE of 13%. The small-signal gain is 24.5dB and the
saturated gain is more than 14.7dB in the band of interest. The consumed area is only 2.83mm2. Hence, Watt-level
output powers have been realized, thanks to an extensive use of distribution along several lines and levels in the
architecture and a structured design approach to cope with the associated complexity. The finally obtained PAE
value in this example (13%) is lower than typically seen at the state-of-the-art Ka-band VSAT PAs (>20%). However,
the reasons for that are known and also the ways to cope with them. The expectation is therefore that PAE values
above 20% indeed can be obtained in this technology, as indicated at the parameter design, achieving similar values
as at the state-of-the-art.
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10.2 Recommendations for Future Work
x

x

x
x
x

x

x

For applications where bandwidth is of a concern, the modular design approach can be extended with
bandwidth as a performance parameter of interest, next to output power, gain and PAE. The implemented
exhaustive search optimization routine for the ‘binary-tree’ combining module can be extended in this by
considering the combining efficiency at multiple frequency points around the center frequency instead of
only at the center frequency.
To improve the PAE of the active blocks, it is worthwhile to investigate the switching type of amplifiers, like
class-E as in [59]. Also device-stacking could be investigated as it can lower the required impedance
transformation ratio and hence reducing the matching losses. However, both increase the design and
implementation complexity.
The mutual thermal coupling between devices is a point of attention. Thermal coupling can be investigated
using electro-thermal simulations on a power module (PM), by using an electro-thermal simulator as e.g.
available within ADS from Keysight.
To improve the power modules’ robustness, the base biasing can be done using a current mirror at each
(parallel) power module (PM).
Ways of reduction of the inequality in the signals at the inputs of the active blocks when using a
‘distributed’ topology for the splitting modules can be investigated, such that odd-mode behavior is
reduced. To change the standing wave behavior (voltage distribution along the transmission line) within
this splitting module, additional passive (shunt) elements can be added within this splitting module to
change the transmission line loading.
In order to enhance the proposed hybrid load- and source-pull system’s robustness towards stability, the
frequency response of the Gamma Boosting Unit (GBU) can be manipulated by proper adjustment of
phase-shifter and time-delay. In this way the ȳL becomes maximum around the tuned frequencies and
reduces at the other, non-tuned, frequencies. This improves the stability at these non-tuned frequencies as
ȳL reduces, without the use of selective filters.
The possibilities of scaling the active devices (AD) with their long-side instead of short-side aligned in the
Q-direction can be investigated (see Fig. 6.7).
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Appendix A. Multi-port Impedance Definition
At a linear multi-port, the input impedance of a specific port is conventionally defined as the port’s ratio of
voltage and current when that specific port is excited with a signal and with all the other independent sources set
to zero. However, at an amplification module containing multiple active blocks and splitting/combining modules, it
is important to know the effective loading of an active block when all the other sources are also active. To define
the impedance for this case, the relations between the signals of the port of excitation and the other ports must be
defined.

a1
a2

1
2

aF

F

+

aF+1

F+1

ȳL

Fig. 10.1 DŽĚƵůĞǁŝƚŚ&ŝŶƉƵƚƐ͕ŽŶĞŽƵƚƉƵƚĂŶĚůŽĂĚƌĞĨůĞĐƚŝŽŶĐŽĞĨĨŝĐŝĞŶƚȳL. Such a module can be an amplification (F=1) or
combining (F>1) module.

Considering Fig. 10.1 and using Z-parameters, the input impedance of the ith input port can be defined in a general
way as:
ܼ, =

σிାଵ
ୀଵ ܼ, ܫ
ܫ

(10.1)
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with Zx,y the module’s Z-parameters and Ix the port currents, with x,y=1,2,..,F+1. So the impedances can only be
defined when the currents at the other ports are related to the current at the port of interest, port i.
Connecting a load impedance ZL to the module’s output port, port F+1, the relation between the current IF+1 and
the other currents will be known. The input impedance of the ith input port becomes now:
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The summations in the numerator containing the current Ij are now only over the ports 1 to F, the input ports.
From (10.3), a next step is to define the even-mode impedance. The even-mode impedance is defined for the
situation that all input port currents are equal. With this, all relations between the currents Ii and Ij are known. This
results in:
ி

ி

ୀଵ

ୀଵ

ܼ,ிାଵ
ܼ =  ܼ, +
 ܼிାଵ,
ܼிାଵ,ிାଵ + ܼ

(10.3)
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Appendix B. PAE Calculation
The derivation of the PA module’s PAE formula used in chapter 6, Design Approach, is presented here using two
cascaded power modules (PM) as example (see Fig. 6.13).
ܲܧܣ =
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with ɻPM,x=(PO,PB,x/GCNW,x)/PDC,x with x=1,2 and GPA the overall PA module’s power gain.
Generalizing this result for K cascaded power modules (PM) leads to:
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Summary
Wireless long distance applications in the millimeter-wave frequency regime require a Monolithic Microwave
Integrated Circuit (MMIC) power amplifier (PA) capable of amplifying signals to Watt-ůĞǀĞůŽƵƚƉƵƚƉŽǁĞƌƐ;шϭtͿ͘
The enormous growth market for consumer VSAT in regions with unserved/underserved terrestrial broadband
internet access makes this an attractive application. Very-Small-Aperture-Terminals (VSAT) are ground stations used
for one-way or two-way data transmission by means of a satellite communication system. As spectrum licenses in
the traditionally used C- and Ku-band became scarce, the demand for available spectrum and higher capacity has
led to entering the Ka-band.
The state-of-the-art in PA design targeting output powers relevant for Ka-band VSAT applications is discussed in
chapter 2. The application and the related requirements for the PA within a VSAT ground station are discussed here
and an overview of state-of-the-art Ka-band PAs suitable for VSAT operation is given. From this survey the
dominant technologies (III-V compound technologies) are indicated and their main drawbacks are given. As
alternative to these technologies, the use of a low-cost technology as SiGe BiCMOS is investigated. The
(fundamental) differences between silicon and III-V compound technologies are investigated, with a focus on the
comparison of SiGe vs GaAs technology. A literature survey of published silicon PAs in the (near) mm-wave
frequency regime with saturated powers towards Watt-level is given and the different power combining techniques
for output improvement that are presented in this literature are discussed. Two promising combining techniques
are selected from this overview for combining on device-level and on circuit-level.
A major design issue for these PAs is the layout interconnect between the multiple distributed devices as this
shows distributed effects at mm-wave frequencies. Such a distributed design introduces severe problems in power
combining, gain improvement, stability, and power-added efficiency (PAE). At the same time, a distributed design
offers many choices for accomplishing power combination, gain improvement and insertion of bias and stabilization
functions. To find a power efficient design, all these choices need to be explored, which is a cumbersome and
time-consuming task as many design iterations are needed. Therefore, only a limited design space is normally
investigated, which might lead to non-optimum results.
To cope with this, a modular design approach is presented in chapter 3 to explore the available options in a
structured way. In a modular concept, multiple hierarchical levels can be specified. This provides the opportunity to
distribute both power and gain improvement, biasing and stabilization means over the various levels. The
(sub)functions at each level are represented by ‘modules’ or a group of modules, and each module on its turn has
various implementation options, the module options. This approach reduces the number of design iterations such
that the optimum PA performance is found in limited time, hereby focusing on output power, efficiency and gain.
The desired mode of operation when combining multiple devices, the even-mode, is discussed together with its
counterpart that results in an undesired mode of operation, the odd-mode. The sources of the undesired odd-mode
operation are discussed and the combining efficiency degradation due to the odd-mode operation is investigated.
In chapter 4, a ‘function matrix’ is presented, depicting a distribution of the required functions for power and
gain improvement and for biasing and stabilization over the selected hierarchical levels together with the available
design parameters shown at each level. Such a distribution defines a PA topology and a function matrix comprising
all the assigned design parameters is the outcome of a specific design.
The module implementation options and the module limitations will be discussed in chapter 5 for each of the
required functions for power and gain improvement and for biasing and stabilization. The pros and cons of the
different options will be discussed with their relation to the limitations imposed by the process technology
constraints.
The design approach is discussed in chapter 6. A design-driven module modeling is here presented, which
reduces the design cycle meanwhile including the relevant EM-coupling effects. The PA topology design is
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discussed in detail and subsequently the parameter design, the procedure for assigning values to the design
parameters, is discussed. The design approach is completed with the performance and stability verification of the
overall PA by using a circuit and an EM simulator, after full layout implementation of the PA.
In order to gain confidence in their performance and to enable first-time-right mm-wave power amplifier (PA)
designs, large signal model verification is required. This requires non-linear device characterization to acquire the
measurement data used at the verification. At this non-linear characterization, proper load- and source
terminations for the active device are important due to their impact on the device’s output power, efficiency, gain
and linearity. Mostly, passive load- and source-pull systems serve this purpose, however, they can offer only a
limited reflection coefficient. Chapter 7 proposes a novel broadband hybrid load- and source-pull system to boost
the reflection coefficient. The system overcomes several limitations of state-of-the-art hybrid systems as it
eliminates the need for a variable attenuator and variable phase-shifter and employs the conventional passive
tuner calibration procedure.
Large-signal verification is needed as DC and small-signal performance verifications are not sufficient due to the
non-linear behavior of the active devices. Although MEXTRAM provides an accurate (large) signal model of a single
active device, for multiple parallelly connected active devices the interconnect starts to play an important role,
especially with large geometries at high frequencies. Chapter 8 provides a systematic large-signal verification
procedure for single and multi-device structures. The accuracy of this method has been validated on two device
sizes and at two distinct frequencies (900MHz and 30GHz). Verification has revealed an accuracy of .3dB and 7% for
respectively output power level and efficiency.
Chapter 9 discussed the design of an eight-way in-phase current combining power amplifier for Ka-band
applications, targeting 1W of output power and to be implemented in a 0.25um SiGe:C BiCMOS technology, hereby
making use of the proposed modular design approach. Measurement results show a saturated output power of
29.7dBm at 27GHz with a maximum PAE of 10.5%. After applying load-pull, this output power increases further to a
level of 31dBm, realizing Watt-level output powers, with a maximum PAE of 13%. The small-signal gain is 24.5dB
and the saturated gain is more than 14.7dB in the band of interest. The consumed area is only 2.83mm2.
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