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Abstract 

This thesis treats the design and characterization of amplifiers operating up to 
submillimeter-wave frequencies and packaging of such circuits into waveguide 
modules. The circuits use an advanced indium phosphide (InP) double heterojunction 
bipolar transistor (DHBT) process with a multilayer back-end. Several amplifiers in 
the frequency range from 80 to 300 GHz with state-of-the-art performance are 
presented. The amplifiers utilize different transistor configurations: common-emitter, 
common-base, and cascode. One of the amplifiers, a five-stage common-emitter 
circuit, demonstrates 24 dB gain at 255 GHz with a minimum noise figure of 10.4 dB 
at 265 GHz. This is the lowest reported noise figure for amplifiers in bipolar 
technology operating at such high frequencies. Circuits like these can find 
applications in a variety of systems such as wireless high data-rate communication 
links and high-resolution imaging systems. 

Furthermore, amplifiers with the highest reported bandwidths for transistor-
based amplifiers, regardless of transistor technology, are presented in this thesis. 
These amplifiers use distributed topologies to achieve such wideband characteristics. 
The widest bandwidth is reached with a 2-cascaded distributed amplifier that has an 
average gain of 16 dB from 2 to 237 GHz, i.e., a bandwidth of 235 GHz. 

A potential problem with integrated circuits with a large front-side metallization 
is the risk of resonating parasitic modes within the circuit substrate. The influence of 
such resonances is studied through simulations and measurements of passive and 
active circuits. It is shown that a resistive Si carrier underneath the circuit is an 
effective method to eliminate the effects of parasitic substrate modes. 

The high operating frequencies of these circuits make the development of a 
functional packaging method challenging. In this thesis, two waveguide InP DHBT 
amplifier modules operating in the frequency bands 150‒260 GHz and 210‒300 GHz 
using a novel waveguide-to-circuit transition realized in membrane technology are 
demonstrated. It is the first published results on InP DHBT amplifier modules 
operating at these high frequencies. Furthermore, membrane technology has not been 
used in packaging of transistor-based integrated circuits before. One of the amplifier 
modules is measured at a temperature of 100 K. The noise temperature of the module 
is reduced from 3500 K at room temperature to 1800 K when cooled. This is the first 
reported characterization of an InP DHBT circuit at cryogenic temperature. 

 
Keywords: amplifier, distributed amplifier (DA), double heterojunction bipolar 
transistor (DHBT), G-band, H-band, InP, low-noise amplifier (LNA), membrane 
technology, millimeter-wave, multiple layer interconnect, noise figure, packaging, 
submillimeter-wave, substrate modes, waveguide module, waveguide transition, 
wideband, WR05, WR03.
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Chapter 1 

1 Introduction 
The development in microwave and submillimeter-wave electronics has led to 

numerous applications where this technology is used. These applications include 
services that we use every day such as mobile phone communication, WiFi networks 
for laptops and smart phones, fast internet communication through fiber-optic links 
in our homes, and satellite positioning using the global positioning system (GPS). 
Other applications are in astronomic observatories for studying the universe, satellite-
based instruments for weather forecasting, security systems at airports, and in radar 
systems [1]. 

Microwaves are electromagnetic waves with frequencies between 300 MHz and 
300 GHz, which corresponds to wavelengths from 1 m down to 1 mm. The 
microwave spectrum includes the millimeter-wave frequency region, which ranges 
from 30 GHz to 300 GHz, i.e. wavelengths between 10 mm and 1 mm. Frequencies 
where the wavelength is shorter than 1 mm are named submillimeter-wave 
frequencies. The submillimeter-wave region ranges from 300 GHz up to 3 THz [2], 
[3]. Integrated circuits operating at millimeter- and submillimeter-wave frequencies 
have been possible as a result of rapid advances in transistor and integrated circuit 
technologies during the last decades. Only during the last five years, the maximum 
reported operational frequency of transistor-based amplifiers has increased from 
330 GHz to 1 THz [4], [5].  

The most common transistor technologies for millimeter- and submillimeter-
wave electronics are based on SiGe, GaAs, and InP [4], [6]. GaAs high electron 
mobility transistor (HEMT) technology, which was first presented in 1980 [7], is 
together with GaAs metal-semiconductor field effect transistors (MESFET) the 
traditional workhorse for millimeter-wave circuits. It provides adequate performance 
at a decent cost. The electron transport properties of GaAs can be improved by adding 
indium, which is done in pseudomorphic high electron mobility transistors 
(pHEMTs) and metamorphic high electron mobility transistors (mHEMT), and 
thereby allowing higher operational frequencies [8], [9]. Amplifiers operating at up 
to 600 GHz using GaAs mHEMT technology have been reported [10]. 
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SiGe BiCMOS processes that combines SiGe heterojunction bipolar transistors 
(HBTs) with CMOS have emerged into the millimeter-wave region during the last 
decade [11]. This technology allows high integration densities of both analog and 
digital circuitry and it is cost-effective in very large volumes [12]. A main 
disadvantage with SiGe HBTs is lower fT and fmax compared to InP-based 
technologies at the same scaling size due to lower electron mobility and higher base 
resistance [13]. 

The highest operational frequencies of transistor-based amplifiers are achieved 
with InP technologies, in particular InP HEMT processes [4], [14], [15]. An amplifier 
in a 25 nm gate length InP HEMT processes with 10 dB gain at 1 THz was recently 
presented [5]. In the last years, double heterojunction bipolar transistor (DHBT) 
technology based on InP has approached frequencies close to those of InP HEMT 
circuits [16], [17]. The InP DHBT technology offers several advantages, such as high 
power capability, low 1/f-noise, and high levels of integration with the possibility to 
integrate thousands of transistors in one circuit [18]-[20]. These characteristics make 
the InP DHBT technology suitable for multifunctional circuits operating above 
100 GHz with all receiver and transmitter components, i.e., low-noise amplifiers 
(LNAs), power amplifiers, voltage controlled oscillators, mixers, frequency 
multipliers, on a single chip. This reduces interconnection losses, size, and cost 
compared to have each circuit in a separate module and in different technologies [6], 
[21]. A drawback is the higher noise figure of InP HBTs, caused by the shot noise 
generated in the device, compared to InP HEMTs [22]. LNAs in InP HEMT 
technologies have therefore reached lower noise figures than LNAs in InP DHBT 
technology. However, InP DHBT LNAs may be interesting for integration in 
multifunctional circuits, taking advantage of the other benefits of the technology, and 
where their noise figure is sufficiently low for the system performance. 

This thesis focuses on two related topics. The first topic is design and 
characterization of amplifier circuits operating at frequencies up to the submillimeter-
wave region using InP DHBT technology. An amplifier is a two-port device whose 
fundamental function is to amplify an input signal to a stronger output signal and it 
is a circuit that is necessary in the vast majority of all microwave systems. Millimeter-
waves between 100 and 300 GHz are interesting for wireless point-to-point links with 
very high speed capability, utilizing the very large bandwidths that are possible at 
these high frequencies and the benefits of small aperture and system size [23], [24]. 
Other applications are imaging and sensing systems, e.g. for detection of concealed 
weapons and hidden explosives through clothes [25], [26]. In future high speed 
optical fiber communication links, extremely wideband amplifiers with flat gain and 
linear phase from near dc up to submillimeter-wave frequencies are interesting [13], 
[27]-[30]. Such amplifiers find applications in wideband scientific and test 
instruments as well [31]. A major challenge when designing amplifiers operating at 
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very high frequencies and close to the frequency limits of the transistor is the limited 
gain in the single device. Several stages in cascade are necessary to obtain a useful 
amount of gain. The impact of different parasitics in the circuit elements increases 
with frequency and influences the circuit performance considerably. Such elements 
must thus be investigated and simulated thoroughly. 

The second topic is packaging of integrated circuits operating between 150 and 
300 GHz, such as the circuits described in this thesis, into functional waveguide 
modules. Even though on-wafer measurements often are a primary choice for 
characterization of circuits, it is in most applications necessary with circuits packaged 
in modules. At frequencies above 100 GHz, this is traditionally accomplished by 
mounting the circuit chip in a waveguide housing, which necessitates a wideband 
probe transition with low loss that couples the signal from the chip to the waveguide 
and the reverse. The waveguide probe can either be integrated on the circuit or be on 
a separate substrate. Both alternatives have their disadvantages: integrated probe 
transitions require non-rectangular circuit dicing and wafer thinning, whereas probe 
transitions on separate substrates require a low-inductive connection to the circuit. It 
is therefore of interest to develop wideband transitions for frequencies above 
100 GHz that allows rectangular dicing and simple back-side processing of the 
circuit. 

The thesis is divided into six chapters. Chapter 2 starts with a brief description 
of the InP DHBT device used in all circuits covered in the thesis. It is followed by a 
discussion of the multilayer back-end technology that is included in the utilized 
circuit process. The largest part of the thesis, Chapter 3, describes different amplifier 
topologies which are demonstrated by several circuits that operate up to 300 GHz. In 
Chapter 4, parasitic resonances that arise in the circuit substrate are discussed and 
studied with electromagnetic simulations and circuit measurements. In Chapter 5, 
packaging of circuits, operating between 150 and 300 GHz, into waveguide modules 
and the development of a novel waveguide-to-circuit transition are presented. The 
thesis is concluded in Chapter 6 with final words on directions for future work. The 
thesis is completed with an appendix which describes high frequency measurement 
techniques. The related articles, [A]-[E], are included in the end of the thesis. 
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Chapter 2 

2 InP DHBT Technology 
In this chapter follows a description of the integrated circuit process from 

Teledyne Scientific1 [32] that is used in the circuits covered in this thesis. A brief 
description of the DHBT device is given in the first section. It is followed by a 
presentation of the multilayer back-end of this process. 

 

2.1 DHBT Device 
The device provided in the process from Teledyne Scientific is an InP double 

heterojunction bipolar transistor (DHBT) with an emitter width of 0.25 μm. 
Simplified schematic views of a DHBT with the three regions emitter, base, and 
collector are shown in Fig. 2.1. A DHBT uses a different material in the base than in 
the collector and the emitter, i.e., there are two heterojunctions in the device. It allows 
a base with higher doping and thereby a thinner base and a lower base resistance, 
which is essential for high frequency operation, than what is possible in a single-
heterojunction bipolar transistor [8], [33]. The device is fabricated on an InP 
substrate. Between the n-type InP collector and InP emitter is the highly doped p-type 
InGaAs base [34].  

The device model used in the design and simulations of the circuits in this thesis 
is a large-signal model that is supplied by Teledyne Scientific. It is based on Agilent’s 
III-V HBT model [35]. The simulated dc characteristics of the DHBT device are 
shown in Fig. 2.2. 

Important figures of merit for predicting the highest speed of transistor operation 
are the short-circuit current gain and power gain cutoff frequencies, fT and fmax, 
respectively [4], [36]. The frequency fT is defined as the frequency where the 
magnitude of the short-circuit current gain, h21, is unity. The short-circuit current gain 
is defined as the ratio of the small-signal output current to the input current when the 
output of the transistor is short-circuited [8]. The power gain cutoff frequency is the 
frequency  where  the  unilateral  power  gain, U,  equals unity.  It is thus the maximum 

                                                           
1 Process TSC250 v2.0 
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Emitter

Base

Collector
Sub-collector

InP
 

(a) (b) 
Fig. 2.1.  Schematic (a) 3d-view and (b) cross-section view of DHBT device.  

 

 
Fig. 2.2.  Simulated emitter current density, JE, as a function of the collector-to-emitter-
voltage, VCE, for different base currents, IB, of the DHBT in the process from Teledyne 
Scientific. The emitter size is 4 μm × 0.25 μm and IB is stepped from 100 μA to 400 μA 
in 50 μA steps. 

 
frequency where the transistor still can deliver power gain. The fT and fmax of the 
DHBT from Teledyne Scientific are 350 GHz and 650 GHz, respectively [34]. 
 

2.2 Back-End Process 
Monolithically integrated III-V circuits up to at least 100 GHz typically rely on 

microstrip interconnects – the circuit has three metal layers, two on the front-side of 
the circuit substrate and one, that is used as ground, on the back-side [1]. Holes are 
etched through the wafer substrate and plated to form vias for connection to the back-
side ground. When moving to higher operating frequencies, several issues become 
increasingly problematic with microstrip. For a 100 μm thick InP substrate, the width 
of a 50 Ω microstrip line is approximately 50 μm. At 250 GHz, a quarter wavelength 
of such a line is 90 μm. The width is thus a substantial fraction of a wavelength. The 
microstrip lines will also occupy a large chip area to avoid unwanted coupling. 
Moreover, a 100 μm long ground via induces a large inductance [4]. Further thinning 
of the  substrate  reduces  these  problems,  but  microstrip  lines  will  still  not  be  a  
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Fig. 2.3.  Layer topology for InP DHBT back-end process with layer thicknesses 
indicated [A]. 

 
convenient solution. Moreover, a substrate thickness less than 50 μm requires great 
care in handling of the wafers since InP is a very brittle material [37]. Coplanar 
waveguide (CPW) is a more suitable choice for interconnects at higher frequencies 
and is widely used at frequencies above 100 GHz. It permits low inductive 
connections to ground and offers low coupling to adjacent lines [4], [38]-[42]. 

An alternative to these two interconnect technologies is thin-film microstrip lines 
(TFMLs). In Fig. 2.3, a schematic cross-section view of the back-end in the InP 
DHBT process from Teledyne Scientific is shown [34]. There are four thin layers of 
benzocyclobutene (BCB), a polymer with dielectric constant ɛr = 2.6, on top of the 
InP substrate and the DHBT devices. On each BCB layer there is a metal layer (M1‒
M4). These metal layers can be connected vertically to each other through vias. The 
process includes thin-film resistors (TFRs) on the same topographic level as the 
DHBTs and metal-insulator-metal (MIM) capacitors between M1 and the dedicated 
metal layer CAPM, which is accessed through vias from M2. 

TFMLs are realized by using one of the lower metal layers, preferably M1 or 
M2, as ground and M4 for the signal line. The dielectric thickness is then either 5 or 
3 μm. The TFMLs are very compact, a 50 Ω TFML with M2 as ground is 6.6 μm 
wide, and allow a high integration density. The thin dielectric makes it possible to 
place TFMLs close to each other without risking unwanted coupling. Moreover, since 
the InP substrate is not used as a dielectric it can be thicker for mechanically more 
robust wafers and circuit dies [35]. TFMLs are also easier to model and simulate than 
CPWs, for which there are limited circuit models in common circuit tools such as 
Agilent Advanced Design System (ADS) [4], [43]. 

The many layers in the back-end process introduce new possibilities and 
challenges in the circuit design. With M1 as ground and  the signal line on M4, it is 
possible with a low inductive ground connection to the active device and, as long as 
there are no openings in the ground layer, the InP substrate will be shielded from the 
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Fig. 2.4.  Three-dimensional view of passive circuit elements, including TFML, vias, 
capacitor, and resistor (TFR). 
 

RF signal. Ground layer openings are however unavoidable in connections to active 
devices, TFRs, and MIM capacitors. Another disadvantage is that connections from 
M4 to the active and passive devices will be relatively long. If M2 is used as ground, 
the TFML loss will become slightly higher, but M1 will be shielded from the RF 
signal and can be utilized for dc wiring. A three-dimensional schematic view of a 
structure, which is used in many of the circuits presented in this thesis, is shown in 
Fig. 2.4. A TFML on M4 is connected with a stack of vias down to M1. At M1, it 
connects to an MIM capacitor which, on the second electrode, is connected to the 
ground layer on M2 through numerous vias. The transition from M4 to M1 requires 
an opening in the ground plane in order to not short-circuit the signal. Dc connection 
to the TFML is provided from a line on M1 through a series resistor connected to M1 
of the capacitor. 

Inverted TFMLs with the signal line on the first metal layer and one of the upper 
metal layers as ground have been employed in several circuits [16], [35], [44], [45]. 
The benefits are short and low inductive connections to active devices, TFRs, and 
MIM capacitors. Moreover, the ground layer can be uniform without any openings. 
The main drawback is the long inductive connection to the ground. It is therefore 
preferable with differential topologies that utilize virtual ground, as is exemplified in 
[35], [44], and [46], when using inverted microstrip lines. 
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Chapter 3 

3 InP DHBT Amplifiers 
In this chapter, amplifiers in several different topologies are presented and 

discussed. The topologies are demonstrated by circuits that are designed and 
fabricated in the InP DHBT process described in Chapter 2. Section 3.1 discusses 
amplifier topologies that use impedance matched devices. The topologies are 
exemplified and demonstrated in Sections 3.2‒3.4 by amplifiers with state-of-the-art 
results. These circuits include a five-stage 220‒300 GHz common-emitter amplifier 
with 24 dB gain at 255 GHz and a noise figure of 10.4 dB at 265 GHz [A], a four-
stage 250‒280 GHz common-base amplifier [A], and a two-stage 80‒220 GHz 
cascode amplifier. In Section 3.5, distributed amplifiers (DAs) are described and 
exemplified by a conventional DA and a 2-cascaded single-stage DA [B]. These DA 
circuits show records in terms of bandwidth for transistor-based amplifiers, 
regardless of transistor technology. 

 

3.1 Amplifier Topologies 
 Three fundamental transistor configurations in amplifiers are common-emitter, 
common-base, or the equivalents in FET technology – common-source and common-
gate, and cascode [47], [48]. Simplified schematics of the three configurations are 
shown in Fig. 3.1. The cascode cell consists of a common-emitter device followed by 
a common-base device [49]. In a traditional amplifier, the transistor cell is loaded by 
proper impedances on the input and output, which are achieved by passive matching 
networks [50]. The maximum available gain (MAG) is defined as 

 
 (3.1) 

where K is the stability factor [51]. It occurs when the device is conjugate-matched 
on  both  the input and output.  The  MAG  is  only  meaningful  when  the  device  is  
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(a) (b) (c) 
Fig. 3.1.  Different transistor configurations: (a) common-emitter, (b) common-base, and 
(c) cascode. 

 

 
Fig. 3.2.  Maximum gain for three different configurations: cascode, common-emitter, and 
common-base. The InP DHBT devices are biased at JE = 8 mA/μm2, VCE = 1.8 V and the 
emitter area is 6 μm × 0.25 μm. 

 
unconditionally stable, i.e. K > 1. For K < 1, the device is better characterized by the 
maximum stable gain (MSG) that is given by 

 
 (3.2) 

Simulated maximum gain, Gmax, (MAG when K > 1 and MSG when K < 1) for the 
common-emitter, the common-base, and the cascode cell in the InP DHBT process 
used throughout this thesis is shown in Fig. 3.2. The simulated devices have an 
emitter area of 6 μm × 0.25 μm and are biased at VCE = 1.8 V and JE = 8 mA/μm2. 
The cascode cell has considerably higher gain than both the common-emitter and the 
common-base configurations. 

The simulated S-parameters of the three transistor configurations in a 50 Ω 
system is shown in Fig. 3.3 for 1‒300 GHz with the same emitter area and bias as 
above. Although the S-parameters will change depending on emitter area and bias, 
the key characteristics  are  similar  independent  of  these  parameters.  The  common-  



11 
 

 
 

  

  
Fig. 3.3.  Simulated S-parameters of a cascode cell, a common-emitter cell, and a common-
base cell, respectively. 

 
emitter configuration has a characteristic that enables easy impedance matching on 
both input and output. The common-base cell has a very high output impedance 
which makes impedance matching to 50 Ω difficult. The input impedance of the 
common-base cell is proportional to the inverse of the transistor transconductance, 
gm, and since gm is dependent on the bias, the input impedance can be adjusted close 
to 50 Ω at the cost of lower Gmax [49]. The input impedance characteristic of the 
cascode cell is similar to the common-emitter cell and the output is similar to the 
common-base cell since the cascode cell comprises a common-emitter device and 
common-base device. An advantage with the cascode configuration is its very high 
reverse isolation. Devices with a single emitter-finger and a double-sided collector, 
as shown in Fig. 2.1, were used in all circuits in this thesis. 

All the circuits described in Sections 3.2‒3.5 were designed using the simulation 
software Agilent ADS [43]. The three-dimensional electromagnetic simulator Ansys 
HFSS [52] were used to simulate MIM capacitors and resistors with connecting vias. 
Standard CAD models were utilized for the TFMLs since comparison with 
simulations in HFSS showed only minor differences. 
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Fig. 3.4.  MAG with three different emitter inductances for a device with emitter area 
0.25 μm × 4 μm biased at VCE = 1.8 V, IC = 8.3 mA. 
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Fig. 3.5.  Circuit schematic of the single-stage common-emitter amplifier [A]. 

 

3.2 220 ‒ 300 GHz Common-Emitter Amplifier 
The common-emitter topology in the frequency range 220‒300 GHz was 

examined in [A] through the design of a single-stage circuit and a five-stage circuit. 
The single-stage circuit was designed for easier evaluation of the simulations. The 
second circuit uses basically the same design but in a cascade of five stages to achieve 
a sufficient and useful amount of gain.  

The common-emitter topology offers high stability, which is essential for an 
amplifier [45]. At lower frequencies, it is common to use a series inductance between 
emitter and ground to simultaneously achieve a good input match and a low noise 
figure [22]. For amplifiers operating closer to fT and fmax, the limited available gain 
makes it necessary to minimize this inductance since it inherently lowers the gain. 
This is visible in Fig. 3.4 where the simulated MAG between 200 and 300 GHz is 
shown in for a common-emitter stage with three different emitter inductances. In the 
amplifier circuits in this thesis,  M2 (see Fig. 2.3) is used as ground with M4  for  the 
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Fig. 3.6.  Chip photograph of the single-stage common-emitter amplifier [A]. The circuit 
size is 0.39 mm × 0.45 mm. 

 

 
Fig. 3.7.  Chip photograph of the five-stage common-emitter amplifier [A]. The circuit size 
is 0.46 mm × 1.59 mm. 

 
signal. This gives a short, and thereby low-inductive, connection from the emitter to 
ground. It also allows the M1 layer to be used for the dc wiring, as described in 
Section 4.1. 

The two common-emitter amplifiers use transistors with emitter area 
4 μm × 0.25 μm since simulations show that this device size gives the highest MAG 
in this frequency band. A circuit schematic of the single-stage circuit is shown in Fig. 
3.5. The input and output matching networks are designed for maximum gain at the 
design frequency and both of them use a series transmission line with a short circuit 
stub. The base and collector bias are applied through the matching stubs with the RF 
shorted to ground through MIM capacitors. Series resistors provide stabilization from 
low frequency oscillations. Dc blocking at the input and output of the amplifier is 
provided by series MIM capacitors. The matching networks in the five-stage circuit 
are slightly adjusted from the single-stage design to optimize the gain and matching. 
Microphotographs of the single-stage amplifier and the five-stage amplifier are 
shown in Figs. 3.6 and 3.7, respectively. The total chip area is 0.39 mm × 0.45 mm 
for the single-stage circuit and 0.46 mm × 1.59 mm for the five-stage circuit. 

The results from S-parameter measurements of the amplifiers are shown in 
Figs. 3.8(a) and 3.8(b). The five-stage amplifier has more than 10 dB gain from below  



14 Chapter 3.     InP DHBT Amplifiers 
 

 
 

  
(a) (b) 

Fig. 3.8.  S-parameters of (a) the single-stage and (b) the five-stage common-emitter 
amplifier showing measured (solid lines), initial simulation (dotted lines) and adjusted 
simulation (dashed lines) [A]. 

 

 
Fig 3.9.  Measured Y-factor for the five-stage common-emitter amplifier. Solid line 
indicates the median values [A]. 

 

 
Fig. 3.10.  Measured (solid lines) and simulated (dashed lines) noise figure versus frequency 
for the five-stage common-emitter amplifier. The crosses show the median values, while 
the error bars indicate measured max and min values [A]. 
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210 GHz up to 315 GHz with a peak gain of 24 dB at 250 GHz. The single-stage 
amplifier has a peak gain of 2 dB. The input and output return losses are below 0 dB 
over the entire bandwidth for both circuits. The devices were biased at VCE = 1.9 V, 
IC = 8.6 mA. 

The measured S-parameters differ significantly from the simulated ones. There 
is a frequency shift of approximately 15% compared to the simulation results. The 
active device model from the foundry is extracted from measurements up to 50 GHz 
and no base inductance is included in the model, which explains part of the frequency 
shift [53]-[55]. Adjusting of the simulations by adding small series inductances, in 
the order of a few pH, on the base and the collector terminals of each device, resulted 
in better agreement between simulations and measurements. 

The noise figure of the five-stage amplifier was measured with the Y-factor 
method described in Appendix A.3. For a lower noise figure, the DHBTs were biased 
slightly lower, VCE = 1.8 V, IC = 6.1 mA, than the bias point for maximum gain. The 
noise figure of the single-stage amplifier was not possible to measure due to the low 
gain. The Y-factor was very small also for the five-stage design and repeated 
measurement were made to achieve a statistically reliable result. The measured Y-
factor at 240‒300 GHz is shown in Fig. 3.9. The solid line indicates the median value 
of the measurements at each frequency point. The noise figure could not be measured 
below 240 GHz due to limitations of the LO signal source. At 300 GHz the Y-factor 
was too small to distinguish. 

The noise figure based on the median Y-factor is shown in Fig. 3.10 together 
with the simulated values. The measured noise figure is 10.4 dB at 265 GHz, which 
is the lowest reported noise figure above 200 GHz for amplifiers in bipolar 
technology. 

 

 

3.3 250 ‒ 280 GHz Common-Base Amplifier 
It is visible in Fig. 3.1 that the common-base configuration offers higher gain 

than the common-emitter cell above 100 GHz. A major drawback, however, is that 
the common-base configuration has poor stability and it is therefore necessary to 
stabilize the circuit [56]. Moreover, the stability and gain is very sensitive to base 
inductance [57]. Simulations show that the maximum gain decreases from 11.2 dB 
to 8.4 dB at 300 GHz, for a 4 μm × 0.25 μm device biased at VCE = 1.8 V and 
IC = 8.0 mA, with only 5 pH extra series inductance on the base. Another disadvantage 
is high output impedance, shown in Fig. 3.3, that makes it difficult to achieve an 
amplifier with good output matching. 

A single-stage and a four-stage amplifier in common-base configuration were 
designed and fabricated in the InP DHBT process from Teledyne Scientific. The 
circuit schematic of the single-stage amplifier is shown in Fig. 3.11.  The multistage  
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Fig. 3.11.  Circuit schematic of the single-stage common-base amplifier [A]. 

 

 
Fig. 3.12.  Microphotograph of the single-stage common-base amplifier [A]. The circuit 
size is 0.39 mm × 0.39 mm. 

 

 
Fig. 3.13.  Microphotograph of the four-stage common-base amplifier [A]. The circuit size 
is 0.87 mm × 0.46 mm. 

 
circuit uses four cascaded stages similar to the single-stage circuit. The device is 
stabilized  using  a  resistive  feedback  loop  through  a  370 Ω  resistor  between  the 
collector and the emitter. The device is biased on the base through a series resistor 
with the RF short-circuited to ground through a MIM capacitor. This capacitor is 
placed close to the device to reduce the series inductance from base to ground. It is 
estimated from simulations in HFSS to 2.3 pH. The output matching network is 
similar to the common-emitter design with a matching stub that is shorted to ground  
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(a) (b) 

Fig. 3.14.  S-parameters of (a) the single-stage and (b) the four-stage common-base 
amplifier showing measured (solid lines), initial simulation (dotted lines) and adjusted 
simulation (dashed lines) [A]. 

 
through a MIM capacitor. The input matching network uses a short-circuited stub 
that provides dc ground. Chip photographs of the single-stage and four-stage 
amplifiers are shown in Figs. 3.12 and 3.13, respectively. The single-stage amplifier 
has a circuit area of 0.39 mm × 0.39 mm and the area of the four-stage amplifier is 
0.46 mm × 0.87 mm. 

The measured S-parameters of the single-stage amplifier and the four-stage 
amplifier are shown in Figs 3.14(a) and 3.14(b), respectively. The peak gain is 2.5 dB 
at 268 GHz for the single-stage circuit. The four-stage amplifier has a sharp gain peak 
at 268 GHz in combination with S11 and S22 close to, or above, 0 dB, which implies 
stability problems. The devices were biased low, VCE = 1.5 V, IC = 5 mA, in order to 
keep the circuit stable. The peak gain at this bias is 17 dB. The amplifier is 
narrowband with a gain above 10 dB between 265 and 285 GHz. The poor stability 
and the tilted gain are believed to be due to higher base inductance and more parasitic 
effects in the feedback loop than what was estimated initially. 
 

3.4 80 ‒ 220 GHz Cascode Amplifier 
A two-stage cascode amplifier for operation in the frequency band 80 ‒ 220 GHz 

was designed and characterized. The circuit schematic is shown in Fig. 3.15. The 
cascode cell in each stage is stabilized on the output with a shunt resistor, which is 
also utilized for providing collector current. The input matching network of each 
cascode cell consists of a short-circuited stub that is used for providing bias to the 
base of the common-emitter device. The output matching network utilizes an open 
stub. Base current to the common-base device is applied through a series resistor with 
the RF decoupled to ground through a capacitor. Series capacitors provide dc block 
on the amplifier input and output, and between the two stages. The active devices 
have an emitter area of 6 μm × 0.25 μm. A microphotograph of the circuit is shown 
in Fig. 3.16. The circuit size is 1.12 mm × 0.48 mm. 
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Fig. 3.15.  Circuit schematic of the two-stage single-ended cascode amplifier. 

 

 
Fig. 3.16.  Microphotograph of the two-stage single-ended cascode amplifier. The circuit 
size is 1.12 mm × 0.48 mm. 

 

 
Fig. 3.17.  Measured (solid lines) and simulated (dashed lines) S-parameters of the two-
stage single-ended cascode amplifier. 

 
The measured and simulated S-parameters are shown in Fig. 3.17. The 

measurements were carried out in three frequency bands: 10 MHz ‒ 110 GHz, 
125 GHz ‒ 220 GHz, and 220 GHz ‒ 340 GHz. It was due to lack of measurement 
equipment not possible to measure between 110 and 125 GHz. The circuit was 
mounted on a resistive Si carrier to suppress substrate modes as described in 
Chapter 4. The upper end of the operational band is, as for the common-base 
amplifier, shifted down in frequency. The S-parameters show the benefits and 
drawbacks with the cascode configuration. The gain is high, considering that it is 
only two stages, and it is very  wideband.  The  peak  gain  is  approximately  20 dB  
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Fig. 3.18.  Measured and simulated noise figure of the two-stage single-ended cascode 
amplifier. 

 
between 110 and 145 GHz and more than 10 dB is available from 65 to 235 GHz. 
This amplifier is thus considerably more wideband than the common-emitter and 
common-base amplifiers presented in Sections 3.2 and 3.3. The output matching is 
however very poor due to the high output impedance of the cascode cell. The bias is 
low in the measurement, VCE = 2.0 V, IC = 7 mA (JE = 4.7 mA/μm2) for each device, 
in order to keep S22 below 0 dB, which causes the gain to decrease in the upper half 
of the frequency band. The input matching is better than 8 dB in the majority of the 
band. 

The noise figure was measured from 155 to 205 GHz and the result is shown in 
Fig. 3.18. It follows the simulated values well and is below 10 dB up to 200 GHz 
with a minimum of 7.4 dB at 165 GHz. The devices were biased at the same bias 
point as in the S-parameter measurement. 
 

3.5 Distributed Amplifiers 
The topology of a distributed amplifier (DA) differs considerably from the more 

traditional amplifiers presented in Sections 3.3 and 3.4. The major benefit with this 
topology is the very wideband characteristics that such an amplifier can provide [28]. 
A DA consists of one input artificial transmission line (ATL) and one output ATL 
[22], [31]. The two ATLs are connected through one or several gain cells, e.g. a 
common-emitter stage or a cascode stage. A simple schematic of a DA with common-
emitter cells is shown in Fig. 3.19. In this thesis, from here and onward, a DA with 
two or more gain cells as is shown in Fig. 3.19 will be termed conventional DA 
(CDA), whereas a DA with only one gain cell will be termed single-stage DA 
(SSDA). 

The ATLs consist of series inductances and the input and output capacitances of 
each gain cell. As the input signal propagate along the input ATL it will be amplified 
and transferred to the output ATL. The portion of the signal that does not go into the  



20 Chapter 3.     InP DHBT Amplifiers 
 

 
 

OUT

IN

 
Fig. 3.19.  Simplified circuit schematic of a DA with common-emitter cells. 
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Fig. 3.20.  Small-signal models of input ATL of CDA with (a) device elements and with 
(b) equivalent parallel elements [B]. 

 
gain cells will be absorbed in the resistor that terminates the input ATL. If the phase 
difference between each gain cell is equal on both the input and output ATL, the 
amplified signal from each gain cell will add constructively in the forward direction 
[1]. In the backward direction the signals will cancel out most of each other and what 
remains will be absorbed in the terminating resistor. The preferred value of the series 
inductances depends on the input and output capacitances of the gain cells. The 
characteristic impedance of the ATLs is given by 

  (3.3) 

where L is the series inductance and C the input, or output, capacitance [2]. For a well 
matched amplifier in a 50 Ω system L should be chosen such that Z0 = 50 Ω. The 
ATLs have a cut-off frequency that is approximated as 

  (3.4) 

which limits the bandwidth for ideal lossless ATLs [22], [31]. In reality will both the 
bandwidth and the gain of a CDA be limited by resistive losses in the ATLs [31], 
[58]. The series inductive elements are, at frequencies above ~100 GHz, preferably 
realized as transmission lines with high characteristic impedance. Resistive losses in 
the transmission lines will add attenuation to the ATLs, but also the resistive input 
and output of the gain cells will contribute. 
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The input ATL for a CDA with either common-emitter or cascode stages in the 
gain cells can be modeled by the schematic in Fig. 3.20(a), where LI is the inductance 
of the transmission lines, rb the base resistance of the common-emitter device, rπ its 
input shunt resistance, and Cπ its input shunt capacitance. Resistive and conductive 
loss in the transmission lines are omitted. The device elements can be rearranged to 
parallel elements as shown in Fig. 3.20(b). The new elements are related to the 
original elements by 

  (3.5) 

where ω is the angular frequency. It can be assumed that rb << rπ and (ωrbCπ)2 << 1. 
The values of the parallel elements can then be approximated by 

  (3.6) 

and 

  (3.7) 

Using the input ATL schematic in Fig. 3.20(b) the attenuation constant αI for one 
section of the ATL can be expressed as  

 
 (3.8) 

Inserting the expressions from (3.6) and (3.7) the attenuation constant can be 
approximated by 

 
 (3.9) 

It is consequently important to have a low base series resistance rb and a high 
input shunt resistance rπ for low attenuation in the input ATL. For the present process 
dominates the second term in (3.9) at frequencies above 100 GHz. A device with 
smaller device area has a lower input capacitance Cπ which reduces the input 
attenuation and thereby the bandwidth is increased. This comes however at the 
expense of lower gain and less output power [58]. 

The output resistance and capacitance differ significantly between a common-
emitter cell and a cascode cell, as is visible in Fig. 3.3, since the cascode cell has a 
common-base stage on its output. The cascode cell has a very high output resistance 
and the output reactance is capacitive and dominated by the collector-to-base-
capacitance, Cμ [49]. For the cascode |S22| is close to unity while S22 for the common- 
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Fig. 3.21.  Circuit schematic of the conventional distributed amplifier [B]. 

 

 
Fig. 3.22.  Microphotograph of the fabricated conventional distributed amplifier. The circuit 
size is 0.86 mm × 0.37 mm [B]. 

 
emitter cell approaches 50 Ω at higher frequencies. Consequently, the output ATL 
attenuation is much lower with cascode cells than with common-emitter cells. Apart 
from considerably better output impedance characteristic, the cascode cell has much 
higher gain than the common-emitter cell as is shown in Fig. 3.2. In CDAs, the 
cascode cell is therefore generally a better choice than the common-emitter cell. 
 

3.5.1 Conventional Distributed Amplifiers 
A three-section CDA with cascode cells realized in the Teledyne InP DHBT 

process were presented and demonstrated in [B]. The circuit schematic of the 
amplifier and a microphotograph of the fabricated chip are shown in Figs. 3.21 and 
3.22, respectively. TFMLs are used for realizing the series inductances in the ATLs. 
The base bias to the common-emitter devices is applied through the terminating 
resistor of the input ATL. A decoupling capacitor short-circuit the RF signal to 
ground. The collector bias is applied in a similar manner using the output ATL. The 
base current supply to the common-base devices is provided by resistive voltage 
division utilizing the collector voltage source. The emitter area of the devices were 
chosen to 6 μm × 0.25 μm as this was regarded as a good compromise between 
bandwidth  and  gain.  Simulations  revealed  that  higher  bandwidths  appears  to  be  
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Fig. 3.23.  Measured (solid lines) and simulated (dashed lines) S-parameters of the 
conventional distributed amplifier [B]. 

 

           
Fig. 3.24.  Measured phase of S21, and measured (solid line) and simulated (dashed line) 
group delay variation of S21 versus frequency for the conventional distributed amplifier [B]. 

 

 
Fig. 3.25.  Measured and simulated noise figure for the conventional distributed 
amplifier [B]. 

 
possible with smaller devices, but the average gain would decrease. Inductive 
peaking, using a series TFML, on the output of each gain cell increases the bandwidth 
and improves the gain flatness. 
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Fig. 3.26.  Microphotograph of the second CDA that is designed for larger bandwidth. The 
circuit size is 0.56 mm × 0.96 mm. 

 

 
Fig. 3.27.  Measured (solid lines) and simulated (dashed lines) S-parameters of the CDA 
shown in Fig. 3.26. 

 
 The measured and simulated S-parameters are shown in Fig. 3.23. The amplifier 
was measured in two frequency bands: 70 kHz‒115 GHz and 130‒220 GHz. No 
measurement equipment were available between 115 and 130 GHz. The gain is 
higher than 10 dB from 70 kHz up to 180 GHz. Above 180 GHz, the gain drops 
sharply. The average gain between 20 GHz and 180 GHz is 13 dB with a gain 
variation of ±1.5 dB. Below 20 GHz, the gain increases and it has a peak at 5 GHz 
which is due to influence of dc probe inductance and limited capacitive decoupling. 
A linear phase characteristic of S21 is essential for transmission of digital signals [59], 
[60]. The phase of S21 and the derived group delay is shown in Fig. 3.24. The average 
group delay is close to 10 ps from 6 to 170 GHz, which is in good agreement with 
simulation. 
 The noise figure of the CDA was measured in four frequency bands: 10 MHz‒
26 GHz, 60‒105 GHz, 125‒160 GHz, and 165‒195 GHz. The result is shown in 
Fig. 3.25 together with simulated noise figure. The measured noise figure agrees well 
with the simulated one, except at the lowest frequencies where the gain is higher than 
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simulated. All the measurements were carried out with the circuit mounted on a 
resistive Si carrier. 

In order to extend the bandwidth even further, a second CDA with smaller 
devices, 5 μm × 0.25 μm instead of 6 μm × 0.25 μm, was designed and characterized. 
A chip photograph of this CDA is shown in Fig. 3.26. The measured S-parameters 
are shown in Fig. 3.27. The upper frequency limit is extended by 40 GHz to 220 GHz. 
The measured average gain is 9.4 dB, with ±2.6 dB gain variation, between 10 and 
223 GHz. The gain increases, as for the other CDA, dramatically below 10 GHz. 
Lower inductive peaking by reducing the transmission line lengths on the output of 
each cascode cell would possibly improve the stability and allowing higher bias and 
more gain. The high gain at low frequencies can most likely be reduced by more 
efficient capacitive decoupling in the bias network. 
 

3.5.2 Cascaded Single-Stage Distributed Amplifier 
The CDA topology has fundamental limitations in gain. It is in (3.9) shown that 

each sub sequential gain cell will increase the input ATL attenuation and the same is 
true for the output ATL. Each extra gain cell will receive less input power and on the 
output will the amplified signal from first gain cell that is propagating along the 
output ATL be attenuated more for each gain cell that is added. Ultimately, as the 
number of gain cells goes towards infinity, the gain will go towards zero [31], [61]. 

A DA topology that overcomes this limitation is the cascaded single-stage 
distributed amplifier (CSSDA). The CSSDA is based on a DA with only a single gain 
cell – a single-stage distributed amplifier (SSDA). Two or more SSDAs connected in 
cascade form a CSSDA. For a CSSDA, the gain grows exponentially to the number 
of gain cells and not to the square as for CDAs [62]. Previously, the CSSDA topology 
has only been demonstrated in HEMT and Si-based bipolar technologies at 
significantly lower frequencies [62]-[64]. 

Two circuits, an SSDA and a 2-cascaded SSDA (2-CSSDA), were designed and 
characterized to evaluate the CSSDA topology in InP DHBT technology at 
frequencies above 100 GHz and to compare it with the CDA topology. The circuit 
schematic of the SSDA is shown in Fig. 3.28(a). The amplifier is essentially one of 
the three sections in the CDA in Section 3.4.1. The base bias to the common-base 
device is separated from the collector bias in order to increase the tuning flexibility. 
The decoupling capacitors that terminates the input and output ATL are increased in 
size to improve the gain flatness at lower frequencies. A microphotograph of the 
fabricated circuit is shown in Fig. 3.28(b). The circuit size is 0.52 mm × 0.46 mm. 
The dc pads for Vb1 and VC is moved to the south side in order to simplify the dc 
circuitry and to have a shorter circuit. 
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Fig. 3.28.  (a) Circuit schematic and (b) microphotograph of the SSDA. The circuit size is 
0.52 mm × 0.46 mm [B]. 

 

 
Fig. 3.29.  Measured (solid lines) and simulated (dashed lines) S-parameters of the 
SSDA [B]. 

 

 
Fig. 3.30.  Measured and simulated noise figure for the SSDA [B]. 
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Fig. 3.31.  Circuit schematic of the 2-CSSDA [B]. 

 

 
Fig. 3.32.  Microphotograph of the fabricated 2-CSSDA. The circuit size is 
1.09 mm × 0.38 mm [B]. 

 
The circuit was measured in three frequency bands: 40 kHz ‒ 110 GHz, 

140 ‒ 220 GHz, and 220 ‒ 325 GHz. The measured and simulated S-parameters are 
shown in Fig. 3.29. The gain is quite low, since it is only a single cascode stage, on 
average 7.5 dB with a gain variation of ±1 dB, but over a bandwidth from 1.3 GHz 
up to 194 GHz, which gives a fractional bandwidth of over 197 %. The bandwidth is 
however smaller than expected from the simulations. The noise figure, measured and 
simulated, is shown in Fig. 3.30. Due to the low gain of the circuit, the noise figure 
is difficult to measure which results in poor accuracy. 

To achieve higher gain, a 2-CSSDA was designed. The circuit schematic of this 
amplifier is shown in Fig. 3.31. The output ATL of the first stage is connected to the 
input ATL of the second stage. The biasing of the circuit requires a dc block between 
the two stages. This is realized by a series MIM capacitor which inevitably results in 
a low frequency gain roll-off. The size of the decoupling capacitors could 
consequently be reduced compared to the SSDA since there is no gain at low 
frequencies. A microphotograph of the 2-CSSDA is shown in Fig. 3.32. 

 



28 Chapter 3.     InP DHBT Amplifiers 
 

 
 

 
Fig. 3.33.  Measured (solid lines) and simulated (dashed lines) S-parameters of the 
2-CSSDA [B]. 

 

 
Fig. 3.34.  Measured and simulated noise figure of the 2-CSSDA [B]. 

 

          
Fig. 3.35.  Measured phase of S21, and measured (solid line) and simulated (dashed line) 
group delay variation of S21 versus frequency for the 2-CSSDA [B]. 

 
Fig. 3.33 shows the measured and simulated S-parameters for the 2-CSSDA. The 

average gain is 16 dB with less than ±2 dB gain ripple over a bandwidth from 2.0 to 
237 GHz. The measured noise figure, shown in Fig. 3.34, is less than 10 dB between 
112 and 138 GHz, but it is higher than that expected from simulation below these 
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frequencies. The measured phase of S21 and the group delay are shown in Fig. 3.35. 
The average group delay is 14 ps between 10 and 280 GHz. 

Table 3.1 shows a comparison of the DA circuits presented in this chapter and 
similar reported wideband amplifiers in various topologies. The SSDA and the 
2-CSSDA are the most wideband amplifiers reported to date. The only circuit that is 
comparable to these two and the CDA is an amplifier [65] that uses the same DHBT 
process and a circuit topology that is very similar to that of the CDA presented in this 
thesis. These amplifiers clearly set a new standard of bandwidth for amplifiers. 
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Chapter 4 

4 Suppression of Parasitic Substrate 
Modes 

A fundamental concern in the design of microwave circuit elements is excitation 
of unwanted parasitic modes. Such modes might result in circuits that are unstable 
and not working properly. One type of parasitic modes that is problematic in circuits 
operating at high frequencies are modes that are propagating within the bulk 
substrate. In this chapter, the impact of such parasitic substrate modes on circuits with 
a multilayer back-end is discussed. 

 

4.1 Substrate Modes and Resonances 
All the circuits described in Chapter 3 have a large ground layer, covering most 

of the chip area, on the front-side of the circuit. This is a similarity they share with 
CPW circuits. If the circuit is placed on a conducting surface, i.e. metal, the ground 
layer and the surface will form two parallel conducting planes with high-ɛr substrate 
between them. Although the ground layer covers most of the circuit area, and thereby 
shields the substrate from the RF signal, there must be some openings in order to 
access the active devices, MIM capacitors, and resistors on the lower topographic 
levels. Through these ground plane openings, parasitic modes that propagate down 
into the substrate may be excited. The substrate behaves as a resonance box in which 
the substrate modes will bounce back and forth at certain frequencies that are given 
by 

 
 (4.1) 

where l, w, and h are the length, width, and height of the bulk substrate and m, n, and 
p are the modal indices in the corresponding dimensions [1], [73]. The modal indices 
are equivalent to the number of half wavelengths in the respective direction. If fmnp is 
within the bandwidth of the circuit, the resonance may disturb its functionality. 
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(a) (b) 
Fig. 4.1.  (a) Simulation structure of a TFML passing over a ground plane opening. 
(b) S-parameters of the TFML with modal indices for the major resonances [C]. 

 
A simulation structure of a 50 Ω TFML thru-line passing over a ground plane 

opening is shown in Fig. 4.1(a). The substrate is InP with dimensions 
1.68 mm × 0.56 mm × 0.1 mm. The size of the ground plane opening is 
50 μm × 75 μm, which is comparable to openings for e.g. a MIM capacitor in a real 
active circuit. The structure was simulated in HFSS and the resulting S-parameters 
are shown in Fig. 4.1(b). Several resonances are observed at frequencies that are in 
correspondence with (4.1). The modal indices of the major resonances are indicated 
in the figure. 

The parasitic substrate modes can cause unwanted cross-talk between different 
parts of a circuit, which affect the circuit performance and stability [74]. A typical 
circuit element is a TFML with a series MIM capacitor. In the DHBT process from 
Teledyne Scientific, the MIM capacitor uses M1 and M2, as is shown in Fig. 2.3. 
There must consequently be an opening in the ground plane around the capacitor. A 
simulation structure of a 190 fF capacitor connected by stacked vias to microstrip 
lines on M4 is shown in Fig. 4.2. Two such structure are placed in parallel at a 
distance of 0.25 mm from each other. A vertical perfect conducting wall is placed 
above the ground plane in the middle between the two capacitors to prevent any cross-
talk through the air. The simulated coupling between port 1 and 4 is shown in Fig. 4.2. 
The coupling is simulated for three different sizes of the ground plane opening – the 
separation distance between the capacitor and ground plane is changed as indicated 
in Fig. 4.2. Significant coupling, with S41 as high as -20 dB, is observed at distinct 
frequencies. The first peak is at the f110 resonance, which will, as the other resonances, 
shift to lower frequencies for an entire circuit with larger area and substrate volume. 
No major improvement is gained with smaller ground plane openings. The result 
shows that cross-talk between circuit elements far from each other may be a serious 
problem at the resonance frequencies. 

A standard method to eliminate substrate modes is to add numerous through- 
wafer vias that are distributed over the entire circuit [15], [35], [73], [75]-[79]. The  
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Fig. 4.2.  Simulation model of two TFMLs with series MIM capacitors. The figures indicate 
the port numbers. The inset shows a close-up view of one of the MIM capacitors with 
connections to the TFML. The arrows indicate the distance that is varied in the simulation. 

 

 
Fig. 4.3.  Simulated coupling between port 1 and 4 in the structure shown in Fig. 4.2 for 
different capacitor-to-ground-plane distances. 

 
necessary back-side processing adds additional cost and risk [80]. Moreover, the 
many through-wafer vias occupy a large fraction of the circuit area [15]. 

An alternative is to use a resistive Si carrier underneath the circuit substrate. It 
will act as an absorber that reduces the magnitude of the substrate modes [81]. 
Fig. 4.4(a) shows the electric field amplitude in the InP substrate of a circuit simulated 
in HFSS at 197 GHz with a perfect conducting surface underneath the substrate. The 
simulated circuit uses the probe pads from the circuits described in Chapter 3 and a 
TFML with ground on M2 and signal line on M4. It is clearly visible how a wave, 
originating from the RF pads, is propagating in the substrate. Fig. 4.4(b) shows the 
same structure at identical  frequency  but with a  380 μm thick Si carrier underneath.  
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(a) (b) 

Fig. 4.4.  Simulated electric field amplitude in the InP substrate with (a) a perfect conducting 
surface underneath the substrate and (b) a Si carrier with conductivity 10 S/m underneath 
the substrate [C]. 

 
The Si carrier is simulated with a conductivity of 10 S/m. There is still a wave 
propagating from the pads, but within a short distance, the amplitude of wave has 
been greatly reduced due to the Si carrier. Wafers of Si with conductivity 10‒100 S/m 
are industrial standard and offered at low cost. With this method to absorb substrate 
modes, the circuit processing is simpler since no back-side processing is necessary. 
In addition to this, the circuit area is used more efficient since no through-wafer vias 
are required. The drawback with a Si carrier is when the circuit generates significant 
heat, e.g. in a power amplifier, where the limited thermal conductivity of Si can 
introduce problems with heat removal. 

 

4.2 Thin-Film Microstrip Thru-Line 
A test circuit was used in order to study the effects of substrate modes and to 

verify the effectiveness of a Si carrier underneath the circuit. A microphotograph of 
the circuit is shown in Fig. 4.5. The substrate is InP with dimensions 
1.68 mm × 0.56 mm × 100 μm. There are two metal layers, separated by 3 μm BCB, 
on the front-side. The back-side is not metalized. The circuit has a TFML thru-line 
that uses the first metal layer as ground and both ends of the TFML are terminated 
with GSG probe pads. The ground layer is uniform, and the substrate is thereby 
shielded from the RF, except at the ground slots of the GSG pads.  

The thru-line circuit was mounted on three different materials: metal, Si, and 
Gel-Pak (type CD-22C-02-X0-P0037 [82]). The Si is a diced tile of a standard 
380 μm thick wafer, n-doped to a conductivity of 10‒100 S/m. Gel-Pak is a carrier 
with plastic gel on top of a glass plate. It is frequently used for mounting of 
semiconductor circuits during test measurements and transport. 

The S-parameters of the circuits were measured in two frequency bands: 
140 ‒ 220 GHz and 220 ‒ 325 GHz. S21 and S11 of the three circuit configurations are 
shown in Figs. 4.6(a) and 4.6(b), respectively. Large variations, with several minima 
in S21, can be observed when the circuit is mounted on metal. The result indicates the 
presence of resonating substrate modes at numerous frequencies. The behavior is 
greatly  improved  with  a  Si  carrier  underneath  the  circuit.  S21  is  monotonically  



35 
 

 
 

 
Fig. 4.5.  TFML thru-line test circuit on InP substrate with dimensions 
1.68 mm × 0.56 mm × 100 μm [C]. 

 

(a) (b) 
Fig. 4.6.  Measured (a) S21 and (b) S11 of the TFML thru-line test circuit mounted on metal, 
silicon, and Gel-Pak [C]. 

 
decreasing with frequency and there are no sharp variations in S11. The Si carrier 
effectively eliminates the influence of substrate modes on the thru-line. The circuit 
measured on Gel-Pak behaves well up to 240 GHz, but there are significant variations 
in the S-parameters above this frequency. 

 

4.3 Substrate Modes in Active Circuits 
To examine the effects of substrate modes in active circuits, the five-stage 

common-emitter amplifier presented in [A] and in Section 3.2 was used. Apart from 
the GSG pads, the circuit has several ground plane openings. The measurements in 
Fig. 3.8(b) are for a circuit with 300 μm thick InP substrate mounted on metal. 
Circuits from a second wafer with 100 μm thick substrate were mounted on metal 
and Si. The circuits were not diced individually, they were in the approximate center 
of a 6 mm × 6 mm large wafer tile shared with several other circuits. 

The measured S-parameters for the three chips are shown in Fig. 4.7. The gain is 
more stable versus frequency for the chip with Si carrier compared to the chip with 
300 μm thick substrate on metal in [A]. The higher overall gain is supposed to be a 
matter of process variations between the wafers rather than a cause of the thinner 
substrate and the Si carrier.  The chip with 100 μm substrate on  metal  demonstrates 
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Fig. 4.7.  Measured S-parameters of the five-stage common-emitter amplifier presented in 
Section 3.2 with 100 μm thick substrate mounted on metal, 100 μm substrate mounted on 
Si carrier, and 300 μm substrate mounted on metal. 

 

 
Fig. 4.8.  Stability factor μ of the five-stage amplifier for the three different substrate 
configurations. 

 
dramatic gain variations that are in the order of 3 dB. For the input, S11, and output 
matching, S22, the differences are even more significant. Both chips mounted on metal 
have large peaks in the middle of the frequency band whereas the chip on Si have 
well defined minima in both S11 and S22. The stability factor μ for each of the three 
circuits is shown in Fig. 4.8. For the chip mounted on Si carrier μ is larger than unity 
which shows that the circuit is unconditional stable, while both of the circuits 
mounted on metal have μ less than unity. 
 The influence of parasitic substrate modes and the effectiveness of a resistive Si 
carrier are even more pronounced in the circuit shown in Fig. 4.9. This circuit is a 
five-stage common-emitter amplifier as well, but designed for lower frequencies. The 
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Fig. 4.9.  Microphotograph of a second five-stage common-emitter amplifier. The circuit 
size is 1.80 mm × 0.72 mm [C]. 

 

  

  

Fig. 4.10.  Measured S-parameters of the five-stage common-emitter amplifier shown in 
Fig. 4.9 with 100 μm thick substrate mounted on metal and 100 μm substrate mounted on 
Si carrier [C]. 

 

 
Fig. 4.11.  Stability factor μ of the amplifier shown in Fig. 4.9 with 100 μm thick substrate 
mounted on metal and 100 μm substrate mounted on Si carrier [C]. 
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circuit is designed by Prof. H. Zirath, Microwave Electronics Lab., Chalmers Univ. 
of Tech. This amplifier was, in opposite to the first amplifier, measured individually 
diced. The measured S-parameters and the stability factor are shown in Figs. 4.10 and 
4.11, respectively. The gain ripple is in the order of 10 dB and there are distinct peaks, 
greater than 0 dB, in both S11 and S22. With a Si carrier, the S-parameters are very flat 
versus frequency, e.g. the gain variation between 140 and 185 GHz is only ±0.75 dB. 
The reverse isolation, S12, is on average improved by 25 dB, which shows that 
unwanted feedback in the substrate is greatly reduced. 

The measurements show that substrate modes may have a large impact on the 
functionality of circuits of this kind and that it is necessary to eliminate these modes. 
The use of a Si carrier is an effective method for this and it simplifies the circuit 
processing compared to substrate mode suppression with numerous through-wafer 
vias.  
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Chapter 5 

5 Packaging and Waveguide 
Transitions 

In the two previous chapters, integrated circuits with on-wafer measurements 
operating at frequencies up to 300 GHz were presented. Bare die circuits are however 
not useful outside the laboratory. In order to have a useful microwave component, 
e.g. an amplifier, it needs to be packaged in some kind of module with an interface 
that makes it possible to connect it to other components. At frequencies above 
110 GHz, the dominating interface is the rectangular waveguide. 

This chapter discusses different solutions for circuit-to-waveguide transitions. 
Amplifier modules with novel transitions, designed to accommodate circuits with 
multilayer back-end, such as the circuits presented in Chapter 3, are proposed. 
Modules for two frequency bands, WR05/G-band (140‒220 GHz) and WR03/H-band 
(220‒325 GHz), are demonstrated. These two modules demonstrate the first 
published results of InP DHBT amplifier modules operating at these high 
frequencies. 

 

5.1 Waveguide Transitions 
A waveguide transition is necessary for coupling the fundamental TE10 mode 

from the waveguide to a planar transmission line, e.g. a microstrip or a CPW. One of 
the most common transitions is what is usually referred to as E-plane probe [10], 
[83]-[87]. The E-plane probe is basically a planar transmission line that is extended 
into the waveguide through an opening in the broadwall of the waveguide. The 
surface of the E-plane probe is mounted in line with the waveguide propagation 
direction in the center of the broadwall where the electric field is strongest and with 
a distance to the waveguide back-short of approximately λ/4 [83]. A three-
dimensional view is shown in Fig. 5.1.  

To prevent unwanted modes from propagating through the opening in the 
broadwall, the cross-section area of this opening must be narrow [4], [83]. There are  
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Backshort

Propagation

 
Fig. 5.1.  E-plane probe in rectangular waveguide with shortened end. The blue arrows 
indicate the electric field. 

 

  
(a) (b) 

 
(c) 

Fig. 5.2.  Different solutions on circuit-to-waveguide transitions: (a) E-plane transitions on 
separate substrates connected with bond wires. (b) Integrated E-plane transitions. 
(c) Integrated dipole transitions [D]. 

 
practical limits in scaling the width of the circuit and therefore either the probe must 
be placed on a separate transition substrate or the circuit substrate must have a 
non-rectangular shape with a smaller width near the transitions. Simplified drawings 
of these two solutions are shown in Figs. 5.2(a) and 5.2(b).  

With a waveguide probe on a separate transition substrate, the circuit chip can be 
diced rectangular and the transition substrate can be a low permittivity material such 
as quartz (ɛr = 3.8), which reduces the losses [4]. The drawback is that a probe on a 
separate substrate needs a connection to the circuit. Bondwiring or ribbon-bonding is 
the most common alternative at lower frequencies. There is, however, practical 
limitations in scaling the bond wires and the effects of wire reactance become 
excessively high above 200 GHz [14], [88]. 

Integration of the probes on the circuit die simplifies the design and mounting 
[84]. The non-rectangular die size requires however complicated dicing tools, e.g. 
laser dicing process [84], [86], or die singulation through etching [76], [89]. 
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Moreover, at frequencies above 200 GHz, the substrate must be thinned to 50 μm or 
less to reduce losses [35], [84], [87], [90]. 

An alternative to the E-plane probe that has been demonstrated successfully with 
several circuits is a planar dipole integrated on-chip, Fig. 5.2(c) [42], [75], [78]. This 
method has been utilized in amplifiers operating up to 670 GHz [76]. The loss for a 
single transition is typically 1 dB at 340‒380 GHz [78]. As for the integrated E-plane 
probe, the drawback is that the InP substrate must be very thin or the losses will be 
high. It is also necessary with through-substrate vias to suppress parasitic substrate 
modes. Integrated probes, both E-plane probes and dipoles, make it impossible to 
carry out probed on-wafer measurements of the circuit. To be able to test the circuit 
functionality prior to packaging it is necessary to design two versions, one with probe 
pads and one with integrated waveguide transitions [10], [15]. The abovementioned 
solutions require back-side metallization and through-wafer vias in order to connect 
the circuit ground with the waveguide block. 

 

5.2 Transitions on Membrane Substrate 
To overcome the drawbacks with the transitions described in Section 5.1, a novel 

circuit-to-waveguide transition using membrane technology was developed. 
Membrane technology is used successfully in waveguide modules that utilize 
Schottky diodes [91]-[94]. This is, however, to the author’s best knowledge, the first 
time this technology is used together with a transistor-based circuit. In membrane 
structures, the disadvantages with a dielectric support substrate at high mm-wave and 
submm-wave frequencies are overcome by using a very thin, <5 μm, membrane 
substrate [94]. 

Membrane transitions for two frequency bands, WR05 (140‒220 GHz) and 
WR03 (220‒325 GHz), were designed and manufactured. A CAD drawing of the 
WR03 membrane transition is shown in Fig. 5.3. The transition is mounted in an air 
channel between the waveguide and the circuit as is shown in Fig. 5.4(a). The 
substrate is 3 μm thick GaAs forming a thin membrane suspended in air within the 
channel. The transmission line is a CPW as shown in Fig. 5.4(b). The ground layers 
on each side extend 100 μm outside the GaAs substrate and are clamped between the 
two split-block halves. The clamped ground layer provide a well-defined ground as 
well as a mechanical support for the transition. 

The GaAs substrate is removed at the end of the transition that is facing the 
circuit. Left is three beam leads for ground-signal-ground. The beam leads are 
125 μm long and forms a CPW connection to the GSG pad on the circuit, as is shown 
in Fig. 5.4(a).  The  connection is very low reactive as opposed to a connection  with 
bond wires. The two beam leads for ground provide a well-defined ground for the 
circuit. The beam leads are “glued” to the  circuit  pads  by  pressuring  them  with  a  
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Fig. 5.3.  Membrane transition for WR03. 

 

 

 

(a) (b) 
Fig. 5.4.  (a) Three-dimensional view of membrane waveguide transition and (b) cross-
section view of its transmission line section with the signal line in the center. The arrows 
indicate the electric field [D]. 

 
wedge in a standard bonding machine. The probe pads on the circuit are fully 
compatible with GSG probes for on-wafer measurements. It is therefore, in opposite 
to circuits with integrated transitions, not necessary with two versions of the same 
circuit. GaAs was chosen due to the availability of an in-house Schottky process [94] 
using this material. Other materials with higher mechanical flexibility and lower loss, 
e.g. a polymer such as BCB, would probably be more suitable for this purpose. 

 

5.3 Thru-Line Test Modules 
The first tests of the membrane transitions were conducted with the TFML thru-

line test circuit shown in Fig. 4.5 mounted in WR05 and WR03 modules. In order to 
allow machining of the module and mounting of the circuit with its waveguide 
transitions, the waveguide module is designed in two halves forming a split-block. 
The module is split along the centerline of the longer edge of the waveguide, i.e. in 
the E-plane. This gives the lowest loss since the currents of the dominant TE10 mode 
are not broken [95]. The split-blocks can be machined with very small tolerances – 
the precision is better than  2 μm.  The  blocks  are  fabricated  in  brass  and  are  gold  
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Fig. 5.5.  WR03 waveguide split-block. 

 

  
(a) (b) 

Fig. 5.6.  Microphotograph of (a) WR05 and (b) WR03 membrane transitions mounted their 
respective waveguide modules [D]. 

 

  
(a) (b) 

Fig. 5.7.  Measured (solid lines) and simulated (dashed lines) S21 and S11 of (a) the WR05 
and (b) the WR03 thru-line modules [D]. 

 
plated after machining. The modules are designed with the two waveguide ports 
collinear on opposite sides to allow easy connection to other waveguide components. 
The dimensions of the modules are 25 mm × 25 mm × 20 mm (w × l × h). A 
photograph of the WR03 split-block prior gold plating and mounting is shown in 
Fig. 5.5. The same blocks were used for both the thru-line test circuits and the 
amplifier circuits. 
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Fig. 5.8.  Fabricated WR05 and WR03 amplifier modules [D]. 

 
Microphotographs of the mounted transitions with beam lead connections are 

shown in Fig. 5.6. The top of the circuit is a few micrometers below the membrane 
and the beam leads are bent slightly downwards which causes the dark shadow. The 
test circuits were mounted on top of a resistive Si carrier in the split-block. 

The measured S-parameters are shown in Fig. 5.7. The WR05 module was 
characterized using frequency extenders for both WR05 and WR03. No attempts 
were made to suppress the waveguide mismatch when using the WR03 extenders and 
therefore large ripples in insertion loss above 220 GHz, where these extenders were 
used, are present. The insertion loss is 3‒6 dB between 130 and 220 GHz. The return 
loss is better than 7 dB between 130 and 250 GHz. The WR03 module demonstrates 
a more flat response. The insertion loss is somewhat higher than expected from 
simulations: 6.8 dB at 220 GHz and it increases to 9.5 dB at 325 GHz. The return 
loss is better than 11.5 dB from 210 GHz to 340 GHz. The WR03 module covers 
thereby the entire WR03 waveguide band, which is defined as 220‒325 GHz [96]. 

 

5.4 140 ‒ 220 GHz and 220 ‒ 300 GHz Amplifier 
Modules 

The five-stage common-emitter amplifier presented in [A] was used as 
demonstrator for the waveguide modules and the waveguide transitions. The WR05 
and the WR03 amplifier modules are shown in Fig. 5.8. The split-blocks are identical 
to those used for the thru-line test circuits. A photograph of the circuit with transitions 
in the WR03 housing is shown in Fig. 5.9, where the Si carrier underneath the circuit 
is visible. The distance between the input and the output waveguides are 2.88 mm. 

The S-parameters of the WR05 and WR03 amplifier modules are shown in 
Figs. 5.10 and 5.11, respectively, together with S-parameters from on-wafer 
measurements of the circuit. The WR05 module demonstrates 10 dB gain or more 
from 155 GHz to above 260 GHz. The loss from the packaging is approximately 2 dB 
when compared to on-wafer  measurements  at  the  same  bias.  The  loss  of  a  single 
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Fig. 5.9.  Microphotograph of the five-stage InP DHBT common-emitter amplifier from 
[A] mounted together with membrane transitions and Si carrier in WR03 split-block 
housing [D]. 

 

 
Fig. 5.10.  Measured S-parameters of the WR05 amplifier module (thick lines) and of the 
amplifier circuit measured on-wafer (thin lines) [D]. 

 

 
Fig. 5.11.  Measured S-parameters of the WR03 amplifier module (thick lines) and of the 
amplifier circuit measured on-wafer (thin lines) [D]. 
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(a) (b) 

Fig. 5.12.  Measured noise figure of (a) the WR05 and (b) the WR03 amplifier modules at 
room temperature [D]. 

 

 
Fig. 5.13.  Measured noise temperature and gain of the WR03 amplifier module at room 
temperature, at 100 K, and noise temperature of amplifier circuit at 100 K compensated for 
losses in waveguide package [E]. 

 
membrane transition and one waveguide (12 mm long) is thus close to 1 dB. The 
WR03 module has a gain of 19 dB between 230 and 255 GHz and the gain is more 
than 10 dB from 210 to 290 GHz. The output matching, S22, is better than -10 dB over 
the entire measured frequency band. Whereas the input matching, S11, is below -10 dB 
from 225 to 330 GHz. 
 

5.4.1 Noise Temperature Measurements 
The two amplifier modules were characterized in terms of noise at room 

temperature and the WR03 module was also characterized at 100 K. The measured 
room temperature  noise figures  of the two modules for  different  collector currents 
are shown in Fig. 5.12. The minimum noise figure of the WR05 module is 9.7 dB at 
195 GHz at IC = 35 mA. For the WR03 module is the noise figure relatively flat at 
11 dB from 235 to 270 GHz. 
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TABLE 5.1 
COMPARISON TO OTHER REPORTED AMPLIFIER MODULES >200 GHZ 

Ref. Center freq. 
(GHz) Gain (dB) Noise Figure 

(dB) Technology 

[97] 210 17 9.4 100 nm GaAs mHEMT 
[77] 290 16 8.4 30 nm InP HEMT 
[84] 299 21.6 - 20 nm GaAs mHEMT 
[77] 300 17 8.4 30 nm InP HEMT 
[98] 325 25 8.7 35 nm InP HEMT 
[99] 330 10 8.7 35 nm InP HEMT 

[100] 360 11 - <50 nm InP HEMT 
[15] 425 20 - 30 nm InP HEMT 
[98] 480 11.4 11.7 <50 nm InP HEMT 
[77] 550 10 - 30 nm InP HEMT 
[10] 600 14.1 15 20 nm GaAs mHEMT 
[14] 670 8 13 30 nm InP HEMT 

This work, 
WR05 

195 
245 

10 
24 

9.7 
- 250 nm InP DHBT 

This work, 
WR03 240 19 10.8 250 nm InP DHBT 

 
 
The noise temperature of the WR03 module was measured cryogenically 

between 235 and 265 GHz using the measurement setup described in Appendix 
A.3.1. The measured noise temperature and associated gain both at room temperature 
and at 100 K are shown in Fig. 5.13. The noise temperature at room temperature is 
between 3300 and 3800 K (10.8‒11.5 dB). At 100 K, the average noise temperature 
has decreased to 1800 K (8.5 dB). The noise performance is thus improved by a factor 
close to 2. Subtracting the amplifier module waveguide loss and the membrane 
transition loss, the average noise temperature of the amplifier circuit itself is 
estimated to 1100 K (6.8 dB), as shown in Fig. 5.13. 

Table 5.1 shows a comparison with reported state-of-the-art amplifier modules 
operating above 200 GHz. Data for the WR05 amplifier module is shown for two 
frequencies since the noise figure was measured only up to 205 GHz. Amplifiers in 
InP HEMT technology dominates and have reached impressively high frequencies. 
Even though the InP DHBT technology suffers from poor noise characteristics, the 
noise figure s of the two DHBT modules are not very far from the HEMT modules at 
similar frequencies. 
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Chapter 6 

6 Conclusions 
This thesis has focused on the design and characterization of InP DHBT 

amplifiers operating up to submillimeter-wave frequencies. Amplifiers in the 
frequency range from 80 to 300 GHz with different transistor configurations have 
been presented and the potential of the InP DHBT technology for realizing extremely 
wideband amplifiers that can operate from the kHz range up to, and above, 200 GHz 
have been demonstrated. These amplifiers can for instance be used in future high 
speed wireless and fiber-optical communication links.  

The high operational frequencies create a demand of new solutions on how to 
package the integrated circuits in modules with a suitable interface. The novel 
membrane transitions proposed in this thesis are, with their very wideband 
characteristics, a promising alternative to transitions integrated on the circuit die. The 
circuit die fabrication is simplified since several complicated processing steps are 
unnecessary with this method. 

 

6.1 Future Work 
To truly take advantage of the InP DHBT technology, integration of the 

amplifiers presented in this thesis with other circuit functionalities to realize a 
complete receiver or transceiver on a single circuit die is an obvious future work. The 
performance of the distributed amplifiers can be improved by including an emitter-
follower before the cascode in each gain cell. This increase the input resistance and 
may thereby improve the overall bandwidth and gain. Simulations of a conventional 
distributed amplifier using such a gain cell has shown very promising results and this 
circuit currently under fabrication. 

A different material in the support substrate of the membrane transitions could 
improve the electrical performance and the mechanical properties. An interesting 
direction for future work would be to scale it up in frequency – membrane technology 
with Schottky diodes has been demonstrated at frequencies above 1 THz. 

Finally, the cryogenic measurements of the amplifier module at 100 K showed 
interesting results. However, it was due to shortage of time only possible with very 
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few measurements. Further measurements at temperatures below 10 K and at 
different bias points would be of great interest. The measurement accuracy could 
most likely be improved with only minor changes in the measurement setup. 
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Chapter 7 

Summary of the Appended Papers 
This chapter presents a brief summary of each of the appended papers together 

with comments on my contributions. Although the first author has made the major 
part of the work, the contributions from the other authors have been of invaluable 
help and importance. 

 
 

Paper A 
Design and Characterization of H-band (220‒325 GHz) Amplifiers in a 250 nm 
InP DHBT Technology 
K. Eriksson, V. Vassilev, and H. Zirath 
 In this paper, the design and characterization of InP DHBT amplifiers in common-
base and common-emitter topology are presented. The lowest noise figure above 
200 GHz for a bipolar amplifier is demonstrated. I contributed with design, 
simulations and characterization of the amplifiers, and writing of the paper. 

 
 

Paper B 
InP DHBT Distributed Amplifiers with up to 235 GHz Bandwidth 
K. Eriksson, I. Darwazeh, and H. Zirath 
 In this paper, extremely wideband amplifiers are presented. Two of the amplifiers 
have the highest reported bandwidths for amplifiers regardless of transistor 
technology. I contributed with characterization, initial idea of the CSSDA topology, 
theoretical analysis, and most of the writing. The design work was carried out 
together with I. Darwazeh. 
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Paper C 
Suppression of Parasitic Substrate Modes in Multilayer Integrated Circuits 
K. Eriksson, S. E. Gunnarsson, P.-Å. Nilsson, and H. Zirath 
 In this paper, parasitic substrate modes in integrated circuits with multilayer back-
end and TFML interconnects are studied and a simple method to suppress such modes 
is demonstrated. I contributed with initial idea of the study, simulations, 
measurements, and writing of the paper. 
 
 

Paper D 
InP DHBT Amplifier Modules Operating Between 150 and 300 GHz Using 
Membrane Technology 
K. Eriksson, P. Sobis, S. E. Gunnarsson, J. Hanning, and H. Zirath 
 In this paper, InP DHBT amplifier modules are presented. The modules use a 
novel waveguide-to-microstrip transition on membrane substrate. The paper reports 
the first measurement results of packaged InP DHBT amplifiers at these high 
frequencies. I contributed with initial idea of membrane transitions together with 
P. Sobis, design and simulations of membrane transitions and waveguide blocks, 
mechanical layout, assembly together with P. Sobis, measurements, and writing of 
the paper. The membrane transitions were fabricated by J. Hanning. 

 
 

Paper E 
Cryogenic Noise Figure Measurement of InP DHBT Amplifier Module from 220 
to 325 GHz 
K. Eriksson, N. Wadefalk, J. Schleeh, P. Sobis, J. Hanning, J. Kooi, and H. Zirath 
 The first cryogenic noise temperature measurements of a circuit in InP DHBT 
technology are presented in this paper. A WR03 amplifier module (presented in [D]) 
is cooled to 100 K and its noise temperature is measured with the Y-factor method 
using a temperature controlled waveguide attenuator as hot and cold load. I 
contributed with initial idea and measurements together with N. Wadefalk at Low 
Noise Factory, and writing of the paper. 
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Appendix A 

A High Frequency Measurements 
Characterization of circuits up to 300 GHz presents numerous challenges. Due 

to the very large bandwidths of the circuits described in this thesis, it was at many 
occasions necessary to measure the circuits in several different frequency bands, 
since no measurement setup can measure frequencies from ~1 MHz up to 300 GHz. 
Techniques to measure S-parameters and noise figure are described in this chapter. 

 

A.1 On-Wafer Probing 
Even though a waveguide interface often is used in the final system, it is 

necessary with on-wafer measurements in the development and testing of circuits 
[101]. Standard in on-wafer measurements is to use RF probes with three pins 
arranged with the signal on the center pin and ground on the two outer pins, i.e. 
ground-signal-ground (GSG). The RF pads on the circuit have a CPW structure 
compatible with the GSG probe. In circuits with microstrip interconnects, the CPW 
mode is transferred to a microstrip mode next to the pads. 

The same RF probe pad structure was used in all circuits in this thesis. The probe 
pads were designed to be compatible with not only probes with probe pin pitches 
from 50 to 100 μm, but also with the membrane transitions described in Chapter 5. 
To simplify mounting of the membrane beam leads, the center pad is 65 μm long, 
whereas the probe need a sliding distance of only 20 μm or less.  

The positioning of the probe tips on the GSG pads is very crucial for the behavior 
of the probe-to-microstrip transition [b]. Fig. A.1(a) shows a three-dimensional 
schematic view of a CPW probe in contact with the GSG pads. If the probe tips are 
placed in the longitudinal middle of the pads, position B in Fig. A.2(b), the part of 
the central signal pad that is behind the probe tip will act as an open stub. If this 
length is a considerable fraction of the wavelength, the influence from that part of the 
pad will be significant. Fig. A.3 shows the measured S11 and S21 of the 700 μm long 
50 Ω TFML in Fig. A.2(b). The probe tips were placed at the three different positions 
A, B, and C, that are indicated on the pads. The center pad is 32 μm × 65 μm and the  
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(a) (b) 
Fig. A.1.  (a) Schematic view of coplanar probe on probe pads. (b) Microstrip thru-line, 
the dashed lines indicate the three different probe tip positions in the measurements. 

 

  
(a) (b) 

Fig. A.2.  Measurements of (a) S11 and (b) S21 for the 700 μm long microstrip line in 
Fig. A.1(b) with the probe tips positioned at A, B, and C. 

 
distance between each position is approximately 25 μm, which is equivalent to 20° 
at 300 GHz. The differences between the three measurements are significant: S11 
changes from -13 dB at 300 GHz with the probe tips at position A, to -6.5 dB at 
position C. The results show the importance of correct probing in on-wafer 
measurements at these frequencies.  

 

A.2 S-parameters Measurements 
Fundamental in the characterization of small-signal amplifiers are S-parameter 

measurements. Systems for measuring S-parameters in the frequency bands 70 kHz‒
110 GHz, 140‒220 GHz, and 220‒325 GHz have been used for characterizing the 
circuits in this thesis. The measurements can be extended outside these specified 
bands with some degradation in the accuracy. 

The measurement systems need to be calibrated to the correct reference planes, 
i.e. contributions from cables, probes, etcetera must be de-embedded. There are 
different methods to calibrate the system which differs  in  the  impedance  standards  
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Fig. A.3.  Probe station with network analyzer and frequency extenders. 

 
that are measured and the assumptions of the standards that are made [102]. In the 
on-wafer measurements of the circuits in this thesis, the systems were calibrated 
using line-reflect-reflect-match (LRRM) with the reference planes at the probe tips. 
The utilized standards are a thru-line, open, short, and a 50 Ω load. A commercial 
calibration substrate (Cascade Microtech 138-356 [103]) were used. 
Thru-reflection-line (TRL) waveguide interface calibration was used for 
measurements of the waveguide modules described in Chapter 5. 

 

A.3 Noise Figure Measurements 
The noise figure of a circuit is a measure of the degradation in the signal-to-noise 

ratio as the signal passes through the circuit [50]. The noise performance of the 
circuits covered in this thesis was measured using the Y-factor method. An advantage 
with this method is that only relative power levels are measured and not absolute 
power levels [104]. Relative power levels can be measured with higher accuracy than 
absolute levels. 

The Y-factor method uses the Rayleigh-Jeans approximation of the power 
radiated from a blackbody at temperature T: 

  (A.1) 

where kB is the Bolzmann constant and B is the detection bandwidth [105]. In a 
Y-factor measurement, the noise figure is measured by terminating the circuit input 
with two different loads of known equivalent noise temperatures, one hot and one 
cold. The output power for each input termination is measured. From these two 
measurements is the Y-factor computed, where the Y-factor is defined as 

  (A.2) 
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(a) (b) 

Fig. A.4.  Setup (a) for noise measurements on-wafer with (b) detail photograph [A].  
 
where Pout,HOT and Pout,COLD is the output power with hot and cold termination, 
respectively [106]. The Y-factor can, using (A.2), be rewritten as 

 
 (A.3) 

where Treceiver is the equivalent noise temperature of the receiver, G is the gain of the 
receiver, THOT and TCOLD are the temperatures of the hot and cold input terminations, 
respectively. With THOT and TCOLD known, Treceiver can be derived as 

  (A.4) 

Commercial solid-state noise sources are available at lower microwave 
frequencies, but for higher frequencies are usually absorbers at physical hot and cold 
temperatures utilized [92], [107]. The noise figures throughout this thesis are 
measured with absorbers (Eccosorb [108]) at room temperature and immersed in 
liquid nitrogen. 

Accurate power measurements at frequencies close to the submillimeter-wave 
range are difficult and mixing to IF is necessary [105], [109]. A measurement setup 
for on-wafer characterization of an amplifier is shown in Fig. A.4. The receiver 
consists of, counted from the input: horn antenna, input probe, the amplifier under 
test, output probe, harmonic mixer with LO chain, and IF amplifiers. The output 
power is measured with a spectrum analyzer.  

To find the noise temperature of the amplifier, the other parts of the receiver that 
contributes to Treceiver must be subtracted. The receiver can be regarded as a system of 
cascaded components, where each component adds noise as 
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, 
(A.5) 

where TPROBEin and TPROBEout are the noise temperatures of the input and output probes, 
respectively, Tamplifier is the noise temperature of the amplifier, Tmixer/IF is the noise 
temperature of the mixer and IF-chain, Gamplifier is the gain of the amplifier, GPROBEin 
and GPROBEout are the gain of the input and output probes, respectively [50]. Since the 
probes are passive, their noise temperatures depend only on their loss and their 
physical temperature. The receiver temperature in (A.5) can thus be rewritten as 

 

, (A.6) 

where LPROBEin and LPROBEout are the losses of the input and output probe, respectively, 
and TRT the room temperature (293 K). The noise temperature of the amplifier can 
then be expressed as 

 

. 
(A.7) 

To find Tmixer/IF, a second Y-factor measurement with the mixer input terminated 
with the hot and cold loads is carried out. In this calibration measurement, the noise 
temperature Tmixer/IF can be calculated directly from (A.4). The noise figure is finally 
derived from the noise temperature as 

  (A.8) 

where T0 = 290 K [51]. The noise temperature is a more appropriate figure-of-merit 
at cryogenic temperatures since the noise figure is related to the standard room 
temperature T0 = 290 K. By sweeping the LO frequency to the mixer, the noise 
temperature of the amplifier under test can be measured versus frequency. 

 

A.3.1 Cryogenic Noise Temperature Measurements 
Measurements at cryogenic temperatures is challenging since they are carried out 

inside an  enclosed chamber.  It is necessary to have vacuum in the chamber in order  
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Fig. A.5.  Measurement setup for cryogenic noise temperature measurements of amplifier 
waveguide module at 235‒265 GHz [E].  

 
Attenuator Taper Mixer

Amplifier
under test Steel waveguide

IF

Fig. A.6.  Photograph of the cryogenic measurement setup inside the dewar. 
 

to have thermal isolation and to avoid condensation and freezing of water. A 
waveguide connection into the chamber must therefore have a transition that prevents 
air from entering the chamber through the waveguide. A main problem with Y-factor 
measurements at cryogenic temperatures and at frequencies above ~100 GHz is the 
realization of hot/cold temperature loads. The use of absorbing materials, e.g. 
Eccosorb, as described above for room temperature measurements, requires either 
bulky chopper wheels and collimating mirrors inside the chamber [110] or a window 
in the chamber wall that allows the absorber to be placed outside the chamber [111], 
[112]. 

Fig. A.5 shows a schematic of the cryogenic noise measurement setup used in 
[E] to measure the WR03 amplifier module presented in Section 5.4. A photograph 
of the part of the setup inside the chamber is shown in Fig. A.6. As hot/cold load is a 
temperature controlled WR10 attenuator used. The attenuator is developed by Jacob 
Kooi at the Submillimeter Astronomy and Instrumentation Group, California 
Institute of Technology, for measurements of W-band amplifiers. The vane inside the 
attenuator is thermally isolated and is heated by a resistor. The temperature is 
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measured with a sensor mounted on the vane. The second port of the attenuator is 
terminated with a short. TCOLD will thus be the ambient temperature inside the 
cryogenic chamber and THOT the temperature when the vane is heated. 

The WR10 attenuator is connected to the amplifier module under test via a 
WR10-to-WR03 taper. A WR03 sub-harmonic mixer is mounted inside the chamber 
to avoid excessive RF loss. The LO signal is provided by a signal generator and 
WR06 ×4 multiplier chain located outside the chamber. A mylar film is used to attain 
an airtight connection into the chamber. To reduce thermal loss is a 4 inch long WR06 
waveguide in stainless steel utilized. The IF signal from the mixer is connected with 
a coaxial cable to an IF amplifier chain and a power meter outside the cryogenic 
chamber. All the components inside the chamber are thermally connected to the cold 
head of the closed-cycle refrigerator. The measurement system is fully automatized 
with the LO frequency stepped and the output power and input load temperature 
measured at each frequency step. 
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