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Abstract

This dissertation is concerned with the search for new approaches to
realize multi-gigabit wireless communication links. To satisfy the con-
sumers’ growing demand for high-speed mobile connections, the achiev-
able data rate in future wireless front- and backhaul applications, building
the mobile network’s backbone, but also in short range wireless connec-
tions, needs to be significantly increased. Following latest discussions and
statements, data rates well beyond 10 Gbit/s will be necessary for these
use cases.
To the present day, such wireless links are realized in the microwave
regime, where the maximum data rates are limited by the restricted band-
widths achievable technologically at these carrier frequencies, as well as
restraining frequency allocations. First approaches utilizing frequencies
in the higher millimeter wave regime, i.e. above of 100 GHz, so far only
operate with bandwidth-ine�cient amplitude shift keying signals or use
opto-electronics to generate a millimeter wave signal. The latter systems
are also capable of using complex modulation formats but, up to now, are
limited by comparably low transmit powers. To provide wireless links
enabling multi-gigabit capacities combined with adequate reliability, new
approaches in the realization of such systems will be necessary.
The use of electrical millimeter wave integrated circuits, capable of oper-
ating in this high frequency regime, will result in compact, light- weight
and easy-to-deploy frontend components and also allow to transmit over
much higher distances. Combining the advantages of extremely high
bandwidths achievable with these circuits with the possibility of using
bandwidth e�cient complex modulation formats will take wireless com-
munication to a new level. The challenge hereby is to relate e�ects intro-
duced on component level to repercussions which appear on system level,



and, in a further step, reveal their impact and optimization potential.
In this thesis, the necessary aspects for the realization of all-electrical
multi-gigabit wireless communication system in the millimeter wave
regime are considered. A study of appropriate approaches of circuit
topologies suitable to realize extremely broadband transmit and receive
components allowing for multi-gigabit capability, as well as the design
and realization of such circuits build the basis for a profound analysis
of such transmission systems. An investigation of the wireless system’s
transmission quality under the influence of the frontend component’s
non-idealities reveal the system’s limits but also the optimization poten-
tial. Finally, free space data transmission experiments are conducted to
prove the feasibility of multi-gigabit communication links operating at
such elevated frequencies.
In this dissertation, for the first time, system imperfections of millimeter
wave communication links are related to the causative frontend non-
ideality in a theoretical approach. The findings are verified by measure-
ments. Furthermore, for the first time, outdoor transmission experiments
across realistic distances unveiling the real potential of the proposed sys-
tem solutions are shown.



Kurzzusammenfassung

Die vorliegende Dissertation beschäftigt sich mit der Suche nach neuen
Ansätzen zur Realisierung von Multi-Gigabit-Funkkommunikationssyste-
men. Um die steigende Nachfrage der Verbraucher nach mobilen Da-
tenverbindungen zu befriedigen, muss nicht nur die erzielbare Daten-
rate in zukünftigen drahtlosen Front- und Backhaul-Anwendungen, dem
Rückgrat des Mobilfunknetzes, deutlich erhöht werden, sondern auch die
der unterstüzenden drahtlosen Nahbereichsverbindungen. Aus aktuellen
Diskussionen kann geschlossen werden, dass die benötigten Datenraten
für diese Anwendungsszenarien deutlich über 10 Gbit/s liegen werden.
Bis heute werden solche drahtlose Verbindungen im Mikrowellenbereich
realisiert, wo die maximale Datenrate durch die bei diesen Trägerfrequen-
zen erzielbaren Bandbreiten sowie durch strikte Frequenzzuweisungen
eingeschränkt werden. Erste Ansätze, die die Nutzung von Frequenzen
im hohen Millimeterwellenbereich, also bei Frequenzen über 100 GHz,
verfolgen, verwenden bisher Signale mit einer bandbreitenine�zienten
Amplitudenumtastung oder verwenden optoelektronische Komponen-
ten, um das Millimeterwellensignal zu erzeugen. Die letztgenannten Sys-
teme sind zwar auch in der Lage mit komplexen Modulationsformaten
zu arbeiten, sind aber bisher durch vergleichsweise geringe Sendeleis-
tungen beschränkt. Um drahtlose Funkkommunikation mit Kapazitäten
im Bereich von mehreren Gigabit pro Sekunde mit ausreichender Zu-
verlässigkeit zu entwickeln, werden neue Ansätze bei der Realisierung
derartiger Systeme notwendig.
Die Verwendung von elektrischen monolithischen Millimeterwellenschal-
tungen zur Realisierung von Multi-Gigabit-Funksystemen führt zu kom-
pakten, leichten und einfach einzusetzenden Frontend-Komponenten,
die eine Signalübertragung über größere Entfernungen ermöglichen. Die



Kombination aus extrem hohen Bandbreiten durch diesen Schaltungsan-
satz und bandbreitene�zienten komplexen Modulationsverfahren erö�-
net neue Möglichkeiten für die erzielbaren Datenraten in der drahtlosen
Kommunikation. Die Herausforderung hierbei liegt darin, die Auswir-
kungen der auf Komponentenebene entstehenden Nichtidealitäten mit
den auf Systemebene auftretenden E�ekten in Zusammenhang zu brin-
gen und in einem weiteren Schritt deren Einfluss sowie das mögliche
Optimierungspotenzial aufzuzeigen.
In dieser Arbeit werden die notwendigen Aspekte für die Realisierung
von Multi-Gigabit-Funkkommunikationssystemen im Millimeterwellen-
bereich bestehend aus rein elektrischen Komponenten betrachtet. Eine
Studie geeigneter Schaltungstopologien für die Realisierung extrem breit-
bandiger Sende- und Empfangskomponenten, sowie deren Design und
Realisierung bilden die Basis für eine tiefgreifende Analyse solcher Über-
tragungssysteme. Eine Untersuchung der Übertragungsqualität des draht-
losen Systems unter dem Einfluss der nichtidealen Frontend-Komponen-
ten zeigt nicht nur die Grenzen des Systems auf, sondern auch dessen
Optimierungspotenzial. Abschließende Freiraum-Datenübertragungsex-
perimente zeigen die Machbarkeit solcher höchstdatenratiger Kommuni-
kationsverbindungen in diesem extrem hohen Frequenzenbereich.
In dieser Dissertation wurden für Millimeterwellenfunksysteme erstma-
lig die Nichtidealitäten der Frontend-Komponenten mit den dadurch her-
vorgerufenen Systeme�ekten in einen theoretischen Zusammenhang ge-
bracht. Diese theoretischen Ergebnisse zeigen gute Übereinstimmungen
zu vergleichenden Messungen am System. Darüber hinaus werden zum
ersten Mal Freiraumübertragungsexperimente über realistische Distanzen
mit Systemen in diesem Frequenzbereich präsentiert, die das tatsächliche
Potenzial der vorgeschlagenen Systemlösung aufzeigen.
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1 Multi-Gigabit Millimeter Wave
Wireless Communication

Wireless communication, denoting the transmission of information by the
use of electromagnetic waves propagating between a transmitting and a
receiving device, is an omnipresent form of information exchange. From
the synchronization of a radio-controlled clock, where only one bit per
second needs to be transmitted, to the mobile phone standard Global
System for Mobile Communication (GSM), transmitting several thousand
bits per second, through to current wireless local area network (WLAN)
systems with peak data rates of up to 300 million bits per second, wire-
less communication technology is an indispensable part of everyday life
which has experienced an enormous growth during the last decades ex-
pected to go on in the future. A prediction of the progress concerning
wireless communication systems provides important information for fu-
ture developments and markets, and also triggers necessary impulses for
exploring new fields of research. Therefore, researchers as well as the
communication industry observe the advances of data rate in wireless
communication systems and try to find rules describing its development.
In 2004, J. H. Yoakum presented a chart describing the data rate growth
for the three main types of telecommunication systems, i.e. wireline, no-
madic1 and wireless networks in a time line starting from 1976 [Che04].
When considering this progress, it can be found that the data rates in both
nomadic and wireless systems grow at nearly the same rate, following an
exponential curve with a doubling of data rate roughly ever 18 months.
Yoakum extrapolated this curve to predict the wireless capacity for future

1Nomadic network describes a network technology which provides wireless connectiv-
ity in a limited, well-defined area, for example Bluetooth or WLAN connectivity.
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1 Multi-Gigabit Millimeter Wave Wireless Communication

wireless systems and named this law in data rate growth Edholm’s law,
after his colleague Phil Edholm [Web07, Esm06]. In the same context Ed-
holm stated that the observed continuous growth is strongly dependent
on the consumer’s need for ever-higher data rates and believed that one
day this need will be satisfied, which would bring an immediate end to
Edholm’s law. In the same year, H. Eslambolchi observed a similar be-
havior of wireless data rate increase and stated that this growth followed
exactly Moore’s Law2 [Che04]. Seven years later, in 2011, Fettweis et al.
showed that the increase in data rate for wireless networks, not only cellu-
lar and WLAN but also for what he calls short range point-to-point networks,
still follows the Moore’s Law driven International Technology Roadmap
for Semiconductors (ITRS) [FGK11]. Identifying an increase in data rate
by a factor of ten in every five years (verified between 1995 and 2010),
Fettweis et al. predicted that a data rate of 100 Gbit/s should be achieved
for short range wireless links, whereat they address point-to-point links
working at distances of up to 1 m with zero mobility3 in the year 2015.
The results of the above observations prove that over the past 35 years,
there has undoubtably been a continuous growth in data rate across most
important wireless communication scenarios. But are today’s wireless
communication systems and transmission speeds already satisfying the
consumers’ needs, bringing Edholm’s law to an end, or are there new ap-
plications and technologies which further drive the development towards
ever higher data rates?
A further indicator for the development in wireless communications, are
the mobile data tra�c reports, conducted by several network and com-
munication technology providers. Amongst others, those reports provide
evaluations for the total number of mobile subscriptions as well as mobile

2In 1965 Gordon Moore proclaimed, that the number of transistors in an integrated
circuit doubles approximately every two years [Moo98]. This law, although slightly altered
over the years (now not only the number of transistors but also their performance is described
by Moore’s law and the time span for a doubling in performance is reduced to 18 month),
still holds true and is one of the main driving factors for the integrated circuit technologies,
building the basis for the International Technology Roadmap for Semiconductors (ITRS).

3Zero mobility describes scenario where the transmitting and receiving device are sta-
tionary at a fixed position with no relative movement to each other.
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data tra�c and thereby provide an insight into the tendency of consumer’s
needs. In one study from 2011, a 2.6-fold growth in overall global mobile
tra�c combined with a doubling in mobile network speed was observed
for the year 2010 [Cis11]. Also an increase of the average connection
speed for handheld mobile devices from 101 kbit/s in 2009 to 215 kbit/s
in 2010 was identified, which even surpasses the prediction by Edholm’s
law. Relying on this data, a 10-fold increase in mobile connection speed,
exceeding 2.2 Mbit/s in 2015 was predicted. In a follow up study from
2014, the average mobile network connection speed again doubled from
526 kbit/s in 2012 to 1387 kbit/s in 2013. For the subsequent years, the
authors see a more timid progress and the average connection speed is
expected to double only until 2018 [Cis14]. Both studies show that video
streaming services are already one of the largest contributors to the total
mobile tra�c and will become even more relevant in the future. Fol-
lowing these two studies, although the growth in network speed follows
Edholm’s Law, a slow down in mobile network tra�c can already be ob-
served and is expected to get more distinct in the near future. The authors
of the study presume to be one of the reasons for the slow down what
is stated in the study’s conclusion: ”Backhaul4 capacity must increase so
mobile broadband, data access, and video services can e�ectively support
consumer usage trends and keep mobile infrastructure costs in check”
[Cis14]. Similar results have been obtained by a report from 2013, based
on completely di�erent data surveys than the previous study. The authors
forecast a ten-fold growth in total mobile tra�c, video streaming applica-
tions being one of the main contributors, between 2013 and 2019, and also
see the development of high capacity backhaul networks as one of the key
elements for the mobile communication of the future [Eri13, Eri14].
In conjunction with the shown data rate growth for mobile connections,
also the capacities of the underlying mobile backhaul networks as well

4In a hierarchical mobile communications network, backhaul describes the links con-
necting the network core or backbone to the smaller subnetworks at deeper hierarchical
levels, for example connecting the widely distributed base transceiver stations (BTSs) of the
mobile network to the superordinated base station controller (BSC). Backhaul networks can
be built by either using wired or wireless solutions, depending on the capacity requirements.
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as the supportive nomadic networks (providing alternative connections
at places where the demanded capacity cannot be handled via the mo-
bile system alone) have to be increased. Historically, backhaul networks
were built by using copper lines, but with the introduction and preva-
lence of smartphones and other smart-devices, both demanding huge
amounts of mobile data tra�c, these capacities are no longer su�cient
for backhauling the fast third generation (3G) and long term evolution
(LTE) signals, still less for the next generation of mobile connection called
5th generation mobile networks (5G). Therefore, the network operators
upgrade to optical fiber connections as well as wireless point-to-point
links in the microwave range for their backhaul networks. While optical
fiber technologies provide data rates up to 100 Gbit/s, high performance
transmission over distances of several kilometers and guaranteed avail-
abilities, their deployment, especially in urban areas, is often expensive
and time consuming. In 2009, trenching costs in an urban area could
easily reach 250 000 $ per mile [Wel09]. In contrary, microwave links,
while usually fast and easy to deploy, su�er from limited capacities and
reduced availability under severe weather conditions. The commercially
available data rates for such links range from several Mbit/s up to 3 Gbit/s,
the latter being su�cient for backhauling the existing 3G and LTE sig-
nals between di�erent cell towers [Mak12]. On the higher layers of the
backhaul’s hierarchy, closer to the network core, where tra�c from mul-
tiple cell towers is aggregated, capacities of 40 and even 100 Gbit/s will be
necessary. Nevertheless, following [Wel09], over 1 million point-to-point
microwave links for mobile backhauling were sold worldwide in 2008
and it is stated in [AH13] that a high capacity wireless solution will get
more and more important. The distances which needs to be bridged in
such backhaul applications are between 1 and 5 km in urban or suburban
areas. Considerung rural areas, much higher ranges are needed [AH13].
Besides backhaul networks, typical application scenarios for multi-gigabit
wireless communication links are wireless data kiosk applications5 and

5The data kiosk describes a scenario where the user wants to download a huge amount
of data to a hand-held device in a short amount of time and within a restricted reception
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wireless personal area networks (WPANs). The data rates aimed at in
such networks range up to 100 Gbit/s, but with transmission distances in
the range of several meters. In a WPAN, two or more nomadic devices
can be connected at data rates up to several tens of Gbit/s to overcome
a temporary cable solution, for example the connection between a high
capacity storage device and a portable computer to run a complete backup
in an extremely short time [Kür13]. Such kinds of applications are also ad-
dressed in a standardization approach by the IEEE 802.15 working group.
In the recently formed task group IEEE 802.15 TG3d (100G), a technology
independent standard for wireless systems operating in the high millime-
ter wave or sub-millimeter wave regime6 and o�ering data rates up to
100 Gbit/s, shall be elaborated as an amendment on the IEEE 802.15.37

specification. Besides the mentioned WPAN, the applications of inter-
est include wireless data centers, wireless intra-device communication as
well as wireless front8- and backhauling [IEE13].

In conclusion, the consumer’s growing demand for faster mobile net-
works and thereby on the underlying backhaul network, both confirmed
by mobile tra�c surveys, the research and development in high speed

area [FGK11].
6The operating frequency range can also be specified by giving the wavelength regime

interchangeably to the frequency, vaguely corresponding to the resulting wavelength in a
free-space transmission. Since the terms microwave, millimeter wave and sub-millimeter wave
range are not strictly defined and used for di�erent frequency ranges in various publications,
the naming in this thesis will follow [Wil84], where the term millimeter wave range describes
frequencies between 30 and 300 GHz, sometimes also called extremely high frequency (EHF),
and the term sub-millimeter wave is a synonym for frequencies in the range from 300 to 3 THz.
Consequently, the term microwave will be used for frequencies is the range of 3 to 30 GHz.

7”IEEE 802.15.3 is a standard for low-complexity, low-cost, low-power-consumption and
high-data-rate wireless connectivity among multimedia devices supporting high levels of
Quality of Service (QoS)).” [IEE13]

8To further improve the capacities of future mobile networks, fronthaul architectures
gain the interest of network operators. In such architectures, a single baseband unit (BBU), i.e.
the system’s baseband processing part, is connected to several remote radio heads (RRHs),
i.e. the system’s radio frequency (RF) frontend, via a wireless link or optical fiber. Thus, a
higher density of antennas, implying a better network coverage, can be achieved with less
e�ort in connecting the baseband processing units to the BSC.
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wireless systems for nomadic scenarios and even more important, the
IEEE standardization approaches, indicate that the end of Edholm’s Law
is not reached yet. They simultaneously show the industry’s growing
interest in high performance wireless communication links. To provide
such wireless links enabling multi-gigabit capacities combined with ad-
equate reliability, new approaches in the realization of such systems will
be necessary.

1.1 The advantages of millimeter wave
communication

According to Shannon’s capacity limit for communication systems limited
by additive white Gaussian noise [Sha84] as shown in equation (1.1), the
channel capacity C, i.e. the amount of data that can be transmitted via this
specific channel, depends on the channel’s bandwidth B and the signal-
to-noise ratio (SNR), i.e. the received signal power versus the noise power
in the considered bandwidth:

C = B � log2(1 + SNR) : (1.1)

Thus, in order to achieve wireless links for multi-gigabit capability, either
the bandwidth or the SNR has to be increased. To determine in which
way the resulting channel capacity is a�ected by such an increase, two
cases shall be considered.
In a first attempt, the SNR is increased with the bandwidth B fixed, i.e.
the received power increases while the noise power remain unchanged.
Thus, the channel capacity from (1.1) can be approximated by f (SNR) �
log2(1 + SNR).With the simplifications

log2(1 + x) � x log2(e) ; x � 0 (1.2)

log2(1 + x) � log2(x) ; x� 1 (1.3)
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it can be seen, that for a low SNR regime, the capacity increases linearly,
while for a high SNR regime it only increases logarithmically with the
received power. This fact indicates that an increase of the channel capacity
by a raise of the SNR will get power-ine�cient for systems which already
show a high SNR. For such systems, an increase of bandwidth would be
the more e�cient solution.
When considering an increase in channel capacity by a raise of bandwidth,
equation (1.1) seems to indicate a linear dependency, which is indeed the
case for increasing the bandwidth while maintaining a constant SNR. But
since the received noise power also increases with the bandwidth, this
would also imply an increase of the received power to keep the SNR con-
stant. Considering a bandwidth increase combined with a constant receive
power, i.e. the same power spread over a higher amount of bandwidth,
resulting in an e�ectively reduced SNR, the channel capacity follows a
function f (B) = B log2(1 + Pr

N0B ), where Pr is the received power and N0 is
the noise power spectral density. For small bandwidths, corresponding
to a high SNR, the channel capacity approximately equals the logarithm
of the received power and scales linearly with the bandwidth. For high
bandwidths, equation (1.2) can be applied again, simplifying (1.1) to

C = B log2(1 +
Pr

N0B
) � B

� Pr

N0B

�
log2(e) ;B� 1 Hz : (1.4)

This relation indicates that in a high bandwidth regime, the channel ca-
pacity is proportional to the received power and nearly independent of
the bandwidth, i.e. for a constant receive power and large bandwidths,
the channel capacity is limited by Pr

N0
log2(e) � 1:44 Pr

N0
. The above consid-

erations are shown in more detail in [TV05].
In the context of wireless communication links for multi-gigabit appli-
cations discussed above, the two considerations show that in order to
achieve a high channel capacity, both SNR and bandwidth, have to be
taken into account and weighted against each other. Since many of to-
day’s wireless communication systems already work in the high SNR
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regime and apply higher order modulation formats up to 64-quadrature
amplitude modulation (QAM) to achieve data rates of several 100 Mbit/s
[AH13], an increase in channel capacity involves a huge e�ort in sys-
tem design. As shown in [KM13], the necessary SNR increase per bit
increase in an M-QAM modulation scheme for additive white Gaussian
noise (AWGN) channels is approximately 3 dB, which implies that the
e�ort to switch from a 2-QAM to a 4-QAM modulation is approximately
3 dB, while resulting in a doubling of the data rate. In contrary, to switch
from 256-QAM to 512-QAM modulation, while mandating another 3 dB
SNR increase, only results in a 12.5 % raise in data rate but with require-
ments on the system’s linearity and phase noise that are very hard to
meet.
A much more e�cient way to achieve the demanded channel capac-
ities is the use of higher carrier frequencies which come along with
higher usable bandwidths9. Wireless links operating in the millimeter
wave, terahertz or optical domain, where large amounts of bandwidth
are available and the principal feasibility of such links is already shown
in [KHK+08, PTF+10, CAC+09], could be an excellent attempt to provide
the needed data rates. So called free-space optical communication (FSO)
links, operating in the infrared and near-infrared range, struggle with the
influence of adverse weather e�ects, causing losses up to 100 dB/km and
more [FM10, SMBF12]. In contrary, systems in the millimeter wave and
low sub-millimeter wave region, roughly between 30 and 400 GHz can
take advantage of a moderate influence of the atmosphere in defined fre-
quency ranges [M. 13], as will be discussed later. Furthermore, systems
using this frequency range can profit from reduced components sizes,
scaling in relation to the wavelength of the carrier, as well as from the use
of millimeter wave integrated circuits (MMICs) to realize the front-end
components, allowing for a high level of integration and resulting in sys-

9As discussed in [Sen85], the bandwidth of a communication system is generally limited
to a fixed fraction of the carrier frequency. Thus, the higher the carrier frequency, the larger
the available transmission bandwidth. However, the exact fraction between the system’s
carrier frequency and available bandwidth depends on several parameter, mainly the system
architecture and the technology used to build the frontend components.
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tems which are light-weight and cost e�cient as well as flexible and easy
to deploy [HE11]. While the transmit component in such systems can
either be implemented as electrical mixer circuits, modulating the data
signal onto the carrier frequency, or as an optical device in the form of
an uni-travelling-carrier photodiode (UTC-PD)10, generating the transmit
signal by photo-mixing two lasers, one unmodulated and one carrying
the data signal, the system’s receiver is always conducted as an electrical
device, mostly in form of Schottky barrier diodes (SBDs) which detect the
signal [DSB+14]. The drawbacks of a detection using SBDs are a limita-
tion to amplitude detection, and a limited sensitivity. Schottky barrier
diodes can also be used as downconverting mixer elements, thereby also
allowing the detection of complex modulated data streams, but only with
a limited bandwidth performance [JPS+10].
To decide which of the two possible transmitter architectures is the prefer-
able, the comparison in [HKT+12] shall be invoked. There, one system
with a UTC-PD and one with an MMIC-based mixer as a transmitter, both
operating in the same frequency range between 116.5 and 133.5 GHz and
both with similar system performance, are compared. In both systems, the
same receiver in form of an MMIC-based amplitude shift keying (ASK) de-
modulator is used. The comparison shows that the MMIC-based system
provides an output power of 16 dBm with an overall power consumption
of 100 W, while the optical system provides an output power of 10 dBm,
generated by an MMIC-based amplifier connected to the UTC-PD, with a
total power consumption of 400 W. When considering the system size and
complexity, in this case, the MMIC system is much more e�cient. For the
optical system considered here, in addition to the UTC-PD and amplifier,
an optical modulator together with a voltage controlled oscillator (VCO)
and a arrayed waveguide grating is used to modulate a single-mode laser
and extract a two coherent laser lines with a spacing of 125 GHz. An

10As explained in [IKM+04], a UTC-PD only utilizes electrons as active carrier com-
ponents, which allow for a high bandwidth and output current, combined with a wide-
frequency tunability. Those characteristics make the UTC-PD an excellent candidate to
convert a high-data rate communication signal delivered by an optical fiber into a electro-
magnetic wave which can be radiated via an antenna.
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additional optical modulator is used to modulate one of these laser lines
with the data signal. Photomixing of the modulated and unmodulated
signals in the UTC-PD results in the wanted millimeter wave (mmw)
transmission signal. Additionally several optical amplifiers are needed
to generate appropriate optical power levels. In contrast, the electrical
system only needs a local oscillator source followed by a frequency mul-
tiplier as well as the mmw modulator or mixer and two power amplifier
stages. This makes the electrical solution much more power-, size- and
weight-e�cient. Nevertheless, as shown in [N. 13], each type of system
is preferable for a specific application. The optical based system show
advantages, where an identical data signal has to be delivered to many
locations. Then the signal can be generated once at some kind of head-
quarter and delivered by an optical fiber to several remote sites, where
then only an UTC-PD is needed to convert and convey the signal via an
antenna. An electrical system is more advantageous in ad-hoc scenarios,
where the system has to be set-up very quickly and has to be adaptable to
di�erent environments.

Conclusion: To realize compact, flexible and multi-functional high capac-
ity wireless communication links, the most promising solution will be
achieved by the use of electrical components operating in the millimeter
wave frequency range in the form of millimeter wave integrated circuits.

1.1.1 Propagation loss factors in the millimeter wave
regime

When considering wireless links for applications with transmission dis-
tances above several meters, in addition to the free-space path loss (FSPL)11,
which is the main loss factor in the link budget, the e�ects of atmospheric
attenuation become more and more significant due to the interaction of

11In communication and radar systems, the FSPL describes the loss in signal strength of
an electromagnetic wave propagating along a line-of-sight path through free space, with no
obstacles blocking, reflecting or deflecting the signal. The free-space path loss is calculated

via FSPL = 4� d
�

2
, where d is the path length and � the wavelength of the propagating signal.
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the electromagnetic radiation with the atmosphere [MP05]. Under fair
weather conditions, these e�ects result from water vapor absorption as
well as from the oscillation of atmospheric gases causing absorption max-
ima due to molecular resonances at designated frequencies. The frequency
ranges between those absorption maxima are called atmospheric atten-
uation windows. In adverse weather conditions, additional attenuation
e�ects arise since the wavelength can be in the same dimension as rain
drops or water droplets in fog or clouds. The accurate prediction of the
atmospheric influences on the propagation behavior of electromagnetic
waves is one of the most important issues for planning a long range wire-
less link, where knowledge of wave propagation, physical absorption
mechanisms as well as meteorological e�ects and parameters have to be
brought together. The International Telecommunication Union (ITU) has
released recommendations on how to estimate the atmospheric e�ects for
all frequencies up to 1 THz, separated by the influences due to a clear
atmosphere [Rec09a], rain [Rec05, Rec07], clouds and fog [Rec09b], which
are continuously refined, revised and compared to actual measurements
[NIS+13, NAM13, KJYC13].
When plotting the curve describing the attenuation on a propagating elec-
tromagnetic wave caused by a clear atmosphere over frequency, as shown
in figure 1.1, the absorption maxima and the atmospheric windows be-
tween them can be identified. For the millimeter and sub-millimeter wave
regime up to 400 GHz, there are five atmospheric windows of di�erent
bandwidths, which are highlighted in figure 1.1. The first atmospheric
window is located between 30 GHz, the beginning of the millimeter wave
region, and 50 GHz, bordered by the oxygen absorption maximum located
around 60 GHz. The following two windows, each providing a bandwidth
around 43 GHz, are centered around 91 GHz and 147 GHz. The largest at-
mospheric attenuation window, with a bandwidth of 120 GHz, is located
around 255 GHz. The last window is already located in the sub-millimeter
wave regime, between 335 GHz and 365 GHz. Except for the last one, the
atmospheric attenuation under fair weather conditions stays well below
10 dB/km, for frequencies below 100 GHz even below 1 dB/km. This addi-
tional attenuation and also the attenuation due to adverse weather e�ects
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Figure 1.1: Specific attenuation of the atmosphere for frequencies between 1 and
400 GHz at a temperature of 20 �C, an air pressure of 1013 hPa and a
water vapor density of 7.5 g/m3. The atmospheric attenuation windows
with their corresponding bandwidths are highlighted.

described above, have to be taken into account when determining the
achievable transmission distance of a wireless link.

Conclusion: For transmitting data in the millimeter wave range over dis-
tances of several 100 m, the most suitable frequency bands are those lo-
cated in the atmospheric attenuation windows around 40, 91, 147 and
255 GHz, where the additional attenuation stays well below 10 dB/km. In
terms of highest available bandwidth, the atmospheric windows above
the 60 GHz absorption line are more promising. Therefore, in the follow-
ing, only these frequency ranges will be considered.

12



1.1 The advantages of millimeter wave communication

1.1.2 State of the art in millimeter wave wireless links

Now with the frequency bands of interest defined and discussed, a re-
view of already existing wireless communication links12 operating in this
regimes for both commercially available and research related systems will
give an insight into the achievable system performance.
The highest transmission distance in the millimeter wave range is achieved
by the 120 GHz system already discussed above [HKT+12], which is capa-
ble of transmitting data rates of up to 10 Gbit/s over a distance of 5800 m
with antenna gains at the transmitter and receiver of approx. 52 dBi. As
already discussed in 1.1, this results are achieved both with a MMIC-based
system and a system based on optical signal generation.
The highest data rate without the use of complex modulated data is shown
in [DSB+14]. Here, a 40 Gbit/s ASK modulated data signal is generated
by photo-mixing at an UTC-PD and radiated at 400 GHz. In the receiver,
a 400 GHz subharmonic mixer is used to downconvert the signal to the
baseband, where it is fed into a 45 GHz real-time oscilloscope for digital
post-processing.
The highest absolute data rates of 54 and 50 Gbit/s are achieved by using
complex modulation formats, the first one quadrature phase shift keying
(QPSK), the latter 16-QAM and optically generated carriers at 100 and
87.5 GHz, respectively [PCD+11, LYZ+13]. In both experiments, subhar-
monic mixers are used to downconvert the received signal to the baseband
where it is captured and digitally post-processed. Both authors show that
the data rate can be further increased by using both the vertical and hori-
zontal polarization plane, i.e. setting up one wireless link with horizontal
polarization and a second one with vertical polarization. With this tech-
nique, in [PCD+11] a data rate of 100 Gbit/s is achieved. In [LYZ+13] two

12By wireless links, systems which transmit data via a free space channel are meant. In
many publications, only back-to-back measurements, i.e. directly connecting the transmitter
to the receiver, in some cases with an attenuator in between, are shown with the achievable
transmission distance estimated out of these measurements. Since such measurements are
only capable of showing the performance of the transmitter and receiver, but not the overall
link performance including amplifiers and antennas and also neglect the influences of the
channel, such results are not considered here.
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Figure 1.2: State of the art in mmw wireless communication systems, separated
by the used technology. The achieved data rate for single channel and
single polarization transmission is shown. The corresponding carrier
frequencies are annotated at each entry.

wireless links at 100 GHz, each with a data rate of 54 Gbit/s, and two ad-
ditional links at 37.5 GHz, each with a data rate of 56 Gbit/s, all with the
polarization method, are set up. By combining the data rate of all four
wireless links, an overall transmitted data rate above 400 Gbit/s could be
achieved.
Although no commercial products utilizing carrier frequencies above
100 GHz exists, there are some commercially available point-to-point wire-
less links for high-speed front- and backhauling and low-latency applica-
tions operating in the frequency band between 71 and 86 GHz. Amongst a
growing variety of providers, the two most impressive results are achieved
with the two links presented in [E-b12] and [NEC14]. The first one pro-
vides data rates up to 3 Gbit/s over distances up to 8 km combined with
adaptive modulation formats up to 64-QAM. The second link also pro-
vides data rates up to 3 Gbit/s with 256-QAM modulation and over dis-

14



1.1 The advantages of millimeter wave communication

0.1 1 10 100 1000 10000

100

200

300

400

24 Gbit/s
[SAM+12]

10 Gbit/s
[HKT+06]

1 Gbit/s
[FRvD+12]

1 Gbit/s
[DSB+10]

10 Gbit/s
[HKT+12]

3 Gbit/s
[ISS+12]

0.096 Gbit/s
[JPS+10]

50 Gbit/s
[PCD+11]

0.2 Gbit/s
[SVP+13]

24 Gbit/s
[SKA+13]

54 Gbit/s
[LYZ+13]

40 Gbit/s
[DSB+14]

10 Gbit/s
[WLC+12]

8 Gbit/s
[SAH+09b]

3.6 Gbit/s
[FMTF11]

40 Gbit/s
[Nag13],
24 Gbit/s

[NHM+13]

6 Gbit/s
[DBP+07]

Link distance (m)

C
ar

ri
er

fr
eq

ue
nc

y
(G

H
z)

UTC-PD + electr. detector

MMIC-based Tx/Rx

RTD + diode detector

Diode-based Tx/Rx

Figure 1.3: State of the art in mmw wireless communication systems, showing the
carrier frequency versus the transmission distance. The corresponding
data rates are annotated at each entry.

tances up to 4 km. As shown in [LP09], such links can for example be used
to build a gigabit ethernet backbone network for the entire metropolitan
area of Las Vegas. According to the authors, this wireless backbone net-
work was much more cost-e�cient than a comparable fiber network ($5
million compared to $75 million) and the latency is unmatched by any
other network of the same size.
To compare the di�erent systems, in figures 1.2 and 1.3 the most remark-
able achievements in wireless link performances, published in the years
between 2006 and 2014, in terms of data rate and carrier frequency are
plotted over the corresponding transmitted distances and the respective
other parameters attached at each point. The first figure shows that up to
now, the highest data rates have been achieved by using opto-electrical
systems, utilizing UTC-PDs and SBDs, but their achieved transmission
distances are limited to several meters. Higher transmission distances
are achieved by using fully electrical transmitters or at least MMIC-based

15



1 Multi-Gigabit Millimeter Wave Wireless Communication

power amplifiers (PAs). It is notable that the achieved data rates seem
to be independent of the used carrier frequency. This e�ect is due to
the use of higher order complex modulation formats which seem to be
implemented more easily at lower frequency ranges. In figure 1.3, the
used carrier frequency is plotted versus the link distance, showing that
up to now, transmission distances higher than 20 m are only reached by
using moderate carrier frequencies of up to 140 GHz. Systems using car-
rier frequencies at 200 GHz and above are limited to distances up to 2 m,
which might be enough for specific short-range indoor communication
but are insu�cient for the intended long-range applications. Since the
free-space path loss and atmospheric attenuation e�ects increase with the
carrier frequency, the limited transmission distance for the higher fre-
quency bands is based on the limited output power of the UTC-PDs in
the opto-electrical systems [HKT+12]. Also, in the all-electrical systems,
although higher than for the UTC-PDs, only limited output power can be
generated over the high bandwidths needed to transmit data rates above
10 Gbit/s.

Conclusion: The review of the state of the art corroborates the conclusions
drawn above. Since the highest data rates are achieved either by the use of
higher order complex modulation formats or by systems with extremely
high bandwidths, to achieve the highest possible data rates, a combination
of extremely broadband transmitters and receivers operating at mmw fre-
quencies together with the use of complex modulation formats seems to
be the most promising solution. To simultaneously achieve transmission
distances above the reported ones of several meters, the state of the art
shows, that the highest distances are achieved with the use of fully elec-
trical transmit and receive circuits due to their higher available output
powers.
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1.2 System considerations
In the preceding discussions, the high millimeter wave region and the fully
electrical MMIC-based approach are identified as the most promising way
to realize multi-gigabit wireless communication systems for high-capacity
data transmission. Consequently, the objective of this thesis is the real-
ization of MMIC-based wireless frontends operating in the atmospheric
attenuation windows discussed above, as well as to take wireless commu-
nication to a new level by combining the advantages of extremely high
bandwidths with the possibility of complex modulation schemes.
To be able to define this goal more precisely and to derive appropriate
system specifications, in the following, a review of the worldwide fre-
quency regulations needs to be done to define allocated frequency bands
for the intended applications. Furthermore, out of the variety of existing
transmitting and receiving schemes, an appropriate system architecture,
providing su�cient bandwidth for the targeted data rate, as well as a suit-
able transistor technology to realize the MMICs for this system have to be
found. Finally, a review of appropriate baseband components and mea-
surement equipment, necessary to prove the achieved results, is given.

1.2.1 Frequency allocation and regulations

The possibility of realizing and setting up a wireless communication link
is not only determined by the availability of an atmospheric attenua-
tion window. Also the worldwide mandatory frequency allocation plans,
provided by the ITU [ITU12, Article 5, Section IV] as well as additional
guidelines dispensed by national regulatory entities have to be taken into
account. In the following, the allocations and regulations for the atmo-
spheric windows discussed above, will be reviewed. Since this work will
focus on realizing wireless links with the highest possible data rates by the
use of extremely high bandwidth as shown in section 1.1, the frequency
range between 30 and 60 GHz will not be further considered. Furthermore,
this frequency range is already extensively described in the literature and
the interested reader is referred to [HW11, YXVG11, Ema13].
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1.2.1.1 Communication using the E-band

When considering the atmospheric window between 70 and 112 GHz, la-
beled with II in figure 1.1, there are two frequency bands dedicated to fixed
services, i.e. radio communication between specified fixed points, which
essentially include all applications of long-range, back- and fronthaul
communication, by the ITU frequency allocation plan [ITU12, Article 1],
one band between 71 to 76 GHz and the other between 81 to 86 GHz. The
same frequency bands can also be used for fixed satellite services13, the
lower one in space-to-earth, the upper one for earth-to-space scenarios.
As a synonym for these two frequency bands, the expression E-band14, is
widely used and will also serve as a synonym for these frequency bands
in the following chapters.
The intermediate frequency band, between 76 and 81 GHz, is reserved
for radio astronomy and amateur satellite services. Also, automotive radar
applications are allowed to operate in this frequency range. The higher
frequency bands from 86 up to 112 GHz are primarily reserved for radio
astronomy and earth exploration applications, which may be shared with
fixed services in limited bandwidth and transmit power. But in all cases,
the operation of radio astronomy services have to be protected [ITU12,
Article 5, Section IV, footnote 5.149], a fact which make those bands usable
for communication links only within certain limits.
The European Telecommunications Standards Institute (ETSI) and Ger-
man Federal Network Agency (Bundesnetzagentur für Elektrizität, Gas,
Telekommunikation, Post und Eisenbahnen, BNetzA), which are the reg-
ulatory entities for Europe and Germany, respectively, released regula-
tions regarding terrestrial point-to-point communication links located in

13A radiocommunication service between earth stations at given positions, when one or
more satellites are used; the given position may be a specified fixed point or any fixed point
within specified areas; in some cases this service includes satellite-to-satellite links, which
may also be operated in the inter-satellite service; the fixed-satellite service may also include
feeder links for other space radiocommunication services [ITU12, Article 1].

14The naming E-band can be misleading in this case, since the term E-band is also used
for naming a frequency band, covering the range front 60 to 90 GHz, corresponding to the
WR-12 waveguide band.
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the E-band. In 2006, the ETSI [ETS06] limited the maximum equivalent
isotropically radiated power (EIRP)15 of the transmitter to a maximum of
75 dBm, while the maximum output power fed into the system’s antenna
is limited to 30 dBm. The minimum antenna gain is recommended to
be 43 dBi. In a further approach from 2009, the E-band is treated in an
annex [ETS09, annex UE]. The recommendations given there are identical
to the ones provided by the BNetzA, where the available 10 GHz band-
width is subdivided into several sub-channels, each with a bandwidth of
250 MHz [BNe11]. Also, di�erent values for the minimum antenna gain
and the EIRP values are given: The antenna gain should be at least 38 dBi,
while the maximum EIRP is given as a function of antenna gain. For
antenna gain above 55 dBi, the EIRP is limited to 85 dBm. For antenna
gains between 55 and 45 dBi the maximum EIRP is calculated by

EIRPmax = 85 � (55 �Gant) dBm ; (1.5)

where Gant is the used antenna gain. Equivalently, for antenna gains
between 45 and 38 dBi, the allowed EIRP is defined by

EIRPmax = 75 � 2 � (45 �Gant) dBm : (1.6)

1.2.1.2 Regulations in the D-band

In the D-band16, or more specific in the frequency range between 125 and
170 GHz, depicted as region III in figure 1.1, point-to-point wireless links
are partially allowed but again, have to share the bands with existing radio
astronomy and earth exploration applications. Only the bands between
158.8 and 164 GHz as well as 167 and 174.8 GHz are primarily reserved
for fixed services. Therefore, this frequency band will not be considered

15Equivalent isotropically radiated power describes to amount of power that a theoretical
isotropic antenna would have to emit to equal the peak power density observed in the
direction of maximum antenna gain of a radio communication transmitter.

16In terms of waveguide standards, the D-band waveguide covers the frequency range
from 110–170 GHz, also referred to as WR-6.
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further.

1.2.1.3 Activities in the 200 GHz range

The atmospheric attenuation window denoted as IV, the most broadband
one in the frequency range up to 1 THz, is an interesting candidate for
long-range wireless communication due to the still moderate attenuation
values between 2.7 and 4.2 dB/km under clear sky conditions. However,
when looking at the ITU frequency allocation, it can be seen, that most
of this huge bandwidth is reserved for radio astronomy and earth ex-
ploration applications. In some frequency bands, namely 191.8–200 GHz,
209–226 GHz, 231.5–235 GHz, 238–241 GHz and 252–275 GHz, fixed ser-
vices are also allowed, but again with the limitation that the operation of
radio astronomy services has to be protected. Nevertheless, when adding
all approved bands, a total bandwidth of 54.7 GHz is available for point-
to-point wireless communication. To the author’s best knowledge up to
the present date, no national regulatory board provided has yet any fur-
ther recommendations or regulations for this frequency range. Therefore,
the approval of a communication link in this range has to be decided on
a case-by-case basis by the responsible regulatory entity. However, since
there is no existing regulation and furthermore both point-to-point links
and the locations for radio astronomy applications are in well known and
definite areas, also the coexistence for a specific link could be conceivable.

1.2.1.4 Frequency allocation above 275 GHz

For the frequency bands above 275 GHz and up to 3 THz, no frequency
allocation and regulation exists at the moment. As discussed at the World
Radiocommunication Conference (WRC) in 2012, the ITU states the fre-
quency range from 275 to 3000 GHz as not allocated, but in a footnote
defines certain frequency bands up to 1 THz as identified by adminis-
trations for passive service applications, i.e. radio astronomy and earth
exploration services. In the same footnote it is stated that: ”The use of
the range 275–1000 GHz by the passive services does not preclude use of
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this range by active services. Administrations wishing to make frequen-
cies in the 275–1000 GHz range available for active service applications
are urged to take all practicable steps to protect these passive services
from harmful interference until the date when the Table of Frequency Al-
locations is established in the above-mentioned 275–1000 GHz frequency
range. All frequencies in the range 1000–3000 GHz may be used by both
active and passive services” [ITU12, Article 5, Section IV, footnote 5.565].
In [Kür12] it is stated that the use of large continuous frequency bands
for THz communications requires the development of sharing concepts
between THz communication and the passive services. Such concepts are
already discussed with the result that due to the high propagation loss and
attenuation in this frequency range, combined with the currently feasible
small transmit powers and the high directivity, a coexistence of active and
passive applications should be feasible without harmful interference for
the passive ones [Cle10].

Conclusion: When considering the frequency allocations and regulations
to determine suitable frequency bands for broadband high-capacity wire-
less links, the E-band with an overall bandwidth of 10 GHz and up to
now very restrained regulatory provisions, is explicitly suitable for mmw
wireless communication links. For systems with higher carrier frequen-
cies, the attenuation window around 250 GHz, the most broadband one
in the range up to 1 THz, is also very attractive. The frequency allocation
for fixed services is not continuous over the entire atmospheric window,
therefore a possible system should exclude the unauthorized bands. A
solution for broadband applications could be the application for a ex-
ceptional permission for coexistence only valid for a specific system and
operating location. Furthermore, systems operating at frequencies above
275 GHz are also very interesting, since there is no existing frequency
allocation and the bandwidth limitation will not be set by prudential reg-
ulations but by the performance of the used technology. However, due
to an increased atmospheric attenuation in this frequency range, such
systems may be only suitable for short range and indoor applications.
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1.2.2 Single-sideband or double-sideband

When considering the way of transmitting a signal in terms of the amount
of spectrum covered by the RF signal, two kinds of transmission schemes
can be distinguished. In a double-sideband transmission (DSB), the mod-
ulated sidebands are symmetrically arranged around the used carrier
frequency, creating an upper sideband (USB) and a lower sideband (LSB)
and resulting in a bandwidth of twice the intermediate frequency (IF)
bandwidth. To generate a DSB signal, a classical single stage mixer cell
can be used. In contrary to the DSB transmission, a signal only covering
the same bandwidth as the applied IF signal can be generated. The result-
ing transmission signal in such a scheme is either located above or below
the used carrier frequency in the RF spectrum. Therefore, this kind of
transmission scheme is called single-sideband transmission and was for
a long time favored by RF system engineers due a better performance in
fading and multi-path environments, a better receiver performance, but
also due to the savings in RF spectrum. A single-sideband transmission
(SSB) signal can either be generated by applying appropriate filtering at
the mixer’s RF port to suppress the unwanted sideband, or by using a
Hartley or a Weaver modulator, which inherently suppress the unwanted
sideband during the modulation process by a proper phase shifting and
superimposition [Wea56, HC13].
As is shown by J. P. Costas in his discussion about synchronous receivers
[Cos57], a SSB system as no advantage over a DSB system, as long as
synchronous detection is applied to the system’s receiver (Rx), i.e. the
receiver’s local oscillator signal is manipulated in a way that its frequency
and phase are equal to the transmitting carrier signal. In this case, the
circuit complexity of the transmitter (Tx) is substantially reduced com-
pared to the complicated SSB transmitters. The additional noise at the
receiver, caused by the reception of two sidebands instead of only one
for the SSB case, is compensated by the coherent addition of these two
sidebands. Therefore, the signal-to-noise ratio is identical for both trans-
mission schemes. The receiver complexity is considered to be identical
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for both the DSB and the SSB transmission17.

1.2.3 Why to use direct-conversion

The aspect to be considered is the method which is applied to convert
the baseband frequency to the radio frequency (RF) range at the trans-
mitter side, and back from the RF to the baseband for detection at the
receiver side. There are two main methods established for data transmis-
sion systems, the superheterodyne concept [Arm21], and the direct con-
version scheme, in the literature sometimes also called zero-IF conversion.
For both schemes, a characteristic upconverter and downconverter exist,
which could also be used interchangeably if an appropriate frequency
plan is applied.
In a superheterodyne system, in the transmitter, shown in figure 1.4, an
inphase-quadrature (I/Q)-modulator is used to modulate an intermediate
frequency LO2 with the information-carrying signal. This IF signal un-
dergoes several stages of correction, equalization and amplification and
is then fed into a mixing stage, upconverting the signal to the conveying
RF range by mixing it with a carrier signal LO1. In the downconverter,
shown in figure 1.5, the received signal is translated back to an interme-
diate frequency again by applying a second local oscillator (LO) signal,
which may, but does not have to, be identical in frequency with the upcon-
verter’s LO1, where the filtering, amplification and other signal processing
are more easily to perform than directly in the RF range. Before and after
the first down-conversion process, a series of highly selective filters are
necessary to suppress unwanted image signals in the RF spectrum and
also the unwanted sideband generated by the downconversion. The pro-
cessed IF signal is than routed to a demodulator stage, which recovers the
contained information signal.

17Costas even found advantages of his DSB system over the common SSB systems of his
time, but since he aimed for amplitude modulated transmission schemes in mostly military
applications, these advantages are not applicable for the transmission systems covered by
this thesis and therefore will not be further discussed. In the framework considered here, it
is su�cient to perceive that no disadvantages arouse from the use of a DSB system.
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Figure 1.4: Schematic representation of a superheterodyne transmitter for single-
sideband transmission. The data signal is modulated onto a low IF
LO2, after various intermediate stages like filtering and amplification,
this signal is upconverted to the RF range with the carrier signal LO1.
After the upconverter stage, the wanted sideband is selected by appro-
priate filtering and fed into a PA for transmission. The inlays show a
simplified spectrum at the di�erent conversion stages. The simplified
filter characteristics are shown in grey.

When using a direct-conversion scheme, the upconverting mixer is es-
sentially used as a modulator, i.e. the mixer’s LO, which in the cases
considered by this thesis is located in the high millimeter wave range,
is directly modulated by the data signal, resulting in an RF signal sym-
metrically arranged around the carrier frequency. At the receiver side,
the received signal is directly downconverted to the baseband, literally to
an intermediate frequency of 0 Hz, where the information included in the
signal can be recovered. This leads to an elimination of the entire IF stages
necessary for the superheterodyne setup, accompanied by a reduced com-
plexity and component count. During the downconversion process, the
signal must be reconstituted by some kind of phase correction method.
Without a correct phase relation, the part of the RF spectrum which is
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