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Abstract
We propose the concept of ultra-broadband terahertz communication, based on directed non-line-of-sight (NLOS)transmissions. Potential applications of such a system supporting multi-gigabit data rates are given, and put into the contextof currently emerging WLANsANPANs. The technology and propagation constraints serve as boundary conditions for thedetermination of the required antenna gain to support ultra-broadband communication. Resulting high-gain antennarequirements will necessitate highly directed transmissions. We propose the use of omni-directional dielectric mirrors tosupport directed NLOS paths. Their performance is investigated with ray-tracing simulations of a terahertz propagationchannel in a dynamic office environment, which is calibrated with measured building-material and mirror parameters. Wedemonstrate that a directed NLOS path scheme will make a terahertz communication system robust to shadowing.Furthermore, we show that dielectric mirrors covering only parts of the walls will significantly enhance the signal coverage in atypical indoor scenario.

Keywords: Broadband communication; wireless LAN; terahertz communication; terahertz systems; electromagneticpropagation; communication channels; mirrors; ray tracing

1. Introduction numerous new multimedia broad-bandwidth demanding applica-
tions proliferate at a great pace.

fn recent years there has been an unprecedented growth in the Extrapolating the rapid growth of wireless data rates that wedevelopment and deployment of wireless communication sys- have seen over the last three decades -where the wireless capacitytems. The flexibility of wireless communications gives rise to a has been increasing two-fold every 18 months -leads to the unam-multitude of potential applications in our society, which is becom- biguous conclusion that data rates of about 15 Gbps will be neededing increasingly dependent on information transmission and proc- 10 years from now [1] . Furthermore, data rates in the nomadic traf-essing. The interest in short-range wireless communications is fic will be approaching the capacities of wire-line communicationaccompanied by an increasing need for higher data rates, as systems.
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Gigabit data rates of future wireless communication systems
will open the door to a variety of applications demanding ultra-
broad bandwidth. Some of these can already be foreseen, and oth-
ers will undoubtedly emerge as technology progresses. Among the
applications that are already foreseen is the wireless extension of
the next-generation broadband-access fiber-optic networks. They
will support data rates of tens of gigabits, and are expected to
replace xDSL [the various types of digital subscriber line] and
cable-modem access networks [2]. A similar application can be
conceived as a wireless extension of the IEEE 802.3ae standard for
high-speed wired local networks, commonly referred to as Gigabit
Ethernet, which supports 10 Gbps transmission. Wireless Gigabit
Ethernet access, delivered to the desktop, would then facilitate
bandwidth-intensive applications like online training, peer-to-peer
collaboration, file transfers, and database mining, for example in
telemedicine applications. A multi-gigabit communication system
could also be operated as a wireless bridge between lower-data-rate
WLANs/WPANs (wireless local-area networks/wireless personal-
area networks) and access networks, and thus could enhance their
interoperability by providing fixed multi-gigabit wireless access.
Furthermore, ultra-broadband indoor picocells could be deployed
in a given area to respond to the demand for a high aggregate
capacity from a number of mobile users, each of whom would be
supplied with multimedia-level data rates. A possible correspond-
ing scenario is a scientific conference, where each of the partici-
pants can download multimedia data in real time, and concurrently
participate in various sessions. Gigabit wireless systems could also
find use in supporting wireless virtual-reality applications, for
example, computer games. Last but not least, military applications
for ultra-high-speed communications in the battlefield can be con-
ceived.

2. The Quest for Bandwidth

Ultra-broadband applications will fall predominantly in the
realm of WLANs and WPANs. Hence, they will require the corre-
sponding wireless technologies that will support multi-gigabit data
rates. In the following section, we briefly review the current and
emerging technologies behind WLANs and WPANs, with empha-
sis on their ability to support ultra-broadband applications.

2.1 Current and
Emerging Wireless Systems

Current WLAN standards comprise IEEE 802.1 lb,g,a, and
offer data rates up to 54 Mbps at 2.4 GHz and 5 GHz. The 83 MHz
total bandwidth in the license-free 2.4 GHz ISM band is divided
into channels, each of which is 22 MHz wide. For the case of the
5 GHz band, the total bandwidth of 240 MHz in the US and
160 MHz in Europe is split into 20-MHz-wide channels.

The upcoming WLAN IEEE 802.1 In standard, which will be
an improved version of the 802.1 lg,a standards, is expected to
provide data rates around 100 Mbps in the mandatory modes, and
up to 600 Mbps in optional modes [3, 4]. The planned enhance-
ments are based on orthogonal frequency-division multiplexing
(OFDM), multiple-input multiple-output (MIMO) techniques, and
improved coding. In 2003, the "Wireless Gigabit with Advanced
Multimedia"' (WIGWAM) project was started in Germany, which
aims to deliver data rates up to I Gbps [5]. It will be based on
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OFDM, MIMO, and efficient MAC (medium access control) pro-
tocols. It will work in the frequency band of 5 GHz, with exten-

sions to the 17, 24, 38, and 60 GHz bands, with an 802.11 fallback
option.

Even though the progress of WLAN technologies is impres-
sive, the data rates of the emerging systems will be limited to
1 Gbps, and will satisfy the demand for only the next few years.
However, in the long run, new technology solutions will be needed
to support future nomadic multi-gigabit applications.

In case of WPTAN technologies, there is currently the Blue-
tooth standard, with a 1 Mbps data rate provided in the 2.4 GHz
ISM band in 79 channels, each of which is 1 MIHz wide. Providing
an enhanced data rate, the Bluetooth 2 standard will achieve
3 Mbps. Other examples of current WPAN technology are systems
where the physical layer is accommodated in the infrared (IR) fre-
quency range. These systems deliver maximum data rates up to
several hundred Mbps [6]. However, the poor sensitivity of inco-
herent receivers, high diffuse-reflection losses, high ambient-light
noise, and a limited power budget due to eye-safety limits preclude
the realization of higher data rates [7].

The emerging WPAN standards belong to the IEEE 802.15.3
family. In particular, the 802.15.3a task group is developing a stan-
dard based upon ultra-wideband (UWB) radio technology for high-
speed wireless connectivity. This will accommodate systems in the
unlicensed 3.1-10.6 GHz frequency band [8]. The data rates real-
ized reach 500 Mbps [9], while the projected data rates will be
limited to around 1.3 Gbps [10]. On the other hand, the millimeter-
wave band, around 60 GHz, with unlicensed 5 GHz bandwidth in
Europe and 7 GHz bandwidth in the US, is also being considered
as a potential host for WPAN systems [11]. The newly formed
802.15.3c task group is developing a millimeter-wave-based physi-
cal layer for WPANs in the frequency band between 57 and
64 GHz, with data rates aimed at 2 Gbps.

Similarly to the upcoming WLAN technologies, there is also
a lot of progress in the field of WPANs. However, like the WLAN,
the emerging WPAN technologies will not be able to accommodate
future nomadic applications where the data rates demanded will
exceed a few Gbps. Clearly, new technology solutions will be
needed to enter into the wireless multi-gigabit area.

3. Radio Systems in the Terahertz Range

Most of the present effort towards higher data rates is aimed
at enhancing the spectral efficiency of existing or currently devel-
oping microwave and millimeter-wave wireless systems. However,
the spectral bandwidth of such systems is limited, and they will not
be able to support data rates exceeding a few Gbps. In the long run,
there is no alternative but to turn towards higher carrier frequen-
cies. Since it is commonly accepted that such high data rates can
not be achieved with IR systems, the terahertz range is a logical
choice.

The terahertz range spans the frequencies between 300 GHz
and 10 THz. It is unregulated, and offers very large bandwidths, in
excess of 10 GHz. It has a potential for very high data rates,
exceeding by far a few Gbps. However, the THz range is still tech-
nologically immature. It has been used mainly for space and
astronomy applications, characterized by cryogenic or low (120 K)
operating temperatures for the receivers, and very high implemen-
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tation costs. New application areas - found in medicine, the envi-
ronmental and biological sciences, as well as in security and qual-
ity control -have emerged only recently. These drive THz research
towards cheaper, room-temperature components, and hence pave
the way for wireless communication applications.

In the following two sections, we give an overview of the
technology of the sources and detectors, as well as stressing propa-
gation constraints relevant for communication at terahertz frequen-
cies.

3.1 Radio Front-End Technology

Radio-communication transceivers can realize signal recep-
tion in direct detection, homodyne, or superheterodyne architec-
tures [12]. The functional units of front ends are local oscillators,
mixers, power and low-noise amplifiers, filters, and antennas. For
the case of a receiver based on envelope detection, a single detec-
tion diode can be used in place of a mixer. The availability and
parameters of these devices will eventually determine the emer-
gence and potential success of ultra-broadband wireless communi-
cations at terahertz frequencies.

There are two main approaches to generating terahertz radia-tion [13]. In a bottom-up approach, the operating frequency of
electronic devices such as vacuum tubes and solid-state sources is
further increased by translation of component solutions and tech-
niques from the millimeter-wave range. As an alternative, optical
frequencies can be translated into the terahertz range. In this top-
down approach, continuous or pulsed terahertz radiation is gener-
ated by laser excitation of semiconductors, and nonlinear crystals
or lasers are directly operated at THz frequencies.

For the case of the top-down approach, there are a few poten-
tial methods for generating THz continuous-wave radiation. One of
these is based on IR-pumped gas lasers with output powers
between 1 and 20 mW. However, these devices are bulky and very
expensive. They hence pose no long-term solution for communica-
tion systems. Another technique for generating terahertz CW
radiation is photo-mixing. This is a rather inefficient process,
where the output powers do not exceed several tens of microwatts.
Hence, photo-mixing is well suited for such applications as THz
spectroscopy, but not for communications. Newly developed
devices, such as quantum-cascade lasers (QCLs), are promising for
efficiently generating CW terahertz radiation. Originally, they were
operated at frequencies of many tens of THz, in pulsed modes, and
at low temperatures. Currently, their operation tends in the direc-
tion of room temperature and CW operation of only a few THz.
However, room-temperature CW operation is probably not achiev-
able below 2 THz.

The first demonstration of data transmission at terahertz fre-
quencies was reported in [14], using optoelectronically generated
radiation. There, a 75 MHz pulse train of broadband terahertz
pulses was amplitude modulated to transmit music. Due to the
properties of the applied 2DEG (two-dimensional electron gas)
modulator, the channel bandwidth was limited to a few kHz. Even
though anticipated improvements might allow for a bandwidth
extension to a few MHz, multi-gigabit transmission with this
method is impossible.

On the other hand, the latest developments in all-solid-state
room-temperature terahertz devices offer encouraging prospects for
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all-electronic approaches to wireless communication systems at
terahertz frequencies. Considerable power in the lower THz; range
(up to I THz) can be generated with Schottky-diode-based multi-
plier circuits (doublers, triplers, and their combinations) [15, 16],pumped with W-band HEMTs (high-electron-mobility transistor)
power amplifiers or Gunn-diode oscillators [17-19]. Diode circuits

-manufactured in planar substrateless or membrane technology,
and mounted in waveguide blocks -allow for semi-monolithic
integration with other devices. They can deliver up to 1 mW of
output power at 800 Gliz, with bandwidths of the order of 15%.
Considerably more power, around 20 mW, can be generated for the
lower frequencies at 300 GHz. Thus, reliable THz local oscillators
for communication purposes could be potentially realized.

Schottky diodes are also very well suited for mixing and
detecting applications. Mixers (balanced, single-diode, and sub-
harmonic), with DSB (double-sideband) conversion losses between
6-12 dB and noise temperatures between 600-1800 K for frequen-
cies between 200-700 GHz, have been reported [20-22]. Hence,
THz communication receivers based on heterodyne detection could
potentially be fabricated. On the other hand, Schottky diodes alone
would also allow for the realization of ultra-broadband receivers
implementing envelope detection.

More-complex circuit functions, involving switching and
amplification, can be realized with transistors. Recently, there has
been a lot of progress in this field, with state-of-the-art transistors
reaching cutoff frequencies of around 560 GHz for HI-V HEMTs,
and 380 GHz for SiGe HBTs (heterojunction bipolar transistors)
[23]. The former technology allows for higher-frequency operation,
but the latter technology is much cheaper, and is hence more
promising for cost-effective solutions in the future.

As the dimensions of the circuits scale down with frequency,
the functionality of both sources and detectors at terahertz frequen-
cies depends strongly on the fabrication accuracy of the geometri-
cal details of the components. Conventional waveguide technology
is limited by an insufficient precision of the mechanical fabrication
(milling). Instead, micromachining, with its reproducible and very
accurate control of the dimensions of structures at the 1 -100 14mlevel, is currently the technology of choice for the fabrication of
terahertz components [24-26].

A combination of top-down and bottom-up approaches for
realizing wireless transmission at sub-terahertz frequencies was
reported in [27]. There, 10 Gbps line-of-sight transmission at a
120 GHz carrier frequency was accomplished by using a photonic
transmitter and a Sehottky-diode-based envelope-detection
receiver. Although the link realized was inadequate for nomadic
applications and prone to shadowing, it clearly showed the poten-
tial of achieving ultra-high data rates, in excess of 10 Gbps, at fre-
quencies approaching the terahertz range. Furthermore, a realiza-
tion of the transmitter exclusively in all-electronic components
would most likely allow decreasing dimensions and reducing costs,
making the technology eventually compact and widely accessible.

Mass-market and consumer-electronics applications of THz
communication systems require a low-cost, high-volume fabrica-
tion technology. Although GaAs or InP technologies may enable
millimeter-wave integrated circuits with sufficiently high operation
frequency, their potential for scaling to high volume and low cost
is rather limited. SiGe BiCMOS technology [28, 29] -which pro-
vides high-performance RF processes based on mature CMOS with
shared line, tooling, and volumes -has been available for quiet a
while. Therefore, RF functions can be integrated with ASIC (appli-
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cation-specific integrated circuit)-compliant CMOS technology,
which allows for system-on-chip implementations and integration
of mixed-signal functions. For more cost-effective solutions with
lower performance, RFCMOS consists primarily of an enhance-
ment of digital CMOS with improved RF models and devices.

The status and directions of silicon-based RF technologies
were described in detail in [29]. Presupposing that device scaling
and performance increases will continue in the same way as we

have seen over the last 10 years [28, 29], we extrapolate device
performance along the technology nodes defined in the ITRS
(International Technology Roadmap for Semiconductors) roadmnap

[30]. Figure 1 shows the projection of the transit frequency, fT, as

a function of technology node and time. As examples, the lHP
labels refer to IBM's SiGe BiCMOS technology. The average

increase of fT between two successive generations was deter-

mined to be slightly above 1.5. On average, the maximum fT of

SiGe BiCMOS npn HBTs is 2.2 times the fT of RFCMOS n-chan-

nel FETs for the same technology node [29]. The implementation
of SiGe BiCMOS lags approximately 1.5 generations behind
CMOS [28-30].

Assuming that fT- is a suitable figure of merit, and that a

margin factor of two to 10 between operation frequency and peak

fT is required to achieve reasonable circuit performance, a corni-

dor of fT as a function of application frequency is given in Fig-

ure 1, in conjunction with typical applications. As a result, it can be

expected that circuits operating near 300 GHz may be realized in
about 15 years using 32 nm or 22 pm SiGe BiCMOS technology.

Apart from front-end semiconductor technology, challenging
requirements will be placed on signal processing for THz commu-
nications to deliver speeds of up to or more than 20 Gbps. How-
ever, digital techniques and ICs that are capable of delivering
multi-gigabit operational speeds are already a well-established field
of research. The circuits that handle 10-40 Gbps signals are already
available, and further progress in operating speeds is expected [31 ].
Also, the ultra-fast ICs that are being developed for fiber-optic
communication could be accommodated to feed THz wireless front
ends [32].

3.2 Propagation Phenomena

Apart from technological issues, the propagation phenomena
will also impose constraints on potential future wireless communi-
cation systems at terahertz frequencies. When propagating, elec-
tromagnetic waves suffer from spreading of the energy, as well as
from clear-air atmospheric and adverse weather conditions [33].
The effect of spreading of the energy, i.e., free-space attenuation, is

quantitatively described by the Friis transmission formula. The
received power due to the free-space attenuation of the propagating
waves is proportional to the square of the wavelength, and
inversely proportional to the square of the propagated distance. The

free-space attenuation for a 10 mn communication link and at fre-

quencies between 300 GHz and 1 THz is between 102 dB and
112 dB.

The influence of the atmosphere and weather on the propaga-

tion of radio waves manifests itself in attenuation, phase-shift, and
angle-of-arrival variations [34]. The phenomena comprise
molecular absorption (mainly due to water vapor and oxygen),
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Figure 1. A projection of the transit frequency for SiGe
BiCMOS and RFCMOS technologies as a function of the tech-
nology node and year. Applications require a margin factor of
two to 10 between fT and the application frequency.

scattering by hydrometeors, and scintillation. In the case of
molecular (gaseous) absorption, water vapor is the basic absorbing
component in the atmosphere, with very large attenuation values in

certain bands above 300 GHz. Oxygen affects radiowave propaga-
tion mainly around the frequency of 60 GHz. The attenuation val-
ues due to molecular absorption can reach hundreds of dB/km, but
there are also a few frequency windows where the attenuation is

below or near 60 dBlkm. Scattering by hydrometeors is relevant
only for outdoor environments, and occurs in rain, fog, and in
clouds. In the case of rain, attenuation for the frequencies above

around 300 GHz depends only on the rain rate, and can reach val-

ues up to 100 dB/kmn. For the case of propagation through fog and
clouds, the attenuation levels depend on the frequency and on the

concentration of droplets, and can reach values as high as several
tens of dB/km. Scintillation, occurring mainly in outdoor environ-
ments, manifests itself in rapid amplitude fluctuations of the
propagating signal. This can cause fading of the signal amounting
to a few dB.

For indoor and clear-air outdoor applications the free-space
path loss and the attenuation due to the molecular content of the
atmosphere will be decisive for the operation of future wireless
communication systems at terahertz frequencies. These phenomena
are illustrated in Figure 2 and Figure 3. Figure 2 depicts the values
of gaseous attenuation for a US Standard Atmosphere. Figure 3
depicts the cumulative influence of free-space and gaseous
attenuation as functions of both link distance and frequency.

As can be noted from Figure 2, there are five frequency win-

dows located hetween 300 GHz and I THz. The associated center
frequencies, corresponding attenuation levels, and bandwidths are

listed in Table 1. The bandwidths were calculated as the frequency
windows where the attenuation deviated by not more than

30 dBlkm from the minimum values occurring at the center fre-

quencies. As the center frequencies increase, the bandwidths and

attenuation levels also rise. The maximum attenuation does not
exceed 80 dB/km.

Taking into account free-space attenuation, the influence of
adverse weather conditions, and absorption levels in the frequency
windows, it can be concluded that future ultra-broadband terahertz
wireless-communication systems will most likely be limited to
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Figure 2. Atmospheric attenuation in the 0-1 T~z ral
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Figure 3. The cumulative free-space and gaseous attenuations
in the 0-1 Tllz range.

Table 1. The parameters of the frequency windows from
Figure 2.

Center Frequency Bandwidth Attenuation
[G~zJ IGHzI dB/kni
300 47 3
350 4
410 51 12
670 87 38
850 11I 1 51
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medium-linkc and short-link indoor applications. Outdoor scenarios
are conceivable in places where adverse weather conditions are
rare.

4. Terahertz Communication

4.1 Choice of the Frequency Window

The carrier frequency of choice for fuiture THz; communica-
tion systems could be located in one of the frequency windows
between 300 GHz and 1 THz. There are already all-electronic
room-temperature components, which, after further development
and optimization, will most likely be appropriate for ultra-broad-
band communication purposes. Furthermore, atmospheric attenua-
tion in the windows is still moderate, especially for the prospective
medium- and short-link applications. Above 1 THz, atmospheric

1000 damping becomes so severe that maintaining a sufficient link
budget together with the ultra-broad bandwidth required by the
high Gbps data rate would be very difficult.

nge.

In the following discussion, the second frequency window,
centered at 350 GHz, was chosen. It lies completely in an unregu-
lated region, and offers relatively low values of atmospheric
attenuation. Furthermore, the availability of all-electronic compo-
nents in this frequency range is better, compared to higher-fre-
quency windows,

4.2 Required Antenna Gain

We start with the knowledge of atmospheric and free-space
path losses at the frequency of 350 GHz and different distances
between transmitter and receiver. The analysis of potential THz
front-end components indicated that the system will be power lim-
ited (the maximum achievable transmit power will be not more
than 0 dl~m). Hence, in order to compensate for high propagation

1000 losses, it can be expected that high antenna gains will be needed.
Thus, with this in mind, we performed link-budget analyses to cal-

_IzJ culate the required antenna gains for different link distances and
signal bandwidths.

A representative receiver front-end architecture was assumed
for the carrier frequency, f. of 350 GHz. The front end, shown in
Figure 4, was composed of an antenna with a waveguide transition,
a down-converting mixer integrated with a local oscillator, and an
IF amplifier. As would be conventionally expected, a low-noise
amplifier was missing before the first down-converting stage. This
was due to the present lack of amplifier technology at such high
frequencies. However, this may change in the future, with the pro-
gress of terahertz technology.

Gant Lm,Tm GaYFa

Figure 4. The representative receiver front-end architecture
assumed for link-budget analysis.
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Table 2. The circuit parameters for the
front-end components from Figure 4.

4~ stands for the loss factor of the wavegnide transition con-

necting the antenna to the mixer. Lm, and Tm, represent the conver-

sion loss and DSB (double sideband) noise temperature of the

down-converting mixer, respectively. The values of the parameters

of the mixer, which was manufactured in traditional B-plane split-

block waveguide technology, were taken according to [35]. It was

assumed that the local oscillator delivered enough power to drive

the mixer. Ga, and F,, are the gain and noise figure of the IF

amplifier, respectively. The intermediate frequency, fIF, was cho-

sen to be 50 GHz. This was high enough to accommodate the large

modulation bandwidths that will be needed to provide multi-giga-

bit data rates. The technology for amplifiers in this frequency range

is well established. Since we considered potential indoor wireless

systems, the physical temperature of the receiver antenna and of

the wavegnide transition were assumed to be To 290 K. Also, the

antenna pointed at the background with a room temperature of

To=290 K. The values assumed for the circuit parameters in Fig-

ure 4 are listed in Table 2.

A first-stage down-converting mixer will be an essential part

of a terahertz receiver front end. Its design and parameters will

determine the performance of the receiver. Its integration with an

antenna and with a first amplifying stage will reduce manufactur-

ing costs, and hence will eventually make terahertz technology cost

effective for communication applications.

For the receiver front end at hand, but without the antenna, a

noise analysis was performed according to [12]. The overall noise

figure, F,,,,, and the overall gain, Gt, were calculated. Ft,

amounted to 10.2 dB, while Gt0 equaled 17 dB. The application

of integration techniques should allow for the reduction of the

overall noise figure of a terahertz receiver front end in future prac-

tical realizations.

The absolute value of the overall noise figure, Ft was con-

verted into the overall noise temperature, T10t:

The resulting overall noise temperature was T,, = 273 3 K.

In the next step, we calculated the output noise power, N0,,t

of the receiver. This is the noise power that is relevant for the

demodulation process. For this, the specification of the signal

bandwidth, B, was needed. We varied the bandwidth of the modu-

lating signal between 5 and 50 GHz, which corresponds to the

available bandwidth of the frequency window at 350 GHz. The

output noise power, Not is given as

NOt = lOlog[k (To + Tt.)B] +Gtot, (2)
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where k stands for Boltzmann's constant. The temperature, To, in

Equation (2) corresponds to the influence of the receiver antenna.

Additional system parameters were considered in the next

step of the link analysis. They were the needed modulation margin,

Mm, and the system margin, Ms. The system parameters and their

assumed values are listed in Table 3.

The system margin, M,, consists of the fade margin (5 dB)

and the system reserve (5 dB). The fade margin accounts for the

fading of the signal due to potential antenna misalignments and

signal scintillation. The system reserve covers all unaccounted

losses that might possibly occur in the communication system. The

modulation-dependent margin, Mm,, designates the value of the

signal-to-noise ratio at the output of the front end ( SNROt ), i.e., at

the input to the demodulator. In order to be more precise, it was

assumed that the demodulation was based on the BPSK scheme,

with a hit-error rate (BER) of 10-6. The choice of BPSK modula-

tion was arbitrary. By changing the value of the modulation-margin

parameter, other modulation schemes could be accounted for in the

link-budget estimation.

In order to demodulate the information-bearing signal with

the given BER, the value of SNROU, must be equal to the given

modulation margin level, Mm,. For the assumed circuit and system

parameters, this was guaranteed if the input signal power to the

receiver, Si , was

Sin ~M. + M, + N0 ý,t - G, (3)

For the bandwidth at hand (5-50 GHz), the required input sig-

nal power, Sin, was calculated to be between -56 and -46 dBm.

In the last step of the link analysis, the power that arrives at

the receiver was calculated. The output power from the transmitter

was assumed to be 1 mW. The transmitted signal undergoes free-

space and atmospheric attenuation. Both of these attenuation

mechanisms are distance dependent. We performed calculations for

four link distances: I mn, 3 m., 5 mn, and 10 mn. For example, for a

10 mn link and the chosen center frequency of 350 GHz, the free-

space attenuation was 103.3 dB, while the atmospheric attenuation

was 0.07 dB. Hence, the total signal attenuation amounted to

around 103.4 dB. For a I mW transmitter output, the received sig-

nal power was then -103.4 dBm. By comparison with Sj the

received signal level was too low to successfully demodulate the

information-bearing signal. Hence, appropriate measures had to be

taken to compensate for the high signal attenuation. However, the

available transmitter power levels are limited at such high frequen-

cies. Thus, using high-gain antennas seems to be a reasonable

option in order to compensate for the high signal attenuation.

The required antenna gain was calculated as the difference

between the estimated sensitivity of the receiver, Sin, and the

effectively received power due to attenuation for a given transmit-

ter output. Finally, the resulting required antenna gain was halved

Table 3. The system parameters for a link budget analysis.

I System margin (M,) 10dB

Modulation margin (M,) 105d
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Figure 5. The required antenna gain for a receiver and a
transmitter to support high-data-rate communication at
350 GHz for different link distances.

between the transmitter and receiver. This is shown in Figure 5 as a
function of signal bandwidth for four different link distances: 1 mn,
3mi, 5 m, and 10 mn.

It can be seen from Figure 5 that terahertz communication
systems will require high-gain antennas. In the case of a 10 mn link,
an antenna gain between 28 and 34 dB3 will be necessary. The use
of high-gain antennas poses a question about the safety issues with
respect to human exposure to the radiation. The maximum power
density for general public exposure to time-varying electromag-
netic fields is set to 1 mW/cm 2 for frequencies between 2 GHz and
300 GHz [36]. Since there is not yet any regulation pertaining to
the THz range, this limit was assumed. The safety clearance for
I mW output power and 32 dB antenna gain was then 11I cm. This
seems to be a reasonable distance with respect to the foreseen
applications. The use of lower antenna gains for shorter links will
result in even shorter safety clearances.

THz communication systems will rely on directed transmis-
sions with high-gain antennas. This is an important conceptual dif-
ference from present-day wireless communication systems, which
are based on quasi-omni-directional antennas and non-directed
transmissions. The high-directivity requirement implies that a
transmitter will have to physically see a receiver, and that commu-
nication will predominantly take place over line-of-sight (LOS)
links. Also, the higher the antenna gain needed, the smaller is the
coverage area, and the more difficult it is to align a receiver with a
transmitter. Even if the noise figure of a future more-advanced
terahertz receiver is reduced, high-gain antennas will still be
needed.

4.3 Indirect Transmission Paths

However, the line-of-sight requirement also brings obvious
problems that have to be dealt with: the link can be broken by
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moving people or other objects that block the direct line-of-sight
path. This problem could be solved by alternate transmission
routes, supported by directed non-line-of-sight (NLOS) paths that
involve reflections off the walls. If a THz communication system
could rely on such NEOS "billiard" channels as a backup, a reliable
high-bandwidth link could be maintained.

Any viable communication would then take place with anten-
nas looking directly at each other either (LOS case), or indirectly
through reflections in the specular direction. The objective of an
antenna system will be to dynamically choose the best possible
single path, either LOS or NLOS. The requirement that future THz
communication systems will have to rely on high-gain antennas,
aligned for maximum radiation, has a direct impact on the propa-

- gation paths that have to be considered in propagation modeling. In
[37], it was shown with simulations and verified with measure-

ice = 10 mi ments that when working with directive antennas in indoor envi-
ice =5 mi ronments, multipath can be neglected. This comes from the fact
ice = 3 mi that any multipath coming from outside of the maximum-gain
ice = 1 mi direction of the antenna will be attenuated by the antenna radiation

pattern. Similar conditions will apply to THz communication sys-
40 50 tems. Hence, in the further discussion, we neglect multipath effects

and trcat only single paths, either direct LOS or through directed

However, reflections off the surfaces of building materials
mean that an additional loss term will be added to the propagation
losses. Measurements of an amplitude reflection coefficient, F7, for
specular reflections at terahertz frequencies for different common
building materials at different incidence angles were reported in
[38]. However, a figure of merit that is more useful for link-budget
calculations for NLOS paths is the reflection loss, RL. Its relation-
ship to the reflection coefficient is as follows:

In Figure 6, RL coefficients, derived from the reflection
coefficients reported in [38], are shown for a frequency of

50
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30
.20

S10

-0 10 20 30 40 50 60 70 80 90
angle of incidence [deg]

-0 10 20 30 40 50 60 70 80 90
angle of incidence [deg]

Figure 6. The reflection loss for common building materials for
a frequency of 350 GHz as a function of the angle of incidence.
From top to bottom, the two plots show the TE and TM polari-
zation cases.
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Table 4. The mean values of the
reflection loss coefficients in dB.

TE ITM
Glass 4.6 11.1
Wood 117 18.4
Plaster 57 12.5

350 GHz. TB and TM polarizations are shown as a function of the
angle of incidence for samples of glass, pine wood, and plaster. As

expected, the RL coefficient is angle dependent, and has higher
values for the TM polarization than for the TB polarization for a

chosen material. It is a decreasing function of frequency for the TE
polarization. In case of the TM polarization, it increases as the

angle approaches the Brewster angle, and then decreases as the

angle moves away from the Brewster angle. Mean values of the RL

coefficient for the TE and TM polarizations for the measured mate-

rials are listed in Table 4. The maximum values of RL can reach

7.2, 17.5, and 8.9 dB for the TE polarization for glass, wood, and

plaster, respectively. In the case of the TM polarization, the maxi-

mum values of RL amount to 35.1, 42.5 and 36.7 dB for the

respective materials.

Therefore, in case of NLOS paths, a considerable loss term

will be incurred in addition to free-space propagation losses by

employing reflections from objects. This loss term will have to be

compensated for by increased antenna gain. As a result, the cover-

age area will be further reduced, alignment issues will be wors-

ened, and planning of the structure of the access cells will become
more difficult.

4.4 Dielectric Mirrors

The problem of high reflection losses can be solved by

enhancing the reflectivity of building materials. This task can be

realized by covering indoor surfaces with THz dielectric mirrors,

which have recently been demonstrated [39, 40]. A dielectric THz

mirror consists of a stack of pairs of different dielectric materials.

Such mirrors are cheap to produce, and can be designed to have

excellent reflecting properties. For applications in directed NLOS
communication scenarios, a dielectric mirror should have good

reflective properties over a broad range of incidence angles. Such a

mirror is called omnidirectional, and can be obtained by a proper

choice of its refractive indices [41]. A first omnidirectional mirror

for the terahertz range was demonstrated in [42]. The structure

consisted of five 150 g~m thick layers of polypropylene, with a

refractive index of 1.53, and four 63 lam thick layers of high-resis-

tivity silicon, with a refractive index of 3.418. The measured and
simulated power reflection coefficients of the mirror are shown in

Figures 7-10 for incidence angles of 0* and 20', 40', 600, and 89',

respectively. In each of the figures, the results for both TB and TM
polarization are depicted.

For the frequencies between 319 and 375 GHz, the power

reflection coefficient of the mirror was at least 0.95. The corre-

sponding reflection loss coefficient was less than 0.2 dB. More-

over, the high-reflectivity spectrum of the mirror coincided with

the bandwidth of the frequency window centered at 350 GHz.
Furthermore, the high-reflectivity property was maintained for all

incidence angles and for both TE and TM polarization. These

highly reflecting omrni-directional mirrors can be used as wallpaper

in future terahertz communication systems to support directed
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Figure 7. The measured and simulated power reflection coeffi-

cient of the mirror structure for angles of incidence of 0* and

200, and TM and TE polarization.
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Figure 9. The measured and simulated power reflection coeffi-
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Figure 10. The simulated power reflection coefficient for 890
incidence.

NEOS paths. Hence, high reflection losses as listed in Table 4 will
not occur, and therefore need not be considered in link-budget cal-
culations. However, the application as wallpaper means that the
structure should be mechanically flexible. In the current realiza-
tion, the use of thin layers of crystalline silicon admittedly reduces
the mechanical flexibility. However, it may be possible to realize
mirrors with comparable reflective properties and a considerably
higher degree of flexibility. To achieve this, the silicon layers can
be replaced by layers of a polymer mixed in a compounding proc-
ess with high-refractive-index micro-particles.

4.5 Coverage Aspects

Depending on the link distance, signal bandwidth, and front-
end realization scheme, antennas with a gain of between 18 and
34 dB will be needed in future terahertz communication systems.
Several antenna types have been employed at THz frequencies,
including planar antenna structures on dielectric lenses and
waveguide horn antennas [43]. While planar antenna structures
offer greater potential for integration with planar circuits, higher
antenna gains can be realized with wavegnide horns.

Pyramidal, conical, corrugated, and dual-mode horns are
most often used. In order to discuss the implications of the high-
gain antenna requirement for terahertz communication scenarios,
we base our discussion on the example of conical horns. Horns
with 27 and 32 dB gain were considered. The antenna gains corre-
sponded to 3 mn and 10 mn link distances, respectively, and a signal
bandwidth of 30 GHz. The antenna pattern calculations, performed
for circular horns with around 30 dB gain, were based on analytical
expressions for the parabolic taper of the field in the aperture [44,
45]. The resulting half-power beamwidths (HPBWs) were around
50,

Relatively small HPBWs of fuiture terahertz communication
antennas will lead to small coverage areas. The diameter of a cir-
cular 3-dB coverage area for a 3 mn link would be only around
45 cm, and for a 10 mn link, around 90 cm. Hence, the design of a
tracking system that will allow for signal recovery when the LOS
beam is blocked, e.g., due to shadowing or displacement of a
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receiver, will be rather demanding. Furthermore, in the case of lar-
ger rooms - such as, for instance, convention centers - there may
be a need for more than one coverage cell. The division of such an
area into cells will then represent a major task, and cell-planning
issues will emerge. Moreover, the design of an appropriate
antenna-switching scheme for NLOS paths will require a thorough
investigation.

Altogether, some sort of a multibeam antenna or a phased-
array antenna scheme allowing for beam steering will definitely be
needed. Presently, there is a lot of research activity on steerable
antennas for frequencies from I to 77 GHz. Smart antennas for
THz frequencies have not yet been demonstrated.

5. Application Scenarios

Future terahertz communication systems will have to rely on
directcd transmissions with high-gain antennas. Preferably, this
will be in the LOS mode, but system robustness (that is, a high
degree of immunity to shadowing) will be achieved only if the
system can rely on the NLOS mode as a backup. Only if the
desired LOS mode cannot be operated, e.g., due to shadowing, will
the antenna system then have to choose an optimum directed
NLOS path. Both of the communication modes are illustrated in
Figure 11.

5.1 Ray Tracing

The performance of both communication modes is demon-
strated by an example of a simulated scenario in a furnished room
with people inside it. The simulations are based on ray tracing,
implemented with the image method [46]. Ray tracing is a deter-
ministic tool for investigating properties of wireless communica-
tion channels. Both temporal and spatial channel characteristics
can be obtained with it [47]. In the following sections the results of
ray-tracing simulations are shown, to underline the presented con-
cept for terahertz communications based on directed NLOS paths.

Wideband measurement results of reflection coefficients for
common indoor materials [38] were used to calibrate the ray-trac-
ing calculations. Reflection coefficients of the measured omni-
directional dielectric mirror were also implemented in the simula-
tion environment. The gain of the conical-horn antenna introduced
for the 10 mn link was considered. It was assumed that an antenna
tracking system for NLOS paths was implemented. The ray-tracing
calculations took into account specular reflections off the objects,
and transmission through the objects. No accounting was made for
diffraction and scattering phenomena.
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5.2 Simulated Scenario

The simulated room is shown in Figure 12. It was arranged

with furniture. Windows, positioned on the front wall, consisted of

metal panels and glass panes. Other objects, such as tables, closets,

and book shelves, were made partially of metal and partially of

wood. The room had dimensions of 6 m x 5 m x 2.5 m. The walls

of this room were covered with plaster.

The transmitter, with an output power of 0 dBm and a fre-

quency of 350 GHz, was placed in the middle of the room, i.e., at

x 3 3m and y = 2.5 m, just below the ceiling at a height of 2.3 m

( z-2.3 m). The position of the receiver was varied on a 15 x 13

grid in the plane z = 0.95 m above the floor. The number of points

sampled in the xy plane corresponded to the calculated coverage

area of a 10 m link. The numnber of points in the grid was calcu-

lated as the rounded ratio of the respective room dimension and the

coverage radius.

The presence of people provided a dynamic factor in the

simulations, and allowed for the investigation of shadowing. Four

persons, modeled as perfectly attenuating surfaces as depicted in

Figure 12, were distributed randomly in the room. For each posi-

tion of the receiver in the grid, ray-tracing simulations were per-

formed for a set of fifty different realizations of the distribution of

the persons in the room. On one hand, this number of simulations

allowed taking shadowing into account. On the other hand, it kept

the numerical complexity within acceptable limits.

5.3 Simulation Results

The simulations were grouped into three distinct parts. The

first part showed the performance of directed NLOS paths used to

support a shadowing-free communication environment. In the sec-

ond part, the required area and positions of the mirrors were dis-

cussed. In the third part, the performance of the mirrors was inves-

tigated with respect to delivered power levels in an enhanced-
reflectivity environment.

5.3.1 Shadowing-Free Transmissions

The signal-coverage calculations in the plane of the receiver

were performed for LOS, and once-reflected and twice-reflected

NLOS paths. The dielectric mirrors were used as wallpaper, and

were also placed on the ceiling. The susceptibility of LOS paths

and the robustness of the NLOS paths with respect to shadowing

are illustrated in Figure 13.

In Figure 13, the worst-case received signal power just above

the level of the tables at a height of 1 m above the floor is plotted.

Dark areas represent regions where the transmission was blocked.

Upon blockage of the transmission, the received signal level was

taken to be just below the calculated lowest sensitivity level of

-56 dBm. As can be seen, a terahertz link cannot rely on LOS

paths only, as there is always the chance that it will be blocked by a

person stepping into the beam path. The bright area in the middle

of the room for the LOS case was due to the arrangement of the

three tables. On the other hand, a few dark areas by once- and

twice-reflected NLOS paths near the walls corresponded to the

positions of the furniture. Otherwise, transmissions with reflec-
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Figure 12. A view of the simulated scenario in an arranged
room with people.
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Figure 13. The worst-case received power level (in dBm) 1 m
above the floor in a 5 m x 6 m room with typical office furni-

ture and moving people. From top to bottom, the three plots

show the power levels resulting from LOS, once-reflected
NLOS, and twice-reflected NLOS paths.
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Table 5. The positions, size, and area of the sections of the
wallpaper for once-reflected NLOS paths.

Ceiling xy, z =max 3,2.5, 2.5 1.2 x 1 4
Wall xz, y =max 5.6,5,1.15 0.6 x 0.25 1
Wall xz, y-=0 1.5,0,1.5 3 x1 20
Wall yz, x =max 6,2.25, 1.5 1.5 x 1 12
Wall yz, x =max 6, 1, 1.15 1 x 0.25 2

x~y~ [i] [m ml 1%]

,Wallyz, x=0 0, 1.75, 1.5 3.5 x 1 28

tions, which were supported by dielectric mirrors, guaranteed
uninterrupted communication in the whole area of the simulated
dynamic office environment.

5.3.2 Area and Positions of Mirrors

In order to ensure a high degree of robustness with respect to
shadowing, future terahertz: communication systems will have to
work with NLOS transmission paths. The reflections will have to
be supported by dielectric mirrors to keep reflection losses at a
minimum. The necessity for using dielectric mirrors as wallpaper
raises a question about the area that needs to be covered with them.
Our simulations showed that the mirrors need not be placed on the
entire area of the walls and of the ceiling. The exact positions and
the area that needs to be covered can be obtained with ray-tracing
calculations. The required information was extracted from ray-
tracing data for the scenario from Section 5.3.1. The size and the
centers of the rectangular sections of the wallpaper needed to
enhance signal coverage in the plane z = 0.95 m were determined.
The data for once-reflected NLOS paths is listed in Table 5. In
addition to the positions and the size, the area of the required wall-
paper is also given in the table as a percentage of the total area of
the given wall or ceiling.

It turns out that only relatively small parts of the ceiling and
of the walls needed to be covered with reflective wallpaper in order
to guarantee enhanced signal coverage with NLOS paths. It was
noticed during the simulations that a considerable number of single
reflections took place off the ceiling. In this case, the area that
needed to be covered was very small, namely 4% of the total ceil-
ing area. Moreover, the propagation losses were almost the same as
in the case of LOS paths, which was due to the placement of the
transmitter close to the ceiling. If other horizontal planes of the
receiver were also considered, the area that would need to be cov-
ered with dielectric mirrors would increase. However, this increase
would be considerably smaller for the ceiling than it would be for
the walls.

5.3.3 Enhanced Reflectivity Environment

The dielectric mirrors enhance the reflectivity of common
building materials. Their application will allow the saving of a few
dB in the system margin in the link budget, which would otherwise
be needed to compensate for the reflection losses. Hence, the
antenna gain can be smaller than otherwise required, and the tera-
hertz communication system will not have to cope with even
smaller HPBWs and smaller coverage areas. To illustrate this, the
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Figure 14. The received power level (in dBm) 1 m above the
floor in a 5 in x 6 m room with typical office furniture. From
top to bottom, the two plots show the power levels for TM
polarization resulting from once-reflected NLOS paths in the
room, with and without mirrors.
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Center
X'Y'Z[m]

Size
[m X m]

Area

channel was simulated for the case when the dielectric mirrors
were used as wallpaper and for the case where the walls were cov-
ered only with plaster. In the case of enhanced reflectivity, the mir-
rors were put at the positions specified in Table 5. The ray-tracing
simulations were performed for once-reflected paths in the fur-
nished room, without the presence of people. The distribution of
the received power level in the plane z = 0.95 m is shown for the
cases with and without mirrors in Figure 14 for TM polarization,
and in Figure 15 for TB polarization.

When the walls were covered with dielectric mirrors, the
received power levels varied between -59 and -21 dBm for both
TM and TE polarizations. The mean value of the received power
equaled -28 dBm. In the case of plaster walls, the received power
level varied between -59 and -27.5 dBm for TM-polarized and
between -59 and -26.7 dBm for TB-polarized waves. The mean
values were -37.5 dBm and -34 dBm for the TM and TE polariza-
tions, respectively. Hence, the application of dielectric mirrors in
typical office environments provided for higher received power
levels of 9.5 dB and 6 dB, on average, for TM and TB polariza-
tions, respectively. Furthermore, the signal coverage when using
dielectric mirrors was the same for both linear polarization types.
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Figure 15. The received power level (in dBm) 1 m above the

floor in a 5 m x 6 m room with typical office furniture. From

top to bottom, the two plots show the power levels for TE

polarization resulting from once-reflected NLOS paths in the

room, with and without mirrors.

6. Conclusions

Multi-gigabit-data-rate indoor communication applications,
requiring ultra-broad-bandwidth for their operation, are bound to
emerge in the future. However, the current and upcoming
WVLAN/WPAN communication systems will not support data rates

in excess of 2 Gbps. New technology, possibly in the terahertz
range, is needed. This paper has discussed the technological and

propagation conditions for future communication systems that will
be accommodated between 300 GHz and 1 THz. The required

antenna gain was estimated for varied bandwidths, and link dis-
tances for a system with a front-end architecture were set out for

operation at 350 GHz. The implications of a resulting high-gain
antenna requirement were discussed for prospective communica-
tion scenarios, and a concept of indirect transmission paths was

proposed. The application of omnidirectional dielectric mirrors to

support directed NEOS transmissions was shown.. The perform-
ance of such mirrors was investigated with ray-tracing simulations

in a dynamic environment of a typical office room, supplemented
with material measurements. Directed NLOS transmissions, sup-

ported with dielectric mirrors, will make future terahertz commu-
nication systems more robust with respect to shadowing. Further-
more, the application of the mirrors will lead to a reduction of the

required antenna gain in NLOS scenarios. Hence, the mirrors will

contribute to a more effective planming of the coverage area.
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