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Executive Summary

This report presents the link budget model estimation for TeraGreen THz wireless links, including various
critical aspects such as THz link propagation characteristics, use cases, the baseband algorithm, quasi-
optical antennas, THz SiGe transceivers, and link budget estimation.

Our studies indicate that leveraging 1-bit quantization and zero-crossing modulation can establish an
energy-efficient wireless link with a capacity exceeding 200 Gbps. The implementation of lens-based
quasi-optical antennas in the near field shows potential in addressing the considerable free space path
loss in the H-band.

Furthermore, the simulation of SiGe H-band circuits promise to enhance the SNR necessary for extremely
high data rate links. The estimated link budget model suggests the feasibility of providing a THz wireless
link with a capacity exceeding 200 Gbps for medium range links (100 to 500 meters), and the capacity can
be further extended to achieve even higher data rates by employing MIMO technology.
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1. Introduction

As the telecommunications sector advances into the 6G era, the demand for ultra-high-speed, extremely
low-latency, and energy-efficient wireless connectivity becomes increasingly paramount. The transition
towards a 6G-enabled society, which envisions holographic and sensory communication, necessitates
not only unprecedented data rates but also substantial capacity enhancements to accommodate an
extensive sensor network. Projections indicate that by 2030, 50% of macro sites will employ microwave
links for connectivity and backhaul [1]. Furthermore, as depicted in Figure 1, fixed wireless access (FWA)
is expected to experience a fivefold increase, with data traffic potentially rising to 154 exabytes (EB) per
month by 2029 [2]. Amid these technological advancements, the imperative to mitigate environmental
impacts, particularly the significant contributions of cellular wireless systems to greenhouse gas
emissions, is critical.
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Figure 1: Global mobile network data traffic (EB per month) [2].

In response to these multifaceted challenges, the TeraGreen project has introduced an innovative solution:
a multiple-input, multiple-output (MIMO) terahertz (THz) wireless link. This system incorporates state-of-
the-art quasi-optical (QO) lens array antennas, wideband THz transceiver circuits leveraging advanced
Silicon-Germanium-Bipolar Complementary Metal-Oxide-Semiconductor (SiGe-BiCMOS) technology, and
zero-crossing modulation schemes that enable energy efficiency with 1-bit A/D conversion. This
pioneering approach is tailored to meet the rigorous demands for terabit-per-second data rates and
enhanced energy efficiency within wireless links operating in the sub-THz band, specifically targeting the
255 GHz to 325 GHz spectrum. The sub-THz range (90 GHz—300 GHz) holds immense potential for
addressing extreme data requirements and is pivotal for enabling new 6G use cases. Although capable of
delivering terabits per second (Tbps) speeds and ultra-low latencies, this performance is primarily suited
to specific areas and scenarios due to limitations in coverage and mobility within this spectrum, thereby
positioning the sub-THz range as a complementary component alongside lower 6G bands for specialized
scenarios, such as fixed wireless access (FWA), and point-to-point backhaul and fronthaul.

The first deliverable of this project aims to demonstrate the capabilities that can be delivered by
TeraGreen. To achieve this, a comprehensive analysis of the link budget model for the THz quasi-optical
wireless link is required. Traditional link budget assessments, typically dependent on the Friis
transmission equation considering both transmitted power and antenna gains, are not adequately
applicable due to the near-field characteristics of the QO antennas. As a result, this report introduces a

teragreen.eu Ter%@reen 9
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novel methodology to estimate the link budget, adapting to the unique propagation dynamics of QO
wireless link. Subsequent sections of this report will explore the innovative designs and describe the
characteristics of the QO antenna, the THz SiGe transceiver technology, and the zero-crossing modulation
technique, contributing to the link budget model. This detailed examination will culminate in the
presentation of an elaborate link budget model, illustrated through two demonstrator scenarios, providing
a detailed blueprint for the future deployment of THz wireless communications within the 6G landscape.

As we stand on the brink of a transformative era in communication technology, the THz wireless link
concept developed by TeraGreen is poised to drive future advancements in ultra-high data-rate and
energy-efficient fixed wireless services. The development of the link budget model detailed in this report
represents a foundational step towards unveiling new commercial opportunities for vendors, operators,
technology providers, and research institutions. A high-level view of this is discussed in Section 2.2 and
will be explored in detail in Deliverable D2.2.

2. Preliminary Link Budget Model

2.1 THz Link Propagation Characteristics

Microcell Microcell
(200Gbps-1TBps BH) (200Gbps-1TBps BH)
=
= B
2 Vi

\ % Vil o
= T"‘] o

Purpose-built Microcell Microcell
FWA (200Gbps-1TBps BH) (200Gbps-1TBps BH)

Figure 2: Concept drawing of potential 6G business models based on TeraGreen technology, where
backhaul and fixed wireless access link are used in 300 GHz band with 200 Gbps to 1 Tbps capacity.

The preliminary link budget model of TeraGreen THz link is elaborated in this section. A concept sketch of
potential 6G sub-THz business models is depicted in Figure 2. In line-of-sight (LOS) point-to-point sub-THz
wireless links, propagation characteristics are influenced by factors such as free-space path loss (FSPL)
and atmospheric attenuation, which vary across different frequency bands. These two factors will be
discussed in detail below.

Free-space path loss

FSPL is defined as the attenuation of propagating signal strength in free space. The propagation path
distance d, represents the separation between transmitting and receiving antennas. Free space path loss
can be expressed as:

FSPL = (?)2 = (“—Cdf)z (2.1.1)

teragreen.eu TEF%@_FEEI‘\ 10
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where A is the wavelength, f is the transmitted signal frequency, and c is the speed of light. Equation

2 2
(2.1.1)FSPL = (%) = (‘“‘Cdf) (2.1.1) reveals that FSPL is

directly proportional to the square of operating frequency. Consequently, higher frequencies result in
increased path loss. For a 500-meter link operating at 30 GHz, the free-space path loss can be calculated
as:

41 - 500 - 30 - 10°
3-108

For a similar link operating at 300 GHz, the free-space path loss becomes:

(FSPL3oguz)ap = 20[0910( > = 115.96 dB.

41 - 500 - 300 - 10°
3-108

(FSPLsoocnz Jap = 2010910( > = 135.96 dB.

This represents a 20 dB increase in path loss compared to 30 GHz. Traditionally, the Friis transmission
equation calculates received power in the wireless link as:

P, — P1GpGRA?
R™ " (4na)z

where Gt, Gr are the transmitting and receiving antenna gains, respectively, and Pt is the transmitting
power. Due to significant path loss in THz wireless links, high-directivity antennas are typically employed
at both the transmitter and receiver to compensate for this loss. Additionally, increasing transmitted power
can also enhance received power. While advancements in process technology have enabled higher
operating frequencies and better integration capabilities, achieving high output power and efficiency in the
THz band remains challenging due to the inherent physical and material limitations at these frequencies.
Therefore, high-directivity antennas are a more practical approach. In the example of path loss at 300 GHz
above, even with the use of 50 dBi antennas, the remaining path loss exceeds 35 dB, which affects the
SNR (signal-to-noise ratio) of the system and impacts the link capacity. This highlights the substantial
increase in path loss at THz frequencies due to shorter wavelengths, which limits coverage range and
mobility. Furthermore, achieving higher transmitted power requires many transceivers at these
frequencies. The combination of numerous low-efficiency power amplifiers and wide bandwidth needed
for extremely data rate exacerbates energy efficiency challenges in THz wireless links.

Atmospheric attenuation
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L | | 1 | 1 1 | 1 i
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Figure 3: Atmospheric attenuation at various frequency bands [3].
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Atmospheric attenuation introduces additional path loss dependent on electromagnetic wave frequency,
molecular resonance, and the atmospheric condition. When the radio wave frequency aligns with
molecular resonances, attenuation intensifies. Figure 3 illustrated atomospheric attenuation at different
frequency bands. Under various weather and atmospheric conditions, the attenuation can increase
drastically. For instance, elevated attenuation is observed around 325 GHz, which must be considered
when designing wireless links at these frequencies. .

The substantial increase in path loss at THz frequencies presents significant challenges for wireless link
design. Subsequent sections explore the TeraGreen project’s proposed solutions to circumvent high path
loss and enhance energy efficiency through quasi-optical THz links. Antennas operate in the near-field
region to mitigate path loss (Section 2.4). The THz SiGe-BiCMOS transceiver and its cutting-edge
performance are described in Section 2.5, while the zero-crossing modulation scheme for improving
energy efficiency of wideband communications is presented in Section 2.3. Finally, Section 2.6 details the
link budget estimation for the THz link using the inputs from the above-mentioned sections.

2.2 Use Cases

TeraGreen can serve as a complete backhaul solution for small-cell dense urban networks and for
purpose-built fixed wireless access applications where backhaul capacity will be in the range of 200-1000
Gbps. In particular, the backhaul technology of TeraGreen can be used as an alternative to the wired, fiber
or microwave backhaul link of dense cells and microcells. In this way, TeraGreen will enable the
densification of cells in a cost-effective manner, since it will downscale the need to deploy wired backhaul
links (i.e. only to those small-cell base stations that do not have a LoS). Thanks to the energy efficiency of
the proposed technologies, this densification will also be possible in a power-friendly and eco-friendly
manner. In this manner, TeraGreen will contribute towards innovative 6G RAN solutions in the THz
bandwidth with the main aim to achieve high capacity with energy-efficient solutions.

Specific use cases that may benefit from the innovative technologies developed by TeraGreen are relevant
to fixed services transmission and include the following: radio-cell backhaul/midhaul/fronthaul, fixed
wireless access (FWA), temporary infrastructure deployment (for special events or emergency situations),
events that gather huge crowds (such as concerts, festivals, football games), HD video surveillance
cameras backhaul connectivity, internal data centre servers' inter-connection, 4K/8K video based
services, Virtual/Augmented reality services, holographic type communications, interactive live music,
interactive live sports, cloud gaming, professional training and learning, citizen security (in the context of
smart cities), energy management, smart transportation, network device failure prediction, healthcare
management and disease outbreak prediction.

2.3 Wideband Signal Models and Baseband Algorithm

TeraGreen targets to demonstrate energy-efficient solutions for wireless links with capacities of 200 Gbps
to 1 Tbps and pave the way for even higher data rates. This is to be achieved by exploiting large bandwidths
at THz frequencies using quasi-optical links. High bandwidth at the baseband typically calls for high-speed
high-resolution ADCs. However, studies have shown that ADC power dissipation surges with a massively
increasing sampling frequency required for high-bandwidth transmission [4]—especially when high
amplitude resolution is desired. In contrast to low sampling rates, the power dissipation grows
quadratically with the sampling frequency above approximately 300 MHz. Moreover, the power
consumption grows exponentially with the amplitude resolution in terms of the number of bits, posing a
severe energy bottleneck obstructing wide deployment and implementation of very high bandwidth
systems. Apart from general implementation challenges and costs (manufacturing and operation) of such
high-power devices, the ever-growing massive volume of communication traffic drives an unsustainable
growth of power consumption. To mitigate the problem of excessively high power consumption of high-
resolution ADCs at high sampling frequencies, a promising approach is to use 1-bit quantization with
temporal oversampling w.r.t. the signal bandwidth at the receiver, reducing the exponential power scaling
to a minimum. To illustrate the potential in energy-savings, a lower envelope of the measured power
consumption based on the Walden figure of merit of published ADCs is considered [5]:

2

B
PADC 2 067 * 10_15WS : ZbADC ° B * 1 + (f_.>
b
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where b,pc is the number of ADC bits, B is the analog bandwidth and f, = 560 MHz. Table 1 shows
estimated lower bounds of the ADC power consumption for different bit resolutions by, where the
substantial savings in energy become apparent.

Table 1: Power consumption of ADC for different bit widths, B = 50 GHz

bapc [bits] Papc [W]
1 0.006
8 0.765
12 12.252

Adopting 1-bit quantization also promises to relax the linearity requirements of the radio frontends, leading
to additional potential for energy-savings in radio implementation. Furthermore, in nanometer scale CMOS
processes the time-domain resolution capabilities are becoming superior to amplitude-domain resolution
[61(7].

In case the receiver uses 1-bit quantization, information cannot be conveyed in the signal amplitude, but
rather has to be encoded in the timing of the zero-crossings, since the 1-bit quantized system can only
resolve the signal switching between positive and negative amplitude (see Figure 4).

Zero-Crossing Modulation (ZXM):

information is conveyed in the distance between zero-crossings

\ A i . .
Zero-crossings continuous-time
/\ transmit signal
P t
Nyquist interval TN
symbols
. A \ v

Faster-than-Nyquist (FTN) signaling: Runlength-limited (RLL) sequences:
transmit M, symbols per TN the same amplitude has to be kept for at
(e.g., here it holds M, = 2) least d + 1 symbols (e.g., here it holds d = 1)

Figure 4: Concept illustration of Zero-Crossing-Modulation [8].

Hence, such a system requires special modulation schemes to provide sufficient spectral efficiency such
that the loss of amplitude information can be partly overcome. In this regard, zero-crossing modulation is
a promising concept that provides increased spectral efficiency for 1-bit quantized systems. A specific
way to realize such a zero-crossing modulation is to combine runlength coding with faster-than-Nyquist
signaling [9]. The runlength code encodes the information onto the temporal distances of the zero-
crossings. Faster-than-Nyquist (FTN) signaling allows to place the zero-crossings on a finer time grid,
enabling to convey more information. Combining particularly designed Run-Length-Limited (RLL)
sequences with FTN signaling enables information rates beyond 1 bit per Nyquist interval and real-valued
signaling domain [9] [10].

Baseband ZXM system

The planned system is based on research work on zero-crossing modulation transceivers for wideband
systems [10] and is shown in Figure 5. The key difference compared to conventional communications
systems is the use of DACs running at FTN rates at the transmitter and the use of 1-bit ADCs with temporal
oversampling at the receiver. Due to the considered scenario with quasi-optical lens antennas at the
transmitter and the receiver, the channel corresponds to a line-of-sight channel, which is here modelled
as an additive white Gaussian noise channel. For the evaluation of the link budget, in the following, we
assume root-raised-cosine (RRC) transmit and receive filters with a roll-off factor of § = 0.6 [10].

teragreen.eu Ter%@_reen 13
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Figure 5: Block diagram of ZXM baseband transmitter and receiver.

At the transmitter, the input data bits are first encoded using low-density parity-check (LDPC) codes [11]
for forward error correction. The ZXM scheme is implemented by combining RLL encoded sequences and
FTN signaling at the DAC. After interleaving and demultiplexing the FEC-encoded bits, two streams of bits
are independently encoded using fixed-length finite-state machine RLL codes, constituting the in-phase
and quadrature components of the baseband IQ symbols, respectively. The RLL codes are constructed
from (d, k) sequences with d = My — 1by non-return-to-zero-inverse (NRZI) encoding which results in
possible output amplitudes of +1 and -1 for each of the streams. For the following evaluation we do not
apply the k-constraint, i.e., k = . The IQ symbols are then transmitted through the DAC at a rate My /Ty,
where Ty = 1/B is the Nyquist interval as the inverse of the analog bandwidth B, and My is the FTN
signaling factor, so that My symbols are transmitted per Nyquist interval Ty (Mrx = 1 corresponds to
conventional Nyquist rate signaling). The DAC outputs are followed by pulse shaping filters of root-raised-
cosine type forming the final baseband transmit signal which is subsequently upconverted.

At the receiver, the down-converted IQ signals are filtered by receive filters of root-raise-cosine form. The
in-phase as well as the quadrature analog signals are sampled by 1-bit ADCs at a rate of Mpyx /Ty, where
Mgy is the temporal oversampling factor w.r.t. to the Nyquist rate 1/Ty. The received sequences are first
processed by a soft-output equalizer. The equalization is done approximating maximum a posteriori (MAP)
RLL sequence detection using the Bahl-Cocke-Jelinek-Raviv (BCJR) algorithm. The soft-input soft-output
joint NRZI and (d, k) sequence decoding of the RLL FSM codes is again performed using the BCJR
algorithm. The resulting bits are deinterleaved and decoded by the FEC decoder.

Spectral efficiency and SNR requirements

To achieve a desired data rate given a fixed bandwidth, the conditions for a certain spectral efficiency need
to be met. The spectral efficiency of the ZXM system is determined by the SNR at the baseband receiver
input. A lower bound on the spectral efficiency between the input of the RLL encoder and the output of the
RLL decoder in Figure 5 (denoted as inner transceiver) can be determined by evaluating the mutual
information between the RLL encoder bit sequences and the sequences of log-likelihood ratios at the
output of the RLL decoder. For the proposed system, numerical results [10] for different FTN signaling
factors M,y are presented in Figure 6.
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spectral efficiency [bit/s/Hz|

SNR [dB]

Figure 6: Lower bound of spectral efficiency [10], w.r.t 95% power containment bandwidth, % =3.

TX

These results include the impact of the particular FSM RLL codes given in [10] but do not consider overhead
of practically implementable error correction coding which is required for a feasible transceiver realization.
For the case including the error correction coding, numerical results [10] of the achievable error-free
application-level throughput (goodput) of the described ZXM system are shown in Figure 7 for different FTN
signaling factors M;yx. The analysis includes all components in the transmitter and receiver baseband
processing chains. It is important to note that these results depend on the particular choice of the RLL
codes and the error correcting codes (here: 5G NR LDPC codes [11]) and leave room for optimization.

5%
— Rrec = 3/4 Mryx =1 My = 4
o Rrpc =5/6 —— Mpx =2 —— Myx =5
=-=== Rppc = 8/9 My, =3

goodput [bit/s/Hz|

SNR. [dB]

Figure 7: Goodput [10], normalized to 95% power containment bandwidth, % =1.
TX

The first demo of the TeraGreen project aims for a 200 Gbps link at a 50 GHz analog signal bandwidth.
Considering two available polarizations of the antennas the required goodput is 2 bit/s/Hz per polarization
domain, which can be achieved using a FTN signaling factor M;x = 2. From the results in Figure 7 the
minimum required receive SNR can be determined to be 14 dB for a forward error correction code rate
Rrrc = 8/9. Choosing other code rates could reduce SNR requirements. However, as no losses due to
imperfect implementation, synchronization or other distortions like phase noise etc. are considered here,
the choice of Ryzc = 8/9 leaves a margin for practical realization.
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Power requirements

Since the project targets an energy-efficient transceiver implementation, power consumption aspects of
the baseband system must be considered. The power consumption analysis can be divided into the power
consumption of the analog frontend components, the DACs, the ADCs, and digital baseband processing.
Additionally, for determining the link budget required to evaluate the power consumption of the analog
frontends, the transmit power has to be considered.

DAC and ADC: The power consumption of the individual DACs and ADCs of the ZXM system are modeled
based on surveys in literature and pose rough approximations and trends, since predicting the actual
power consumption of practical components in a universal way is hardly possible.

Assuming binary-weighted current-steering DACs and time-interleaving multiple DACs for FTN signaling
with FTN signaling factor M7y (keeping the bandwidth constant) the DAC power consumption Pp 4. can be
modeled as [12] [13]:

PDAC = MTX(]'S * 10_5 (ZbDAC - 1) W + 9 * 10_12bDACB WS)
where bp ¢ is the amplitude resolution of the DAC in terms of bits. For the desired system parameters
My =2, bpac = 1and B = 50 GHz the approximate power consumption of a single DAC is Pp ¢ = 0.9 W.

As discussed above, based on empirical data [5] and the Walden figure-of-merit, an approximate lower
bound of the ADC power consumption can be derived (which includes the oversampling factor Mypy), again
assuming time-interleaving to realize temporal oversampling [13]:

B 2
Pipe = Mgy - 0.67 - 10" 15Ws - 224pc . B . |1 + (7)
b

For the desired system parameters Mpy = My = 2, bypc = 1 and B = 50 GHz the approximate power
consumption of a single ADC is Pypc = 12 mW.

Since the proposed ZXM modulation scheme uses complex signaling, the in-phase and quadrate
components require a DAC and ADC each, so a single RF transmit and receive chain requires two DACs
and two ADCs, respectively. Each antenna polarization transmitting an independent data stream requires
a complex signaling path, so considering two antenna polarizations in the planned setup, the total number
of required DACs and ADCs is four each. Hence, the total power consumption of all DACs is 4 - Ppyc =
3.6 W and the total power consumption of all ADCs is 4 - Pyp. = 48 mW. Note that these models give a
generalindication of the power consumption trend and are not suited to accurately predict the exact power
consumption of DAC and ADC components of actual realizations of 1-bit quantized systems. These
estimates can be considered as pessimistic approximations. Optimizations to the components due to
simpler implementation options for 1-bit systems might be possible and leave room for further
improvements regarding energy performance.

Digital Processing: The power consumption of the digital processing part cannot be exactly predicted at
this stage of the project. However, the dominating part regarding power dissipation in typical digital
baseband processing is constituted by LDPC decoding, which, for the given system, can be assumed
similar to a conventional QPSK system of same effective data rate [14].

Transmit Power: The baseband system performance is directly related to the effective SNR at the input of
the receiver. The required receive SNR determines design aspects of the transceiver components (power
amplifier, low-noise amplifier noise figure, antenna losses, etc.). Thus, the required transmit power and all
stages in the link budget can be calculated from the SNR requirement considering the models of the
components of the analog transceiver frontends, the antennas, and the channel/pathloss in the link
budget.

2.4 Quasi-Optical Antenna and Near-Field link

One of the fundamental challenges for reaching high-efficient wireless links is the low radiative energy
efficiency of wireless systems. Current microwave wireless links follow classical far-field propagation
models where the transmitted electromagnetic energy presents high spatial spreading of 1/d™ with d
being the link distance and n 2 2. This energy spreading leads to orders of magnitude lower received power
than the one transmitted, thus severely impacting the energy needs of the networks. The use of electrically
large antennas operating in the radiative (or Fresnel) near-field region has been proposed as a promising
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solution for enabling high efficiency in wireless power transfer applications [15], [16], [17], [18], [19].
Contrary to link distances in the far field, in radiative near-field links the active energy can be focalized,
resulting to negligible propagation spreading losses. At frequency bands in the hundreds of GHz, where
the free space wavelength (Ao) is in the order of millimetres, electrically large antennas can be designed
with reasonable physical dimensions. This essentially implies that link distances within a few hundreds of
meters can be effectively in the radiative near-field.

To facilitate a comprehensive analysis of a wireless system featuring radiative near-field links, the single
input single output (SISO) case of Figure 8 is considered. For this indicative illustration, the transmitter’s
and receiver’s quasi-optical (QO) antennas are represented through a dual reflector system illuminated by
an integrated lens antenna. For clarity purposes, the components comprising this QO antenna (lens and
reflectors) are not drawn to scale.

) Point B d Point C )
PointA L ¢ ! . Point D
QO system ; /:i\'y” . QO system \:

Dual | 1 | Radiative near-field link ' | i | Dual
polarized | ! i b | polarized
transceiver Ttransceiver
Integrated ,— I \ ', Integrated
lens antenna / / AN \ D lens antenna
Point A’ Point D’

Figure 8: Single input single output (SISO) wireless system illustration featuring a radiative near-field
link. The QO antennas are comprised of a dual reflector system illuminated by an integrated lens
antenna (the components are not drawn to scale).

In order to perform a link budget analysis for such a system, the power ratio between the input of the
transmitting antenna (Point A in the figure) and the output of that receiving (Point D) is required. This is
comprised of two distinct parts, namely the losses of the QO antennas (power lost from A—B and C—D)
and the power transfer over the wireless radiative near-field link (power transfer from B—C). These two
contributions are separately described below. In particular, section 2.4.1 presented in detail the
theoretical formulation used to derive the power transfer over wireless near-field links (Points B—C),
hereafter also referred to as coupling, with section 2.4.2 providing a number of example curves.
Subsequently, section 2.4.3 describes the main loss contributions of the QO antenna and provides
preliminary estimations of their values. Finally, section 2.4.4 elaborates on the alignment sensitivity of
such a radiative near-field wireless system, which is one of the main challenges for point-to-point links at
those frequencies.

241

A complete study of antenna systems operating in a radiative near-field link would be comprised of two
parts, the analysis of the transmitter’s (Tx) and receiver’s (Rx) antenna architectures and the evaluation of
the coupling over the wireless link (P /Pg where P; the power at the i;;, point of Figure 8). For QO antenna
topologies featuring integrated lenses together with free standing lenses/reflectors, the antenna analysis
is usually performed through a combination of Geometrical Optics (GO) and Physical Optics (PO)
techniques [20]. Employing this GO/PO analysis, one convenient approach to model the transmitting and

Power transfer in near-field wireless links

receiving antennas is by deriving their aperture field distributions (éap, i_{ap). These correspond to the E and
H fields of the respective antenna in an equivalent aperture right after the primary lens/reflector of the QO
architecture. This is indicatively shown in Figure 9 for (a) a dual reflector system and (b) a free standing
hyperbolic dielectric lens. For this analysis, the equivalent apertures are chosen as the projection of the
primary lens/reflector on a plane in front of the antenna, normal to the direction of the beam and they
occupy a circular domain of diameter D.
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Figure 9: (a) Dual reflector system and (b) free standing hyperbolic dielectric lens, modelled through
their equivalent aperture field distributions (Eap,ﬁap).

This modelling procedure transforms the problem of deriving the power transfer over the wireless link into
that of evaluating the coupling between the transmitter’s and receiver’s equivalent aperture fields (gap.Tx/Rx
and ﬁap,Tx/Rx), simplifying the system of Figure 8 into that of Figure 10 (a). Since this section focuses on the
analysis of radiative near-field links and not the study of the QO antenna architecture, the subsequent
derivations for the coupling will be performed assuming already defined aperture fields.

The evaluation of the coupling commences by implementing an equivalence theorem at the side of the Tx
and another at the side of the Rx in order to transform their aperture fields into sets of equivalent electric
(Jeq) and magnetic (,,) currents. These equivalent currents are obtained as:

ieq,Tx/Rx = ﬁ'Tx/Rx X hap,Tx/Rx (2.4.1)

— PN —
MeqTx/Rx = ~NTx/Rx X €ap,Tx/Rx

where fir, g, the normal vectors of the transmitter’s and receiver’s equivalent aperture plane, for the
considered setup fi;, = Z and iz, = —Z. The modelling of the transmitter’s and receiver’s QO antennas
through such equivalent current distributions is shown in Figure 10 (b).

> Jeqg P> Mg
-D/2 -D/2 Y LD/2
Tx equ.i'\;alent / 1 ~ ' ~
[~ \
" aperture (St,) 7 AR Lo ,’/\,\\ "
i X\ if \fi
A i
L -D/2 Rx equivalent |__ ! X [ -D/2 \ ‘\, I +-D2
aperture (Sg,) \ \\ fi \ ///
—7 voo 4 7 7 7
D D2 D2 £
0 0 0 0
/2 /2 /2 "
y y’ y yl

(a) (b)

Figure 10: (a) Equivalent apertures in a SISO link featuring QO antennas of diameter D. (b) Equivalent
electric and magnetic current distributions describing the aperture fields of the transmitting and
receiving antennas. The transmitting and receiving antennas are co-aligned at a distance d, i.e., Om(0,
0, 0) and Or«(0, 0, d).

As previously mentioned, the equivalent apertures of the antennas are circular domains of diameter D
centred on Ory, for the transmitting (circ(p, D/2)), and Ok« for the receiving antenna (circ(p’, D/2)). For all
cases examined in this work the receiving antenna is considered identical to that transmitting but mirrored
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with respect to the z-axis. As such their electric aperture field distributions (e4, 7 and eg, ) are described
through the same expressions, with the only difference being the prime notation in the variable p. Using
these electric aperture field distributions, the magnetic field in each case can be obtained through the
following expression, which is a good approximation when D is large in terms of the wavelength:

—

1 /. -
hap,Tx/Rx = % (nTx/Rx X eap,Tx/Rx) (2.4.2)

with ¢ the characteristic impedance of free space.

Based on an analysis in reception approach, the power received by a receiving antenna can be expressed
through a reaction integral between a set of fields and a set of currents at the same surface. This reaction
integral corresponds to the open circuit voltage of an equivalent Thevenin circuit describing the receiver.
This analysis methodology was first presented in [21], was generalized via the use of the equivalence
theorem in [22] and has been used in several lens and reflector antenna designs. For the setup of Figure
10(a) the reaction integral describing the open circuit voltage can be expressed as:

Voclg = ffSRx (ﬁTx(ﬁ’) ' meq,Rx(ﬁ’) - ETx(ﬁ’) 'ieq,Rx(ﬁ’)) dst (2.4.3)

where ér,, er the field radiated by the transmitter on top of the receiver’s equivalent aperture (Sg,) and
feq,Rx, ﬁeq,Rx the equivalent current distributions describing the receiving antenna. Using this open circuit
voltage and assuming an impedance matched condition for the load, the received power can be obtained
as:

_ Woclol?

RY = Jopoanns (2.4.4)

1 5 P " . . .
where Ppgqpy = EffSRx Re(€uprx X hgpry) *figxdSgy - This received power corresponds to the power in

Point C of Figure 8. Finally, the coupling over the wireless link is computed as the ratio between the
received power (Pg,) and that radiated by the transmitting QO antenna (power in Point B of Figure 8). For
cases with identical transmitting and receiving antennas (P4 rx = Praarx = Praa), this ratio becomes:

_ Pre _ Voclol?
Coupling = Pr. 16PZ" (2.4.5)

rad

This expression for the power transfer over the wireless link can be employed for link distances both in the
radiative near and the far field of the radiating apertures. For distances in the far field zone (d > 2D?/1,),
(2.4.5) converges to the power ratio obtained using the well-known Friss equation (D, r, = Djy gy = Djy):

Pre — (D Ao )2. (2.4.6)

Pr, " 4md

Equation (2.4.6) employs the directivity (D;,-) instead of the gain, since (2.4.5) refers only to the power
spreading loss over the link and does not account for the losses in the QO antennas. It should also be
noted that (2.4.5) does not include losses in the wireless channel like the absorption from atmospheric
gases. These should be separately included in the link budget analysis.

Considering the problem definition detailed above, two different formulations will be presented for the
evaluation of the reaction integral in (2.4.3) and consequently the power transfer (2.4.5) in radiative near-
field links, one in the spatial and another in the spectral domain. The former is a straightforward and
flexible method that can be employed in any scenario but can be computationally heavy, whereas the latter
is a much faster but more complicated approach that can be applied for rotationally symmetric aperture
field distributions, e.g. when €, 7 = €414 (8) and €,y py = €gp rx(P"). Since this rotational symmetry is
usually a good first order approximation for the aperture field of highly directive antennas, the combination
of these two methods can be very useful in the system’s study.

Spatial domain formulation

The only missing part for the evaluation of the coupling are the expressions of the field radiated by the

transmitter on top of the receiver’s equivalent aperture (ér,, ﬁTx). In the spatial domain, this field
propagation is expressed through the convolution integral between the spatial Green’s function of free
space and the transmitter’s equivalent current distributions (Jeq x» Meqrx):
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ETx(ﬁ,) = jkO ffsn ((ﬁ X 1) 'meq,Tx(ﬁ) - (0(1 - ﬁﬁ) 'ieq,Tx(ﬁ)) ;H—RdsTx
J- (2.4.7)

-, . . a1 Sy — _
hr(p") = —jko ffsn <(R x I) “Jeqrx(P) + % (I - RR) 'meq,Tx(p)) mdsTx

where k, = 2m/Ay, R = (#(') — p")/I7(8") — p'| and I a 3x3 unit matrix. Introducing (2.4.7) into (2.4.3) is
a straightforward approach to evaluate the open circuit voltage (V,.1,) and in turn the coupling. However,
this requires the evaluation of a quadruple spatial integral (two integrals in (2.4.3) and another two integrals
in (2.4.7)), making this process computationally inefficient, especially for electrically large apertures like
those needed in radiative near-field links. To improve on this aspect, one approach is to transform the
reaction integral of (2.4.3) in the spectral domain. A brief overview of this procedure as well as the resulting
expressions are presented in the following paragraph.

Spectral domain formulation

To generalize the resulting expressions, in this case we consider the setup of Figure 11, where the receiver
is arbitrarily displaced in its equivalent aperture plane, i.e., On(0, 0, 0) and Orx(x1, y1, d). Moreover, without
loss of generality the following steps will be presented for an x-polarized aperture field, i.e., éap = eapa?. To
make the subsequent derivations more compact, the Fourier transform of the aperture field is first defined.
Assuming rotationally symmetric aperture fields this Fourier transform can be expressed as:

D/2
FT(k,) = 2m ¢ eap(P)]o(kpp)pdp. (2.4.8)
| d
Rx equivalent
Tx equivalent _~ aperture (Sg,)
X > p Rx
aperture (St,) ™SO« r -
5 N éap,Rx(p’) = eap(p’)f
eap,Tx(p) = eap(p)x y - , eap(p’) .
o €ap ) N hap,Rx(p )= _(—y
hap,Tx (p) = TY 0

Figure 11: Single input single output wireless link with the receiver displaced in its equivalent
aperture plane, i.e., O (0, 0, 0) and Orx (X1, y1, d).

For a receiving antenna identical to that transmitting but mirrored with respect to the z-axis, Eap,Tx =
€ap(p) and €g, rx = €4,(p") . Consequently, the electric and magnetic equivalent aperture current
distributions as well as their Fourier transforms are expressed as:

- 1 ~ — — ~
JeqTx/Rx = _aeapx' Megrx = —MegRrx = —€qp)

N 1 o . K (2.4.9)
]eq,Tx/Rx = _aFT(kp)xr Meq,Tx = _Meq,Rx = _FT(kp)y

To formulate the problem in the spectral domain, the field radiated by the transmitting antenna on top of

the receiver (Ery, ﬁTx) is now expressed through the inverse Fourier transform of the product between the
spectral Green’s function (SGF) of free space and the spectral currents:

= = 1 r+o0 (27 (= ~ 4 156 o —jkT1 p—jk P
ers(Pp) =—= 1/, 0”(D,‘i§"-y+aD;’s -x) FT(k,)e/*T1e~/kP'k dadk,
(2.4.10)

> 1 4o 2w (=pm o~ , 1=k 4 iR iR
Rre®) = =gz fy " Jy " (D3 + DY - %) FT(ky)e /<1 /%P k  dadk,
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where k,, a the cylindrical spectral variables and D/ = D/ (k,, ) the dyadic part of the SGF relating the
i;n type of fields (e/h) with the j., type of currents (j/m) as given in equation (2.4.14) at the end of this
section. The vector 7, is the one connecting the centres of the transmitter’s and receiver’s equivalent
apertures (Owand Orx), as shown in Figure 11. Since we are treating rotationally symmetric sources, this

vector is conveniently expressed in cylindrical coordinates as 7; = (py, ¢,,d) with p; = \/x¥ + yZ and
@, = atan (yl).

Xy
Using the spatial domain expressions for the receiver’s equivalent currents, the reaction integral of (2.4.3)
can be simplified as:

o o 1 o o —
VOCIO = ffSRx (th(P ) "y + zeTx(p ) : x) eap(p )dst (2.4.11)

By substituting (2.4.10) into (2.4.11) and changing the order of integration, the spatial integrals over the
surface of the receiver (Sz,) can be isolated into a Fourier transform of the aperture field (FT(kp)). Once

this is performed, introducing the dyadic part of the SGF to the transmitted field’s expressions (&r,, HTX)
and performing some trivial algebraic manipulations brings the reaction integral in the following form:

1 +00 2m 2k3-k2 2 —jk — —jk.d
Vaclo =gargofo "o (24 ) (FT(ky)) et costaveitedi, daak, (2.4.12)

where k, = ’k(z, - kg. For rotationally symmetric aperture fields the a spectral integral in (2.4.12) can be

closed analytically, as in [23], resulting to:

o 2k 15 2 :
Voelo = 4”1(0 lo <z - kzsz'> (FT(ky)) Jo(kppy)e 7k dk,. (2.4.13)

While the steps described above are more elaborate in their implementation compared to those of the
spatial domain approach, the reaction integralin (2.4.13) is now expressed via a single spectralintegral (in
kp) and one spatialiintegralin p (from 2.4.8). This results to a substantial improvement in the computation
efficiency of V,.I, with respect to the formulation of (2.4.3). Using a basic implementation for the
kp spectral integral in (2.4.13), the spectral approach detailed in this section is found to be two orders
faster than the spatial domain method described in the previous paragraph.

' k3 — k,z, cos?(a) —k,z, sin(a) cos(a) 0 -1
=ej _ { ; ; =em _ 1 1 0
Dfs = — Zksz —kf, sin(a) cos(a) k% — k,z, smz(a) , D = 3 _ kpsin@  kpcos(@)
—k,k,cos(a) —kyk,sin(a) ks, k, (2.4.14)
k3 — k,z, cos?(a) —kf, sin(a) cos(a) 0 1
pm___1 2. 2 12 .. 2 pM_1| -1 0
fs = T 2 okoks —k, sin(a) cos(a) ko — k, sin*(a) | fs = 7 |k, sin@ _ kpcos(@)
—k,k, cos(a) —k,k;sin(a) k, k,

2.4.2 Radiative near-field coupling parametric curves

Contrary to link distances in the far field, in radiative near-field links the active energy can be focalized,
resulting to negligible propagation spreading losses. To showcase the energy efficiency and elaborate on
some particular aspects of such wireless systems, a number of coupling examples are presented in this
section. These are examined versus the link distance (d) for apertures with different diameters (D) and
aperture field distributions (ey,). Regarding the last point, similar to how the far field gain for a certain
diameter changes for different e,,, it can be expected that the same applies to the radiative near-field
coupling. Initially, we examine two of the most commonly used types of aperture distributions, namely:

€4, (p) = circ (p, g) x (2.4.15)

and
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2
_r?
€4,(p) = circ (p, g) e Vix. (2.4.16)

Equation (2.4.15) describes a uniform aperture field, which is the one resulting to the maximum far field
directivity for a given aperture size, whereas (2.4.16) describes a tapered aperture distribution, with the
value of w, determining the field value at the edge of the aperture (p = D /2). Expressions similar to (2.4.16)
model well the aperture field in front of highly directive antennas, such as parabolic reflectors or lenses.
Since the receiving antenna is assumed identical to that transmitting but centred at Or«and mirrored with
respect to the z-axis (Figure 11), €gprx = €qp(p) and €,y gy = €4, (p") . For the coupling results of this
section, the transmitter and receiver will be considered co-aligned (i.e., Or=(0, 0, d)).

As an initial example, the coupling at 290 GHz is presented versus the link distance for different aperture
diameters in Figure 12(a), considering the uniform distribution of (2.4.15). On top of these coupling curves,
the coefficient derived directly from the Friis equation (2.4.6) are also plotted. It can be noticed that for link
distances exceeding the far field boundary, the curves of (2.4.5) converges to those from (2.4.6). Having
said that, the most important deduction from Figure 12(a) is that operating a wireless link in the radiative
near-field can lead to power spreading loss of only a few dBs for distances in the hundreds of meters,
enabling wireless systems with low levels of transmitted power. To achieve this, depending on the link
distance of interest and the examined frequency, a sufficiently electrically large primary aperture (D) is
required.

As a next step we compare the near-field coupling calculated for the uniform distribution to that obtained
when using (2.4.16). For this example, w, is chosen as 0.42D which corresponds to a 12 dB edge taper of
the aperture field. The resulting comparison of the near-field coupling for the two cases is shown in Figure
12(b) versus the link distance. There, it can be noticed that for all the examined diameter values, the
tapered distribution of (2.4.16) leads to higher coupling in the radiative near-field compared to the uniform
case, while the latter is superior as the link distance tends to the far field.
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Figure 12: (a) Near (solid lines) and far field (dashed lines) coupling coefficients between two co-
aligned antennas of diameter D with separation distance d. (b) Near-field coupling coefficients
between two co-aligned antennas of diameter D with separation distance d for tapered distribution of
(2.4.16) with w;=0.42D (solid lines) and uniform distribution of (2.4.15) - dotted lines.

On the topic of relating the aperture field distribution with the coupling values, the next logical step is to
identify the type of distribution that maximizes the coupling for a given diameter (D) and link distance (d).
This problem has been solved analytically in the literature for the case of two rectangular apertures. More
specifically, in [19] it was shown that the optimal aperture distribution is that of the angular prolate
spheroidal wave function when the transmitted field is also focussed on the centre of the receiver. For
cases of apertures modelled through circular domains, such a distribution can be written as:

o2
o , D koD% p \ JkoP”
€qp(p) = circ (p,g) 500( Zd ,D—/Z)e 2d X. (2.4.17)

where S, is the angular prolate spheroidal wave function of order zero and the exponential term describes
the focussing of the radiated field on the receiver’s centre. To showcase the performance of this optimal

teragreen.eu TEF%@_FEEI‘\ 22



Deliverable 2.1 — Repot on link budget model (Public) V1.1

aperture field distribution, Figure 13(a) compares the coupling for the case of D = 0.5m and all the
distributions of (2.4.15), (2.4.16) and (2.4.17). There, it can be seen that (2.4.17) results to very high
coupling coefficients in the radiative near-field. However, this type of distribution describes the ideal case
for each link distance, meaning that it changes with d. This applies both to the exponential terms, which
describes the focusing of the field on the position of the receiver, as well as the amplitude term (Soo), which
features a large edge taper for small distances and converges to the uniform distribution as the link
distance reaches the far field. Designing a QO antenna able to dynamically provide such variation of its
aperture field distribution both in amplitude and in phase would be very challenging and would significantly
increase the cost of the designed topology. As a result, to present a fairer comparison with the other
examined types of distributions, in Figure 13(b) the coupling coefficients are presented once more with
(2.4.17) fixed for a link distance of 100m, i.e., d = 100m. In this case, while superior around the link distance
for which (2.4.17) is optimized, the performance of the optimal distribution is not very robust with changes
in the link distance. This leads to the conclusion that there is a trade-off in the design of radiative near-
field links between the desired range of high coupling operation and the maximum achieved coupling.

0 ‘ 0

Coupling [dB]
Coupling [dB]
3

45 | — Optimal for every d 15 | — Optimal for d = 100m
- - - Tapered with w,=0.42D - - - Tapered with w,=0.42D
---------- Uniform - Uniform
-20 ‘ ‘ -20 ‘ |
102 103 102 10°
d [m] d [m]

(a) (b)

Figure 13: (a) Near-field coupling coefficients between two co-aligned antennas of diameter D=0.5m
with separation distance d for: optimal distribution for every link distance (2.4.17) - solid line, tapered
distribution (2.4.16) with w;=0.42D - dashed line, and uniform distribution (2.4.15) - dotted line. (b)
Near-field coupling coefficients of subfigure (a), where the solid line is changed to that obtained when
using (2.4.17) with d fixed to 100m.

Having described some basic trade-offs regarding the type of aperture field distribution through Figure 12
and Figure 13, itis now deemed more interesting to perform a broader analysis for the coupling in radiative
near-field links. This is done for the following distribution, which is a hybrid between that of (2.4.16) and
(2.4.17):

2

_PZ ikop?
- . D 7 JXoP
€qp(p) = circ (p,;)e Yoe 2d X. (2.4.18)

More specifically, the amplitude tapering of (2.4.16) is maintained and the focusing term of (2.4.17) is
added. This type of aperture field distribution features a very similar performance to that of (2.4.17) for a
fixed value of d and is quite representative of what can be realized using QO antenna architectures with
reflectors and free-standing lenses. To assess the performance of (2.4.18), the near-field coupling is
presented versus the aperture diameter (D) and the link distance (d) in Figure 14. In particular, in Figure
14(a) the coupling is illustrated for w,=0.42D and focusing at infinity, i.e., d = o in (2.4.18), while in Figure
14(b) and (c) the distribution of (2.4.18) is considered once more for w,=0.42D, with d = 100m (Figure
14(b)) and d = 200m (Figure 14(c)). In all cases, the transmitting and receiving antennas are considered
aligned.
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Figure 14: Near-field coupling between two co-aligned antennas versus the diameter (D) and the link
distance (d). The transmitting and receiving antennas are modelled with the aperture distribution of
(2.4.18) using wo=0.42D for (a) d— oo, (b) d=100m and (c) d=200m.

Similar to the case in Figure 13, it can be noticed that focusing on the receiver’s position (Figure 14 (b) and
(c)) results to higher coupling values around the distance where the field is focalized. However, this type
of aperture distribution makes the coupling less robust with changes of the link distance.

While itis evident that the coupling is a frequency dependent parameter of the wireless link, until this point
it has been examined at a single frequency, namely 290 GHz. This is due to the coupling not changing
dramatically with frequency. In other words, when considering the system’s operation over a certain RF
bandwidth, it can be a good first order estimation to use the coupling value at the central frequency while
assuming it frequency independent. To showcase this aspect, the coupling for an aperture with D = 0.5m
is illustrated for 255, 290 and 325 GHz in Figure 15 (a) and (b), considering the aperture field distributions
examined in Figure 14 (a) and (b) respectively.
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Figure 15: Near-field coupling between two co-alighed antennas of diameter D = 0.5m with separation
distance d, for 255 (dashed), 290 (solid) and 325 (dotted) GHz. The considered aperture field
distribution is that of (2.4.18) with (a) d =  and (b) d= 100m.

2.4.3 Losses estimation for QO antenna

As mentioned in section 2.4.1, the power ratio described via (2.4.5) corresponds only to the coupling
between the transmitting and receiving aperture fields (Points B—C in Figure 8) and does not take into
account any losses in the QO antennas. In order to perform a link budget analysis, such losses should be
separately considered in the system’s study. In this section, the loss contributions of the QO antenna are
described and an estimation for their values is presented. While, this is going to be performed for a single
antenna, in the link budget analysis these losses need to be included twice, in the sides of the transmitter
and receiver respectively (Points A—»B and C—D in Figure 8). To give a clearer picture of the different
contributions these losses are separated into two parts, those arising from the integrated lens antenna
(Points A—A’") and those resulting from the combination of free-standing lenses and/or reflectors which
comprise the QO system (Points A’ —»B). Similar to the case of the coupling, due to the losses not changing
dramatically with frequency, their estimation will be performed at 290 GHz which can act as a first order
approximation for a bandwidth centred at this frequency.

Integrated lens antenna

For the following loss estimations, the integrated lens antenna illustrated in Figure 16 is considered (the
size of the chip is not to scale). This antenna is comprised of a radiating part at the top metal of the stack-
up in the considered 90nm SiGe-BiCMOS technology, which radiates through the substrate silicon (Si) to
illuminate an integrated Si lens. In this paragraph, the loss contributions from the output of the circuit
(Point A) to the field radiated by the integrated lens (Point A") are described.

D lens
b o e - Point A’
Matching

layer .
N | High resistivity Si On-chip
| Antenna
Substrate
Si Thickness| .
B1oms . (h Tx lines «<—

/ Si SiO, rArtenna layer Circuit | POINEA
Air R —
Lens focus — > \ e
BiCMOS Chip

Figure 16: Indicative illustration of a dielectric lens integrated with an on-chip antenna. For clarity
purposes the figure is not to scale.
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The biggest loss contribution in on-chip antennas refers to the ohmic losses in the metals of the silicon
integrated technology. These include losses in transmission lines (Tx lines), transitions as well as the
radiating part of the structure. Considering the metal stack of the SiGe-BiCMOS technology, the loss of a
transmission line suitable to feed the antenna is estimated to be -1.35dB/mm at 290 GHz. Employing a
feeding line length of roughly 600um to bring the output lines of the antenna in a configuration suitable to
be integrated with a transmitter or receiver, the losses extracted through full-wave simulations are
estimated to be around -1.1dB (transmission lines and metal around the antenna). Including an additional
-0.2dB of loss which is estimated to be required for the interconnection with the electronics, results to a -
1.3dB combined ohmic loss in the metals.

Another significant loss contribution refers to the ohmic losses in the dielectrics, namely the SiO2 between
the metal layers of the chip and the substrate Si. From these two dielectrics, SiO2 features much lower
losses and is usually modelled with a loss tangent (tan(6)) in the order of 0.001, while the loss tangent of
the substrate Si is about 0.029 (Si with nominal resistance of 18.5Qcm). For an integrated antenna which
radiates through the chip, the ohmic loss in the substrate Si can be significant. An estimation of this loss
versus the substrate’s thickness derived via the following expression is plotted in Figure 17:

Losses [dB] = 20logq,(e™*") (2.4.19)

2_
where a = 21f/eu %

thickness of around 200um, the estimated loss in the substrate Si is approximately -0.5dB. In comparison
the losses in the SiO2 extracted via a full wave simulation of the antenna are only -0.03dB. In addition to
the above, as per technology requirements, all metallization layers are subject to minimum metal density
rules. This creates areas where the overwise present SiO: is filled with periodically placed subwavelength
patches (metal filling). This increases the losses due to the finite conductivity of the metals. Taking into
consideration a metal filling that satisfies the technology’s density rules, its losses are estimated to be
about -0.13dB for the antenna structure.

and h the substrate’s thickness. Considering a minimum substrate

0

-05 |

Losses in sub. Si [dB]

100 200 300 400 500 600 700 800
Thickness - h [pm]

Figure 17: Estimation of the ohmic loss in the substrate Si (tan(6)=0.029) versus the substrate
thickness (h).

Finally, another type of loss for integrated lens antennas refers to the illumination of the lens depicted in
Figure 16 and can be quantified through the lens’ illumination efficiency. This efficiency consists of three
terms. One is the spillover efficiency of the feed with respect to the lens surface, which is calculated as
the ratio between the power incident on the lens surface and the total power radiated by the feed; thus, it
is related to the truncation angle 6,.,, of the lens. Another term of the illumination efficiency is the
reflection efficiency on the air-lens interface, which is associated to the lens material and shape. To reduce
the reflection from the lens surface back to the feed side, especially for high-permittivity lenses, a quarter-
wavelength matching layer is implemented on the lens surface. A common option for the lens material is
to use high-resistivity silicon due to its very low loss in the considered frequency band, so the dielectric
loss is negligible. In turn, the matching layer is made of parylene (g, = 2.62) and is assumed to be lossless.
Considering an example of a hemispherical lens with a diameter of 2 cm, an extension length of 0.29 cm,
and a matching layer, the combination of spillover and reflection efficiencies is calculated to be around -
0.25dB. The last term of the illumination efficiency for integrated lens antennas arises from the power
radiated towards the air region in Figure 16. This type of loss is expressed through the front-to-back ratio
(Praasi/ (Praa,si + Praa.air)) and usually it is small due to the electrical density of the substrate Si (&, 5; =
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11.9) which results to it attracting the majority of the radiated power. Considering the antenna depicted in
Figure 16, this loss is estimated to be -0.25dB. This is in line with what has been previously reported for
on-chip antennas, as in [24], and brings the combined illumination efficiency to roughly -0.5dB for the
integrated lens antenna. An overview of these loss contributions is given in Table 2. It should be noted that
if for any reason a thicker substrate Si is required, the losses of Table 2 will be increased according to
Figure 17.

Lens/reflector-based QO system

As depicted in Figure 9, there are free-standing QO components used to focus the fields radiated by the
integrated lens antenna. These components can be either reflector-based Figure 9(a) or lens-based Figure
9(b). Here we discuss the advantages and disadvantages of each configuration.

Reflectors are the most commonly used QO components for big apertures at such high frequencies. They
are made of metal such as aluminium and can be milled with high accuracy. However, their weight can be
very high due to the high material density. In terms of electrical performance, reflectors basically have no
reflection loss (depending on the surface roughness). However, if one uses on-axis dual reflectors (e.g.
Cassegrain/Gregorian configurations), the spillover efficiency of feeds can be noticeable due to the
blockage effect. To mitigate the blockage, one can employ an off-axis reflector to improve the spillover
efficiency, but in that case the cross-polarization increases [25]. On the other hand, one can use dual
reflectors with Dragonian configuration, as depicted in Figure 9(a). Such a setup is compact with the
physical aspect ratio of 1:1, but the weight can be significant and the alignment of the reflectors can be
challenging.

An alternative option is to use free-standing dielectric lenses, as depicted in Figure 9(b). In this case, all
components are placed along the same axis, making the alignment easier, and there is no blockage. In
principle, a lens-based setup will achieve similar performance as a reflector-based setup, however,
dielectric lenses suffer from reflections at the lens-air interfaces. This can be mitigated using low
permittivity lenses or anti-reflective coatings on the lens surfaces. Moreover, lenses could have significant
dielectric losses at high frequencies, especially for thick lenses. This can be reduced by increasing the
focal distance of the primary lens, to reduce its thickness. It is worth mentioning that though lenses can
be thick, their weight is still lower than the reflector case.

As an example case, we consider a primary hyperbolic lens made of HDPE (g, = 2.32, tan(§) ~ 3.9¢™* at
290 GHz [26]), with the diameter of D = 50 cm. For a hyperbolic lens, its thickness (T) and the focal
distance (F) has the relation given below [27]:

_ D? _ ()T
" 8T(n-1) 2

(2.4.20)

where n is the refractive index of the lens material. Figure 18 shows the dielectric loss of the HDPE lens
versus its thickness T and f-number (fy = F /D where F the focal distance), considering (2.4.20). We can
see that the lens thickness should be less than 9.6 cm if we expect 1.5 dB as the maximum loss, and in
this case the focal distance is larger than 50 cm.

Loss in HDPE (dB)

-3 I I I
0.5 1 1.5 2 2.5

fe

Figure 18: Dielectric loss of a HDPE (&, = 2.32, tan(8) ~3.9e~*) hyperbolic lens with the diameter of
D=0.5m versus its thickness (T) and f-number (f;).
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Taking into account a realistic integrated lens antenna feed, the illumination efficiency of the QO system
(spillover and taper efficiency) is estimated to be in the order of 80% (-1dB), for both reflector and lens-
based systems. The loss estimations described in this section are summarized through Table 2 for the
mentioned reflector- and lens- based QO antennas.

Table 2: Loss estimation for integrated lens antenna and QO system.

Component Type of loss Loss estimation [dB]
Ohmic loss in metals -1.3
Ohmic loss in dielectrics -0.7
Integrated Lens Antenna — —
Lens Illumination efficiency -0.5
Total loss -2.5
Illumination efficiency -1
QO System - - -
Ohmic and Reflections loss in lens -2
Total: Antenna + QO system - Reflector based system -3.5
Total: Antenna + QO System - Lens based QO system -5.5

2.4.4 Alignment sensitivity in radiative near-field links

One crucial aspect in the operation of point-to-point links refers to maintaining a good alignment between
the transmitting and receiving antennas. This is especially important for cases that employ electrically
large and thus directive antennas. Indicatively, a 0.5 m radiating aperture corresponds to roughly 480 A, at
290 GHz and features a half-power beamwidth of 0.12° (Ao/D) for a uniform aperture field distribution. As
aresult, for radiative near-field links in the hundreds of meters, even very small angular misalighments can
lead to a significant degradation in the power transfer over the link. This section will quantify this
degradation for cases that do not feature any compensation mechanism, e.g., scanning of the QO antenna
to counter the misalignment.

In the far field zone, the field shape does not change with the distance. Therefore, in far field links, the
coupling degradation with respect to its value in the aligned case, depends only on the angular
misalignment (0,,;5.)- This degradation is expressed through the gain of the transmitting antenna towards
the direction of the receiver (G, (0mis.)) and vice versa (Gry (Omis))- However, in the radiative near-field this
is slightly different due to the spatial shape of the electromagnetic near-field. As described earlier in this
section, the spatial shape of the near-field of directive antennas is highly concentrated, resembling a laser
like beam. An indicative illustration of the electromagnetic field shape in far and near-field wireless links
is shown in Figure 19 (a) and (b) respectively.

(a) (b)

Figure 19: Illustration of the electromagnetic field shape for (a) far and (b) near-field point-to-point
link.

Since the field is concentrated in a cylindrical region in front of the radiating aperture in near-field links,
the crucial aspect for the alighment is the overlap between the projection of the cylindrical beam shape in
the receiver’s aperture plane and the equivalent aperture of the receiver. Considering a fixed angular
misalignment, this overlap changes with the link distance. This is depicted in Figure 20, with Figure 20(b)
showing the displacement between the centres of the transmitting (Ow) and receiving (Orx) antennas
versus the link distance for the setup of Figure 20(a).
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(a) (b)

Figure 20: (a) Single input single output link where the receiving antenna is displaced with respect to
the one transmitting and (b) displacement in the y-axis between the centre of the transmitting (O1x)
and the receiving (Orx) antennas for different angular misalignments (0,,is).

Given link distances in the hundreds of meters, it is expected that even small angular misalignments
(below 1°) can add up to substantial lateral displacements between the collimated region of the
transmitted field and the receiver’s equivalent aperture. Indicative, in Figure 20(b) it can be noticed that
for 0,5, = 0.5% and d = 100 m, the resulting displacement is almost A, = 1 m. For a case with aperture
diameters of D = 0.5 m, this would mean that the receiver would be completely outside the collimated
region of the transmitted field. To showcase the impact of such a misalignment, the coupling is computed
versus the link distance for different angular misalignments (6,,;5.), considering the setup of Figure 20(a).
This is illustrated for D = 0.5 m and the aperture field distributions of (2.4.18) with wy = 0.42 D in Figure
21, with Figure 21(a) considering d — co whereas in Figure 21(b) d = 100m. Since the examined aperture
field distributions are rotationally symmetric, the axis along which the receiver is displaced is irrelevant,
here we consider this to be the y-axis, as in Figure 21(b).

— emis. =0° - = gmis. = 0.025° - Hmis_ =0.05° - Hmis. =0.1° Hmis_ = (.25°

Coupling [dB]
Coupling [dB|

N
o

-20

d [m)] d [m]
(a) (b)

Figure 21: Near-field coupling versus the link distance for the setup of Figure 20(a), D=0.5 m and
different misalignhment angles (0,,;;). The aperture field distribution modelling the transmitting and
receiving antennas is the one of (2.4.18) with w;=0.42D, focalized at (a) d - o and (b) d=100 m.

Through Figure 21 it can be noted that for both the collimating (Figure 21(a)) and the focalized (Figure 21(b))
distributions, the coupling degrades in a similar way with respect to the misalignment angle. To maintain
the coupling level close to the one of the aligned case (0,,;;. = 0°), very accurate alignment is necessary
with misalignment in the order of 0.025° (for d = 100 m, 6,,;5 = 0.025° correspondsto A, = 5 ¢cm). This is
a significant challenge for any QO system and should be taken into account in the QO antenna design as
well as in the positioning of the link.
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2.5 THz Circuit Modeling

The block diagram for a possible solution of an H-band transmitter (TX) and receiver (RX) for TeraGreen is
shown in Figure 22 below. The architecture is I-Q direct modulation with wide | and Q-bandwidth. The
transmitter and receiver, containing subcircuits such as frequency multipliers for the local oscillator (x6
or x8), LO-feed network, I-Q modulator, power amplifier, low noise amplifier (LNA), I-Q modulator etc. will
be integrated together with the antenna. The critical parameters for estimating the link budget are i.) output
power from the PA, ii.) the noise figure and gain of the LNA, iii.) the bandwidth of the receiver and
transmitter. The oscillator is not integrated on-chip, it is important that the oscillator has a low wideband
noise [28] in order to not degrade the signal/noise ratio. Therefore, we decided to leave the oscillator
outside of the chip and to use commercial oscillators with lowest phase-noise in this project. The
architecture described by Figure 22 has been demonstrated in D-band by the Chalmers group, for more
details refer to [29], [30] and [31]. The amplifiers in the previous demonstrations are multistage common
emitter stages, stagger tuned to optimize the bandwidth. A bandwidth of 50-60 GHz was obtained in D-
band and a maximum data rate of 100 Gbps was demonstrated in a TX/RX setup measurement. In addition,
multistage differential amplifiers were developed with similar bandwidth but higher output power. In an
upcoming deliverable (D3.2, M14), the results of the H-band circuits will be presented. Simulation results
from the first B12-tapeout in this project show 3-4 dBm output power in the H-band and a noise figure of
12-14 dB for amplifiers. The associated bandwidth is 60-70 GHz. The DC-power consumption is of the
order 500 mW for a RX or TX chip [31].

Transmitter Receiver

RF in
250-300 GHz
50 GHz BW

RF out
250-300 GHz
50 GHz BW

Q-baseband out
I-baseband O 0-25 GHz

0-25 GHz

X2+ X3+ LO-feed
spF | BPF |—f 0°00°
92 GHz 275 GHz 80°, 2707

LO-feed X3+ Xz+
> 90 [=—| BPF | BPF
a0s,2700] |276GHz| | s2GHz

Transition +
Lens

o I-baseband out
Transition + 0-25 GHz

Lens

Figure 22: Block diagram for direct modulated transmitter and receiver comprising oscillator, frequency
multipliers, band pass filters, I-Q mixers, power amplifier, low noise amplifier, and carrier recovery.

2.6 Link Budget Estimation of Capacity and Energy

2.6.1 Link budget of demonstrator 1

Integrated Lens . Integrated Lens \
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Figure 23: Concept drawing of wideband polarization multiplexing 200 Gbps medium-range
demonstration.
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In this section, we will calculate the link budget of our over-the-air demonstrator 1 to give insight into the
proper choice of antenna parameters to support multi-Gbps data rate in representative deployment
scenarios, given typical transceiver performance.

The demonstrator is a single-input-single-output wireless communication system with a link distance of
200 meters. In previous sections, key parameters for the demonstrator are discussed. To get the received
signal power strength, the output power from the transmitter chip is needed. H band PA can give an output
power of 3 to 4 dBm. In addition, the power transfer efficiency between two antennas is another essential
parameter. It is important to note that for a quasi-optical antenna with a diameter of 50 cm, the 200-meter
link distance is still within its radiative near-field. Power transfer efficiency is needed instead of normal
antenna gain and path loss from the Friis equation to calculate the link budget. This QO antenna has a very
flat power transfer efficiency curve over frequencies among the H band from 250GHz to 320 GHz. In this
case, we assume that the power transfer efficiency is the same with all frequencies within this range and
it only varies with the antenna size and link distance. For an antenna diameter of 50 cm and link distance
of 200 meters, the power transfer efficiency is -3 dB (see Figure 14). With larger antenna size, the transfer
efficiency can be further increased.

Since the demonstrator will only perform one-direction communication, multiplexing and multi-
polarization are not considered here. In addition, the demodulation will be done offline and blindly using
equipment; no overhead will be considered. Spectrum efficiency will only consider the SNR requirement
for different modulation orders, and different code rates that are used for forward error correction (FEC).
Here, we assume that 5G NR LDPC codes will be used for FEC.

In Section 2.3, we have discussed the required signal-to-noise ratio (SNR) to support successful
demodulation for a certain spectrum efficiency. From Figure 7, for a FTN signalling factor T, = 2 by using
a 5G NR LDPC code, if we want a spectrum efficiency of 2bit/s/Hz, the minimum required SNR is 12.5 dB
with a code rate of %. From the same plot we can see that with a higher code rate, the achievable spectrum
efficiency can be further improved with a higher SNR. To leave some margin for other implementation
losses and distortions, here we use the FEC code rate 8/9 for link budget estimation.

The atmospheric absorption loss becomes severe at H band. We can see from Figure 3 that the
atmospheric absorption lossis around 5 dB/km at 300 GHz when there is no rain. For a 200-meter link, this
loss is around 1 dB. When there is rain or the air is humid, the absorption loss is higher. When the air gets
dryer, the absorption loss is lower.

The noise level at the receiver is kTBF , where k is the Boltzmann constant, T is the noise temperature,
B is the signal bandwidth, and F is the noise factor. The amount of noise is proportioned with the
bandwidth. Twice the bandwidth will lead to a 3 dB lower SNR, which would limit the transmission distance
and the achievable spectrum efficiency. Here we assume the noise figure 10 log,, F of the receiver is 14
dB.

The link budget is calculated by
SNR=PT_Z'Lant+Eant_N_Latm_L’ (2.6.1)

where Pr is the transmitted power to the antenna, L,,;is the loss of the QO antenna, E,,; is the antenna
power transfer efficiency, N is the receiver noise level, L,;,, is the atmospheric absorption loss, and L is
other additional loss in the link that could be misalighment in the connection or other unexpected loss.
Here we assume Pr is 3dBm, L,,,; is 5.5 dB for lens-based QO system, there is no rain, and an additional
loss L of 3 dB. We assume bandwidth B is 50 GHz, noise temperature T is 290 K, as a result

N =10log,,(1.38-10723-290 - 50 - 10° - 1000) + 14 = —53 dBm,
SNR=3-2- 5.5 + 53-3-— Latm + Eant =42 — Latm + Eant~ (2.6.2)

The antenna size and the link distance will determine the power transfer efficiency E,,,. The SNR will
determine the spectrum efficiency we could have in the system.
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Table 3: Link budget estimation for 50 GHz bandwidth.

Antenna O A::l:cs: ‘ Spectrum Req
Distance size tr?n.sfer absorpti SNR S SNR. Capacity
(m) Tl efficiency on loss (bit/s/Hz) ) (Gbps)
(dB) (dB)

500 30 -19 2.5 20.5 2 14 100 6.5
500 50 -10 2.5 29.5 2 14 100 15.5
200 30 -11 1 30 2 14 100 16
200 50 -3 1 38 2 14 100 24
100 30 -6 0.5 35.5 2 14 100 21.5
100 50 -1 0.5 40.5 2 14 100 26.5
500 50 -10 2.5 29.5 3 23 150 6.5
200 30 -11 1 30 3 23 150 7
200 50 -3 1 38 3 23 150 15
100 30 -6 0.5 35.5 3 23 150 12.5
100 50 -1 0.5 40.5 3 23 150 17.5

From Table 3 we can see that if we have perfect antenna alignment, how much link budget we could
achieve and how much margin we still have for misalignment power transfer degradation. We can estimate
the misalignment margin by using Figure 21. By using dual polarization, twice capacity can be achieved.

For radiated energy efficiency, if we use 3 dBm as the transmitted power, then we have 50 Tbhit/Joule and
75 Thit/Joule for capacity of 100 Gbps and 150 Gbps, respectively. Since we still have some SNR margin,
If we consider a perfect alignment case, no SNR degradation due to phase noise, interference and non-
linear distortion, the transmitted power can be backed off to reach a higher radiated energy efficiency. The
radiated energy efficiency is calculated by
Capacity (Thit/s)
Transmitted power (W)

= radiated energy ef ficiency (Tbit/]) (2.6.3)

Table 4: Radiated energy efficiency estimation for 50 GHz bandwidth.

Power . ) Radiated

oist. AN wanater Cpiiton | power . oieney SR Capacity _energy
(cm) e loss (dB) (dBm) (bit/s/Hz) P i ”)y

500 30 -19 2.5 -3.5 2 14 100 224
500 50 -10 2.5 -12.5 2 14 100 1786
200 30 -11 1 -13 2 14 100 2000
200 50 -3 1 -21 2 14 100 12500
100 30 -6 0.5 -18.5 2 14 100 7143
100 50 -1 0.5 -23.5 2 14 100 22222
500 50 -10 2.5 -3.5 3 23 150 336
200 30 -11 1 -4 3 23 150 377
200 50 -3 1 -12 3 23 150 2381
100 30 -6 0.5 -9.5 3 23 150 1337
100 50 -1 0.5 -14.5 3 23 150 4225
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2.6.2 Phase noise

At the high frequencies that are intended in the project, phase noise will be a significant source
of degradation. The amount of phase noise degradation increases approximately with 20
dB/decade, and with frequencies above 100 GHz this will be quite significant. Further, the large
bandwidth envisioned in the communication signal will lead to that white phase noise will
dominate, while close-to-carrier phase noise will be negligible. White phase noise will require
nonstandard solutions for phase noise tracking and modulation techniques, and this deserves a
careful analysis.

As stated in Section 2.5, frequency multipliers of x6 or x8 will be used in the TX and RX RF
chipsets, which would lead to a phase noise increase of 20log;, N dB [28]. Assume that we will
use a 40 GHz LO signal from a signal generator, and a multiplier of x8 in the transceiver chipset.
From the datasheet of Keysight E8257D signal generator, its far-end phase noise floor of 40 GHz
at 100 MHz frequency offset is around —-150 dBc/Hz as Figure 24 shows. A x8 multiplication will
increase the noise floor by 18 dB as Figure 25 shows.

Standard SSB phase noise
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Figure 24: Standard single sideband (SSB) phase noise of Keysight E8257D signal generator.
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Figure 25: The phase noise level of the signal generator (red) and when connected to a multiplier of
times 8 (blue).
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3. Conclusions

The aim of this report is to present the link budget model estimation for TeraGreen THz wireless link. In
Section 2, we have explored various aspects relevant to the TeraGreen THz wireless links, including the
THz link propagation characteristics (Section 2.1), use cases (Section 2.2), the baseband algorithm of
wideband signal (Section 2.3), the quasi-optical antenna (Section 2.4), the THz SiGe circuit (Section 2.5),
and the link budget estimation (Section 2.6).

Our study suggests that by leveraging 1-bit quantization and zero-crossing modulation, it is feasible to
establish an energy-efficient wireless link with a capacity exceeding 200 Gbps using a wideband signal.
Furthermore, the implementation of lens-based quasi-optical antennas operating in the near-field regime
has the potential to mitigate the considerably high free space path loss in the H-band.

Additionally, the SiGe H-band transmitter and receiver, featuring an estimated output power of 4 dBm, a
noise figure of 12 dB, and an associated bandwidth of 70 GHz, holds promise for enhancing the signal-to-
noise ratio required for extremely high capacity links.

The estimated link budget model indicates the possibility of providing a wireless link with a capacity
exceeding 200 Gbps for medium-range links (100—500 meters) through the utilization of dual polarization
system. Furthermore, the capacity can be further extended to achieve even higher data rates through the
implementation of multiple-input multiple-output technology in the link, a topic that will be elaborated on
in deliverables 2.4 and 2.5.
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