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Executive Summary
The TIMES project aims at building a smart radio ecosystem operating in complex environments and offer-
ing similar performance as wired networks. The project will adopt Terahertz (THz) communications as the
main technological driver to turn this vision into reality. In particular, it will exploit the large amount of radio
resources available in THz bands and the sensing-friendly characteristics of THz signals to enable extremely-
high data rates (in the order of terabits per second) , ultra-low latency, accurate sensing capabilities, and
high reliability. However, the design of such a system opens up several challenges. For example, the harsh
and uncommon propagation conditions experienced at such high frequencies call for a paradigm shift in the
design of the physical (PHY) layer. The integration of sensing and communication functionalities within the
same wireless interface calls for revisiting traditional solutions taking into account the requirements in both
domains. Also, proper mitigation schemes are essential to overcome the pronounced impairments faced by
THz transceivers.

In this regard, the TIMES project is working towards the definition of THz-based air interface with communi-
cation and sensing capabilities. This deliverable summarizes the results that have been achieved in the first
phase of the project. In particular, it presents intermediate findings on physical layer procedures for enabling
highly efficient and reliable THz links supporting sensing and communication functionalities, and discusses
estimation mechanisms to predict the evolution of THz channels. It is deemed appropriate to note that the
results reported in this document are preliminary, as the related activities are still ongoing. Final results will
be presented in a subsequent report, providing more detailed design guidelines for realizing a THz-based air
interface and a thorough analysis of sensing and communication functionalities in the scenarios targeted by
the project.
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1 Introduction
The long-term vision of the TIMES project is to build a THz-based smart radio ecosystem working in complex
scenarios with a large number of heterogeneous devices capable of offering similar performance as wired
networks in terms of data rate (up to Tbps), ultra-low-latency, sensing, and reliability, thus beyond the capa-
bility of current wireless networks. To achieve this goal, the project will exploit the ultra-wide bandwidth and
sensing-friendly characteristics of THz communications, deploy intelligent mesh networks in smart propaga-
tion environments, and enable high-definition Integrated Sensing and Communication (ISAC). This opens up
significant technological challenges that must be overcome to turn this ambitious vision into reality.

On the one hand, operating at THz frequencies offers the opportunity to exploit a vast amount of unused radio
resources and achieve extremely high data rates. On the other hand, the harsh and uncommon propagation
conditions experienced at such high frequencies require a paradigm shift in the design of the wireless interface.
As we go up in frequency, near-field propagation phenomena becomes predominant in the entire communi-
cation range and can be leveraged to substantially improve the spatial multiplexing gain. This feature makes
THz communication systems inherently different compared to the previous generations, thus calling for a novel
PHY layer design.

In addition, the integration of sensing and communication functionalities within the same wireless system re-
quires to revisit traditional solutions taking into account the requirements in both domains. The design of a
waveform able to operate at THz frequencies and deliver high communication and sensing performance at
the same time is a crucial aspect that is still unsolved. In presence of mobility, smart tracking algorithms
are necessary to properly follow moving targets over time given the high directionality that characterizes THz
links.

Finally, undesired effects arising from imperfection in the Radio Frequency (RF) components can have a neg-
ative impact on both communication and sensing performance. Their effect is particularly pronounced when
targeting THz bands, therefore their characterization and mitigation is of paramount important to ensure seam-
less operations.

Within the context of this project, Work Package (WP) 4 is working on the design of a THz-based air inter-
face with communication and sensing capabilities. As part of this WP, a first task is developing PHY layer
enhancements that are necessary to cope with the untypical propagation properties of THz signals in complex
environments and, at the same time, exploit the large amount of radio resources that are available in this por-
tion of the spectrum. Moreover, it is assessing that impact of the pronounced hardware impairments that arise
when operating at such high frequencies and devising efficient mitigation schemes. A second task focusing on
the design of an air interface able to support ISAC functionalities. In this regard, new waveforms able to deliver
high communication and sensing performance are being studied. Also, novel algorithms able to track sensing
targets that are moving over time are being developed.

This deliverable summarizes the results that have been achieved since the beginning of this WP, i.e., between
April and December 2023. In particular, it presents intermediate findings on PHY layer procedures for enabling
highly efficient and reliable THz links supporting sensing and communication functionalities, and discusses
estimation mechanisms to predict the evolution of THz channels. It is deemed appropriate to point out that
the results reported in this document are preliminary as the aforementioned activities are still ongoing. The
final outcomes will be presented in a subsequent report and will provide more detailed design guidelines for
the realization of a THz-based air interface and a thorough analysis of ISAC functionalities in the scenarios
targeted by the project.

1.1 Scope

This deliverable presents intermediate findings on physical layer procedures for enabling highly efficient and re-
liable THz links supporting sensing and communication functionalities, and discusses estimation mechanisms
to predict the evolution of THz channels.
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1.2 Audience

This report is intended for public use.

1.3 Structure

The rest of the document is structured as follows:

• Section 2 explores the potential and challenges of Line of Sight (LoS) Multiple-Input-Multiple-Output
(MIMO) techniques applied to THz communication systems. It shows that the adoption of antenna arrays
plays a pivotal role to enable high beamforming and multiplexing gains, and demonstrates how near-field
propagation phenomena can be leveraged increase the spatial diversity by adopting proper processing
techniques at the physical layer. Moreover, it studies the impact of the adopted beamforming architecture
on the achievable communication performance and investigates problem of acquiring timely and accurate
channel state information when operating with highly-dynamic channels and large bandwidths.

• Section 3 lays the foundation for an efficient THz air interface capable of ISAC. It studies novel designs
for the PHY layer waveform able to achieve high communication performance and accurate sensing
capabilities, while complying with the constraints in the RF components. Furthermore, it presents a
novel approach that exploits THz ISAC functionalities for the tracking of moving targets.

• Section 4 analyzes the limitations of THz wireless transceivers caused by imperfections in the RF com-
ponents. It identifies the potential impairments and quantifies their effect by means of measurements on
preliminary RF hardware components. Moreover, it evaluates the impact of these impairments on the
system performance and propose suitable mitigation techniques.

• Section 5 presents the conclusions.
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2 Terahertz Line-of-Sight MIMO Communications
In the traditional design of a Base Station (BS), antenna panels connected to a Base Band Unit (BBU) were
used to manage the digital signal processing. These panels, characterized by their tall and narrow design,
contained multiple vertically stacked radiating elements. By emitting identical signals from these elements,
constructive superposition was used to produce a radiation pattern that was vertically narrow and horizontally
wide, covering a specified floor area, as shown in Fig. 1a.

In modern BSs, linear antenna arrays have been replaced with planar structures. The latter allows for a higher
beamforming gain, resulting in narrower radiation beams in both horizontal and vertical domains. The BBU,
now equipped with significantly enhanced computational capabilities, individually controls the signal transmit-
ted by each antenna element. This allows the physical shape of the generated beam to be varied in both time
and frequency. Fig. 1b illustrates this updated setup, showing how each beam is narrow enough to target a
specific user. When these arrays are deployed in propagation environments with multiple widely spaced paths,
each radiated signal loses its directional beam shape and is instead fine-tuned to coherently superimpose on
a small region around the intended receiver. Antenna arrays bring about four main benefits:

• Beamforming: This term refers to the basic formation of a beam of energy from a set of phased arrays.
Using phased antenna arrays it is possible to control the shape and direction of the signal beam from
multiple antennas based on the antenna spacing and the phase of signal from each antenna element
in the array. Accordingly, the creation of the beam using the technique of interfering and constructing
patterns is called beamforming.

• Beamsteering: Beamsteering takes the concept of beamforming a stage further. It is the way in which a
beam pattern can be dynamically altered by changing the signal phase in real time without changing the
antenna elements or other hardware components.

• Spatial diversity : Typically, signals traverse multiple paths between the transmitter and receiver, and the
resulting signal replicas can be destructively combined, resulting in signal fading. Antenna arrays can
address this problem by simultaneously observing multiple fading realizations, thereby mitigating the
effects of signal fading.

• Spatial multiplexing: It is possible to transmit multiple signals simultaneously on different beams, either
to a single user with multiple antennas or to multiple users, as shown in Fig. 1b. This provides a traffic
multiplier or multiplexing gain, provided that interference between the signals is effectively managed.

(a) Traditional BS deployment. (b) BS with antenna arrays.

Figure 1: (a) Traditional BS design with fixed directive antennas that broadcast each signal into a sector. (b) BS
is equipped with antenna arrays that can exploit the three main multi-antenna benefits: beamforming
gain, spatial diversity, and spatial multiplexing.
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As the frequency increases, the transmission range necessarily shrinks and LoS propagation becomes pre-
dominant. The array signal processing literature relies on the planar wavefront approximation over the array [1];
that is, all the antenna elements receive the signal from the same angle of arrival with the same propagation
path loss. This approximation becomes inadequate at high frequencies. Since the wavelength reduces dramat-
ically and the transmission range tends to be short, the wave curvature over the array is no longer negligible [2].
When an antenna radiates a wireless signal in free space, the wavefront of the electromagnetic waves has a
different shape depending on the observation distance. Traditionally, two regions have been distinguished:
the Fresnel and the far-field regions. Wireless communications have almost exclusively operated in the an-
tenna (array) far field, which is conventionally characterized by propagation distances beyond the Fraunhofer
distance. However, when arrays between 20 cm and 1m are utilized, the typical communication ranges up to
100m are entirely in the Fresnel region when using a carrier frequency in the THz band (100 GHz − 1THz).
Thus, the plane wave approximation does not hold anymore, and spherical wavefront propagation or some
more accurate approximations such as the parabolic one [3], must be considered instead. This offers the op-
portunity for spatial-multiplexing. Moreover, very large bandwidths are available in the THz band, that can be
exploited together with spatial multiplexing to achieve aggregate throughput up to 1Tbit/s.

2.1 LoS Scenario

Consider a narrowband communication system in which the receiver is equipped with N antennas and the
transmitter is a single-antenna device. We want to derive the expression of the channel coefficient between
the transmitter and the receiving antennas, in a free-space propagation scenario, characterized by the absence
of scatterers and obstacles. This is the so-called free-space LoS propagation scenario.

2.1.1 Far-field and Near-Field Regions of a Passive Antenna

We report the following definitions of far-field and near-field region of an antenna [4].

• The far-field region “is that region of the field of an antenna where the angular field distribution is essen-
tially independent of the distance from the antenna.”

• The near-field region “is that part of space between the antenna and the far-field region.”

In the far-field region, the transmitting antenna behaves like a source point so that the radiated field can approx-
imately be characterized by spherical wave fronts. If the antenna has a maximum dimension Lt , which is large
compared to the wavelength, the far-field region is commonly taken to exist at distances greater than 2L2t /λ
from the antenna, λ being the wavelength. In practice, Lt can be viewed as the diameter of the smallest sphere
that completely contains the antenna. The quantity 2L2t /λ is referred to as the Fraunhofer distance.

2.1.2 LoS Channel Model with Antenna Arrays

The derivation of the channel model will be made on the basis of the two following assumptions.

1. Each receiving antenna of the array is located in the far field of the transmitting antenna.

2. The incident electromagnetic wave produced by the transmitting antenna and impinging on a receive
antenna of the array can be approximated by a plane wave.

The plane wave approximation of Assumption 2 can be made provided that the distance between the transmit
and receive antennas is greater than dFA = 2L2r /λ, where Lr represents the maximum dimension of the receive
antenna. It is worth observing that such a condition is equivalent to the condition that defines the far-field region
of the receive antenna. Accordingly, we can say that the spherical wave front of the transmit antenna can locally
be approximated with a planar wave front if the transmit antenna is in the far-field region of the receive antenna.
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2L2t /λ

Lt

transmit
near-field region

Lr

2L2r /λ

receive
near-field region

Spherical wave front Planar approximation

Figure 2: Meaning of Assumptions 1 and 2. Both the transmit and receive antennas are in the far-field regions
of each other. The spherical wave fronts can be approximated by locally planar wave fronts.

Here, locally means “in the region occupied by the receive antenna”. A pictorial representation of Assumptions
1 and 2 is given in Fig. 2.

Based on the above assumptions, the complex baseband channel from the transmitting antenna to the nth
receiving antenna can be written as

hn =
√
βne

−j 2πλ dn n = 0, ...,N − 1, (1)

where βn accounts for the path loss and the transmit/receive antenna gains, whereas dn denotes the Euclidean
distance between the centers of the transmitting and the n-th receiving antenna.

2.2 Alternative LoS Channel Models

When the size of the array is smaller than the transmission distance, two approximations of the channel model
can be adopted. The first is the so-called parabolic model [3] while the other is the well-known planar model,
commonly used in MIMO communication systems operating at sub−6 GHz.

2.2.1 Parabolic Wave Front Model

In a cartesian coordinate system OXYZ , let s, rn and c denote the position vectors of the transmit antenna, the
nth receive antenna, and the center of the receive array, respectively. Accordingly, we can write rn = c + δn,
where δn is the displacement from c to rn. Letting dC = s − c be the displacement from s to c, the distance dn
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Lr
antenna near-field

2L2r /λ

Lr
antenna near-field

2L2r /λ

2L2A/λ

LA

array near-field

Figure 3: Antenna near-field and array near-field for an array with two antennas.

from the transmitter to the nth receive antenna is given by

dn = ||s− rn|| = ||dC − δn||

=
√
d2
C + δ2n − 2(dC · δn)

= dC

√
1 +

δ2n
d2
C

− 2(dC · δn)
d2
C

(2)

where dC = ||dC|| is the distance between the transmitter and the center of the receive array, and δn = ||δn||.
Also, a · b denotes the dot (or scalar) product between the vectors a and b.

Assume now that the transmitter is at a distance much larger than the array size, i.e., dC ≫ δn. In this case, we
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can use the Taylor approximation
√
1 + x ≈ 1 + x/2− x2/8 in (2) to write

dn ≈ dC

{
1 +

1

2

[
δ2n
d2
C

− 2(dC · δn)
d2
C

]
− 1

8

[
δ2n
d2
C

− 2(dC · δn)
d2
C

]2}

= dC

{
1− dC · δn

d2
C

+
1

2

[
δ2n
d2
C

− (dC · δn)2

d4
C

]
+ o

(
δ2n
d2
C

)}
≈ dC

{
1− dC · δn

d2
C

+
1

2

[
δ2n
d2
C

− (dC · δn)2

d4
C

]}
= dC

{
1− δn cosαn

dC
+

1

2

(
δ2n
d2
C

− δ2n cos
2 αn

d2
C

)}
= dC

{
1− δn cosαn

dC
+

1

2

[
δ2n
(
1− cos2 αn

)
d2
C

]}

= dC − δn

(
cosαn −

δn sin
2 αn

2dC

)
≜ d (parabolic)

n

(3)

where cosαn ≜
dC
dC
· δn
δn

. Plugging (3) into (1) the following parabolic model is obtained:

h(parabolic)n =
√

βne
−j 2πλ d (parabolic)

n . (4)

It is worth observing that the dependence of hn on dn is much more significant in terms of phase than amplitude.
Hence, for the computation of βn we can safely consider dn ≈ dC [3].

2.2.2 Planar Wave Front Model

The planar approximation is obtained by considering in (3) only the first order term, i.e.,

d (planar)
n ≜ dC − δn cosαn (5)

leading to the planar channel model in the form

h(planar)n =
√
βne

−j 2πλ d (planar)
n . (6)

2.2.3 Fraunhofer Distance of a Receiver Array

Since the second-order approximation terms at the exponent are multiplied by 2π/λ, dropping them requires
that

2πδ2n
2λdC

≪ 1

or, equivalently,

dC ≫
πδ2n
λ

.

Denoting by LA the maximum dimension of the receive array1, the above condition is commonly replaced
by

dC ≫
2L2A
λ

≜ dFA (7)

1Again, LA can be viewed as the diameter of the smallest sphere that completely contains the array.
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Figure 4: Fraunhofer array distance dFA as a function of the carrier frequency fc over the whole THz band.

where dFA represents the Fraunhofer distance for the receive array. Accordingly, we can say that the planar
approximation represents a valid channel model provided that the transmitter is in the far-field region of the
receive array. A pictorial explanation of the near-field and far-field regions of an array with two antennas is
shown in Fig. 3.

Fig. 4 shows the Fraunhofer distance as a function of the carrier frequency fc ≜ c/λ, where c denotes the
speed of light in vacuum, for three different values of LA. We see that with LA = 0.1 m (which could correspond
to a planar square array whose side is 0.1/

√
2 m) dFA ≈ 20 m at fc = 300 GHz, and increases to dFA ≈ 67 m at

fc = 1 THz. These values can be much larger than the typical distances in many practical scenarios.

2.3 LoS MIMO Communications

We consider the planar array shown in Fig. 5. The array consists of NV horizontal rows and NH antennas per
row, for a total of N = NHNV antennas. Each antenna is a squared patch antenna and has an area A. The
spacing (between edges) is dH and dV along the horizontal and vertical directions, respectively. Thus, the
horizontal and vertical lengths of the array are respectively given by

LH = NH

√
A+ (NH − 1) dH (8)

LV = NV

√
A+ (NV − 1) dV. (9)

The antennas are numbered from left to right and from the bottom row to the top row so that antenna n is
located at rn = [rn,x , rn,y , 0]

T, where

rn,x = ∆H

(
−NH − 1

2
+ mod (n − 1,NH)

)
(10)

rn,y = ∆V

(
−NV − 1

2
+ ⌊(n − 1)/NH⌋

)
(11)

with ∆H =
√
A+ dH and ∆V =

√
A+ dV. We assume that K single-antenna User Equipments (UEs) are active

and transmit Y -polarized signals when traveling in the Z direction. We denote by sk = [sk,x , sk,y , sk,z ]
T the

arbitrary location for source k.
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Figure 5: Diagram of the 2D planar array located in the XY -plane.

2.3.1 System Model

We consider the uplink and assume that perfect channel state information is available. The received signal is
given by

η =
K∑

k=1

hkξk + n, (12)

where ξk ∼ NC (0, pk) is the data from UE k, hk = [hk1, ... , hkN ]
T ∈ CN denotes the channel of UE k and n ∈ CN

indicates the thermal Gaussian noise with independent and identically distributed (i.i.d.) elements ∈ NC
(
0,σ2

)
.

The noise noise power σ2 is computed as

σ2 = (kBBT ) · NF , (13)

where kB ≈ 1.38 · 10−23J/K is the Boltzmann constant, B denotes the transmission bandwidth, T indicates the
temperature and NF is the noise figure of the receiver.

2.3.2 Channel Model

To model hk , we consider a lossless isotropic antenna located at sk that transmits a Y -polarized signal when
traveling in the Z direction. The squared amplitude ζkn of the free-space channel coefficient at receive antenna
n, located at rn, is given by [2,5]

ζkn =
1

12π

1∑
i=0

1∑
j=0

gi (sk,x − rn,x) gj (sk,y − rn,y ) |sk,z |[
g2
j (sk,y − rn,y ) + s2k,z

]√
g2
i (sk,x − rn,x) + g2

j (sk,y − rn,y ) + s2k,z

+

1

6π

1∑
i=0

1∑
j=0

tan−1

 gi (sk,x − rn,x) gj (sk,y − rn,y )

|sk,z |
√

g2
i (sk,x − rn,x) + g2

j (sk,y − rn,y ) + s2k,z

 (14)
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Parameter Value Parameter Value

Carrier frequency fc = 300GHz Wavelength λ = 1mm

Antenna area A =
(
λ
4

)2
= 0.0625mm2 Array height h = 5 m

Horizontal spacing dH = 10λ = 10mm Vertical spacing dV = 10λ = 10mm

Table 1: Array parameters.

where

gi (α) ≜
√
A/2 + (−1)i α. (15)

The channel entry hkn = |hkn| e−jϕkn , denoting the channel from UE k to receive antenna n, is obtained as

|hkn| =
√
ζkn (16)

ϕkn = 2π mod
(
dkn
λ

, 1

)
(17)

where ζkn is defined in (14) and dkn = ||sk − rn||.

2.3.3 Spectral Efficiency and Throughput

To decode ξk , the vector η is processed with the combining vector vk ∈ CN . By treating the interference as
noise, the Spectral Efficiency (SE) for UE k, measured in bit/s/Hz, is

SE = log2 (1 + γk) (18)

where

γk =
pk

∣∣∣v†khk ∣∣∣2∑
i ̸=k pi

∣∣∣v†khi ∣∣∣2 + σ2||vk ||2
, (19)

is the Signal-to-Interference-plus-Noise Ratio (SINR). We consider both Maximum Ratio (MR) and Minimum
Mean Square Error (MMSE) combining. MR has low computational complexity and maximizes the power of
the desired signal, but neglects interference. MMSE has higher complexity, but it maximizes the SINR in (19).
In the first case, we have that

vMR
k =

hk
||hk ||

, (20)

while in the second case

vMMSE
k =

(
K∑
i=1

pihih
†
i + σ2IN

)−1

hk , (21)

with IN being the identity matrix of order N.

The aggregate throughput of the system, measured in bit/s, can be computed as

Troughput = B
K∑

k=1

log2 (1 + γk). (22)
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Parameter Value Parameter Value

Coverage Area Square cell Cell-side length L = 20m or L = 50m

Carrier frequency fc = 300GHz Transmission Bandwidth B = 3− 30GHz

UE transmit power pk = P = 0− 30dBm Noise Figure NF = 8dB

UE Distance dC = 5− 50m Combiner MR or MMSE

Table 2: System parameters.

2.4 Performance Analysis in LoS Single-UE Scenario

We begin by evaluating the system performance in a single UE scenario, i.e., with K = 1. In this case, (22)
reduces to

Throughput = B log2 (1 + γ1) (23)

with

γ1 =
p1

∣∣∣v†1h1∣∣∣2
σ2||v1||2

(24)

being the Signal-to-Noise-Ratio (SNR). With MR combining, i.e., v1 = h1, the SNR reduces to

γ1 =
p1

∣∣∣h†1h1∣∣∣2
σ2||h1||2

=
p1
σ2

h†1h1 =
p1
σ2

N∑
n=1

ζ1n. (25)

If the path loss is approximately the same over all the receiving antennas, i.e. ζ1n ≈ ζ1, then we obtain

γ1 = N
ζ1p1
σ2

. (26)

We notice that MMSE and MR provide exactly the same throughput and SNR when K = 1.

2.4.1 System Parameters

We consider a carrier frequency fc = 300GHz that corresponds to a wavelength λ = 1 mm. We assume
that square patch antennas of area A = (λ/4)2 are used. The receiver is equipped with N = 1024 antennas,
organized in a NH = 32× NV = 32 uniform square array with spacing between adjacent antenna edges equal
to dH = dV = 10λ, as shown in Fig. 5. From (8) and (9), we obtain LH = LV = 318λ, and the maximum physical
dimension of the receiving array LA is

LA =
√
L2H + L2V = 318

√
2λ ∼ 45 cm. (27)

Plugging (27) into (7) yields dFA ∼ 404 m.

We consider an industrial scenario for which the coverage area is a squared cell of side length L. We consider
two cases: L = 20m (corresponding to a small-scale scenario) or L = 50m (corresponding to a large-scale
scenario) [6]. We assume the receiver to be located h = 5m higher than the UE on the vertical axis. Therefore,
the UE is located in the XZ -plane at height h and has coordinates (x ,−h, z) with |x | ≤ L

2 and |z | ≤ L
2 . We

denote with dC the distance of the UE from the receive array.

The parameters used across the simulations are summarized in Tab. 1 and Tab. 2 and are based on the
considerations reported in our previous deliverable [7].

101096307 - TIMES 19 of 78



D4.1 - Intermediate report on PHY layer enhancements for THz links
supporting sensing and communication functionalities - v1.0

(a) Throughput.

(b) SNR.

Figure 6: Throughput and SNR with K = 1 and fc = 300GHz. The UE is at distance d = 10m.

2.4.2 Throughput Analysis

Figs. 6a and 6b show the throughout (23) (in Gbps) and the SNR (24) (in dB) as a function of the bandwidth
B and the transmit power p1 = P. The former varies from 3GHz to 30GHz, whereas the latter takes values in
the range from 0dBm to 30dBm. We do not consider B > 0.1 fc = 30GHz in order for the signal to be narrow
band. The UE is located at (0,−5, 5

√
3)m so that the distance dC = 10m. Assume that the transmitter is a

low-end user. In this case, a bandwidth of 2.16GHz and a transmit power of 0dBm are available. This yields a
throughput of 1.4Gbps, which corresponds to an SNR of −2.1dB. The throughput increases up to 165Gbps if
B = 30GHz and P = 25dBm, which is the case of a high-end user. The results of Fig. 6a show that there is no
bandwidth and transmit power combination that results in a throughput higher than 165Gbps. In Sec. 2.6, we
will show that a significant improvement of the throughput is achievable by spatially multiplexing multiple UEs
in the system.

Let us now consider a squared cell of size L = 20m, which corresponds to the small room scenario described
in [6]. We randomly position the UE within the cell, so that it has coordinates (x ,−5m, z) with xmin ≤ |x | ≤ L

2 and
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(a) Varying P with N = 1024.
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(b) Varying N with P = 15 dBm

Figure 7: Cumulative Distribution Function (CDF) of the throughput with K = 1, fc = 300GHz and B = 5GHz.
The coverage area has a radius of 20m, corresponding to a small industrial scenario.

zmin ≤ |z | ≤ L
2 where xmin = zmin = 50 cm denote minimum distances from the x−axis and z-axis, respectively.

Assuming a bandwidth B = 5GHz, we calculate the throughput as per (22).

From the results of Fig. 7a, we see that if P = {0, 10}dBm, the throughput is always lower than 10Gbps
regardless of the position of the UE, therefore we need P > 10dBm. If P = 15dBm, the throughput is lower
than 10 Gbps with 20% probability, and between 10 and 18Gbps with 80% probability. If P ≥ 20dBm, the
probability that the throughput is lower than 10 Gbps is negligible. Moreover, if P = 20 dBm, the throughput is
between 10 and 20Gbps with a 50% probability, and between 20 and 25Gbps with a 50% probability. Eventually,
if P = 30 dBm, the throughput is between 20 and 30 Gbps with a 15% probability, between 30 and 40 Gbps
with 85% probability. Since P ≥ 20dBm, is impractical at very high-frequency (THz band) with the currently
available technology [8], in the remainder of Sec.2.4 we assume P = 15dBm.

In Fig. 7b, we calculate the throughput as per (23) varying the number of receiving antennas N with P =
15dBm. We see that if N = 256, the throughput is always lower than 10Gbps, for a bandwidth B = 5 GHz.
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Figure 8: Throughput as a function of the UE’s distance with fc = 300GHz and P = 15dBm.

Therefore, if a higher throughput is required, we need N > 256. If N = 512, the throughput is lower than 10Gbps
with a 60% probability, and between 10 and 12.5Gbps with a 40% probability. If N = 1024, the throughput is
lower than 10 Gbps with 20% probability, between 10 and 15Gbps with a 50% probability, and between 15 and
17.5Gbps with a 30% probability. Eventually, if N = 2048, the throughput is lower than 10Gbps with a 10%
probability, between 10 and 15Gbps with 10% probability, between 15 and 20Gbps with 60% probability, and
between 20 and 22.5Gbps with 20% probability.

In Fig. 8, we calculate the throughput as per (23) with P = 15dBm varying the distance dC ∈ [5, 50]m with
N = 1024 or N = 4096. We consider both cases B = 0.01 fc = 3GHz and B = 0.1 fc = 30GHz. We point
out that the impact of B and N on the throughput in (23) is different depending on whether we operate in a
high or low SNR regime. More precisely, let us consider the path loss to be approximately the same for all the
receiving antennas, i.e. ζ1n ∼ ζ1, and let us assume γ1 >> 1, i.e., we operate in high-SNR regime. Under
these conditions, (23) simplifies into

Throughput = B log2 (1 + γ1) ∼ B log2 γ1 = B log2

(
ζ1Np1
kBN0B

)
. (28)

which shows that, in the high-SNR regime, the throughput depends on N as log2 N. The dependence on B is
not linear because of the term log2 (ζ1Np1/(kBN0B)). On the other hand, if γ1 << 1, i.e. we operate in low-SNR
regime, then (23) can be simplified as

Throughput = B log2 (1 + γ1) ∼ Bγ1 =
Bζ1Np1
kBN0B

=
ζ1Np1
kBN0

. (29)

Thus, in the low-SNR regime the throughput does not depend on the bandwidth B and grows linearly with
N.

From the results of Fig. 8, we see that as the distance dC increases, SNR gets lower and the throughput is better
approximated by (29) until the dependency on B becomes negligible. For example, we see that if N = 1024, the
throughput is the same at dC = 50m in both cases B = {3, 30}GHz. On the other hand, at shorter distances,
the SNR is higher, and the throughput increases with the bandwidth. For example, we see that at dC = 6m,
with B = 3GHz and N = 1024, the throughput is 11Gbps. By increasing the bandwidth to B = 30GHz, the
throughput becomes 37Gbps, and by increasing the number of receiving antennas to N = 4096, the throughput
is 17Gbps. Therefore, we can conclude that, at short distances, where we typically do not operate in a low-SNR
regime, an increase in the throughput can be observed by increasing the bandwidth or the number of antennas.
However, at long distances, we typically operate in the low-SNR regime, and increasing the bandwidth is not
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Figure 9: SNR and throughput as functions of the carrier frequency fc with P = 15dBm and N = 1024. The UE
is at distance d = 10m.

beneficial in terms of throughput, while the number of antennas becomes more important as the throughput
tends to grow linearly with N. It is worth noting that we can not indefinitely exploit this trend. In fact the more
N grows, the more the SNR increases, and the less accurate the low-SNR regime approximation is going to
be.

2.4.3 Impact of the Carrier Frequency

Let us consider the same receiving array described in Sec. 2.4.1, and assume that the UE has coordinates
(0,−5m, 5

√
3)m so that dC = 10m. The transmit power is P = 15 dBm and we consider both the cases of

bandwidth B = 0.01 fc or 0.1 fc . Fig. 9a and 9b show, respectively, the SNR and the throughput as functions of
the carrier frequency fc varying between 100 GHz and 1 THz.

From the results of Fig. 9a, we see that the SNR is always lower if B = 0.1 fc compared to the case B = 0.01 fc ,
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Figure 10: Throughput as a function of the UE’s distance with fc = 1THz and P = 15 dBm.

as more thermal noise power is included in the useful bandwidth as per (13). For example, we see that
with fc = 300GHz, we have an SNR of 11dB and 1dB, respectively. However, even though a larger bandwidth
comes with a lower SNR, from (23) it is clear that the bandwidth has a double impact on the throughput. In fact,
on one hand, the factor B tends to linearly increase the throughput, but, on the other hand, larger bandwidths
come with lower SNRs that tends to decrease the throughput. Fig. 9b shows see that if B = 0.1 fc , despite the
SNR being larger than in the case of B = 0.01 fc , the throughput is higher across the whole frequency range,
with the difference being higher as fc grows. In order to increase this throughput, we can reduce the distance
d or increase the number of receiving antennas N. In Fig. 10, we show the throughput with d ∈ [5, 50]m and
both N = 1024 and 4096, where in the second case, we are considering NH = NV = 64, which means that
the array dimensions are doubled both horizontally and vertically. We see that all the considerations we did
about Fig. 8 still apply to 10. For example, we see that if N = 1024, the throughput is the same at dC = 50m
in both cases B = {3, 30}GHz. However, at shorter distance, the SNR is higher, and the throughput is larger
as the bandwidth increases. For example,we see that at dC = 6m, with B = 3GHz and N = 1024, the
throughput is 23Gbps. By increasing the bandwidth to B = 30GHz, the throughput becomes 50Gbps, and by
increasing the number of receiving antennas to N = 4096, the throughput is 41Gbps. We point out that even
by transmitting at fc = 1THz, with B = 100GHz and N = 4096, the throughput is 150Gbps. Therefore, we need
to spatially multiplex multiple UEs in order to achieve an aggregate throughput of 1Tbps as we will discuss
in Sec. 2.6.

2.5 Impact of a Mismatched Design

The aim of this section is to quantify the performance of a single UE MIMO communication system designed on
the basis of the parabolic and planar channel models. We begin by first looking into the phase error introduced
by the approximations and then into the impact on the communication metrics.
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2.5.1 Phase Error Analysis

The approximation of dn through the parabolic and planar models generates a mismatch between the angles
of the channel matrices elements given by

∆ϕ(parabolic)
n =

2π

λ
|dn − d (parabolic)

n |, (30)

∆ϕ(planar)
n =

2π

λ
|dn − d (planar)

n |. (31)

The mismatch occurs between the transmitting antenna and each receiving antenna, but it can be conveniently
summarized into a single metric in various ways depending on the application of interest. We consider the
maximum values of the angle mismatch

∆ϕ(parabolic)
max ≜ max

n

{
∆ϕ(parabolic)

n

}
, (32)

∆ϕ(planar)
max ≜ max

n

{
∆ϕ(planar)

n

}
. (33)

which are meaningful metrics, especially in those applications dominated by worst-case error such as spatial-
multiplexing [3]. Let us consider the receiving array in Fig. 5 whose parameters are summarized in Tab. 1.
We consider a single UE to be located at (0,−h, z) with z ∈ [0.5 , 50]m. Therefore, the distance dC is given
by

dC =
√
h2 + z2. (34)

Let us assume we need ∆ϕmax ≤ π/8. From Fig. 11a, we observe that at 300 GHz ∆ϕ(planar)
max is above the

threshold of π/8 over the whole distances interval which means that the planar model would be too rough
within any distance d ≤ 50m. On the other hand, we see that ∆ϕparabolic

max is below the threshold as long as
d ≥ 6m. In a number of industrial scenarios the BS is 5m higher than the UEs [6]. Therefore in these scenarios
the distance between the BS and the UEs is typically greater than 6m and the parabolic model can be an
accurate approximation. In Fig. 11b we investigate the case fc = 1THz and N = 4096. Since the array
dimensions are doubled both horizontally and vertically with respect to the case of Fig. 11a, we expect both
the planar and the parabolic approximations to be less accurate. In fact, we can see that the planar curve is
above the threshold of π/8 over the whole distances interval once again, which means that the planar model
would be too rough within any distance d ≤ 50m also at fc = 1THz. This conclusion is supported by the
dFA ∼ 5.4 km, which implies the UE is very deep into the near-field region of the receiver. Therefore, the planar
approximation is not accurate.

On the other hand, we see that ∆ϕparabolic
max is below the threshold for any distance d ≥ 5m. Therefore, the

parabolic model can be accurate at 1 THz, not only for d ≥ 6m, but also for 5m ≤ d ≤ 6m.

2.5.2 Throughput Analysis

We now investigate the impact of a mismatched design. Consider the same scenario described in Sec. 2.4.3,
and focus on fc = 300GHz and fc = 1THz. As discussed in Sec. 2.4.3, we consider N = 1024 with fc =
300GHz, and N = 4096 with fc = 1THz. We assume that the transmission bandwidth B is 5GHz regardless
of the carrier frequency. We calculate the throughput as per (22) and compute the combiner according to the
spherical, parabolic and planar models.

From Fig. 12a, we see that if fc = 300GHz, the difference between the spherical and parabolic model is negligi-
ble. This means that the mismatch does not have a significant impact on the throughput for any dC ∈ [5, 50]m.
On the other hand, we see that the planar model suffers from a severe mismatch loss. More precisely, with
dC = 50m, the throughput associated with the spherical and planar models are 2.6 and 1.7Gbps, respec-
tively. The difference significantly increases as dC decreases, until the maximum gap at dC = 6m, where the
throughput are 12 and 0.36Gbps, respectively.
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Figure 11: Analysis of ∆ϕparabolic
max , ∆ϕplanar

max as functions of UE’s distance d with fc = 300GHz and N = 1024.
The case with fc = 1THz and N = 4096 is also considered.

Fig. 12b shows that if fc = 1THz, the impact of the mismatch is larger at higher frequencies. More precisely,
on one hand, we see that the impact of the mismatch using the planar model is so strong that the throughput
is always lower than 180Mbps with both N = {1024, 4096}. On the other hand, comparing the spherical and
parabolic models, we observe that the impact of the mismatch is negligible with N = 1024, but it is not in the
case of N = 4096. In fact, in the latter case, the receiving array is 4 times larger than with N = 1024. Therefore,
the local approximation of the spherical wave fronts as paraboloids or planes is less tight, and the parabolic
and planar models are less accurate. However, the impact of the mismatch using the parabolic model is still
negligible for dC ≥ 15m but it is stronger as dC decreases. The maximum gap is reached at dC = 6m where the
throughput computed according to the spherical and parabolic models are 39 and 9Gbps, respectively.
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Figure 12: Throughput with fc = 300GHz or fc = 1THz, B = 0.01 fc , P = 15dBm and N = 1024 or 4096.

2.6 Performance Analysis in LoS Multi-UE Scenario

We now extend the analysis to multi-user LoS scenarios where K UEs are simultaneously active and served
in the uplink by exploiting the spatial multiplexing capabilities of the receive array.

2.6.1 Interference Gain

We start considering a two-UEs scenario (i.e., K = 2). In particular, we analyze the normalized interference
gain, given by (as obtained from (19))

Normalized InterferenceGain =
|v†1h2|2

||v1||2
(35)

where v1 is computed according to the spherical model. Both the MMSE and MR combiners are considered.
The receiving array is shown in Fig. 5 and its geometric parameters are summarized in Tab. 1. Let us now
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Figure 13: Interference gain using MMSE and MR combiners for a fixed UE 1 as a function of different locations
of an interfering UE 2.

consider a square cell of size L = 20m, which corresponds to the small room scenario described in [6],
centered in (0,−5m, 0). We assume that UE 1 is located at the fixed position s1 =

(
0,−5m, 5

√
3m
)
, whereas

the interfering UE 2 is randomly positioned within the cell, so that its coordinates are s2 = (s2,x ,−5m, s2,z) with
sx ,min ≤ |s2,x | ≤ L

2 and sz,min ≤ |s2,z | ≤ L
2 where sx ,min = sz,min = 50 cm denote the minimum distances from the

x−axis and z-axis, respectively. Since we assume fc = 300GHz , the Fraunhofer array distance dFA ≊ 404m,
both the UEs are in the near-field region of the receiving array. We assume that both UEs transmit with the
same power p1 = p2 = 15dBm.

Fig. 13 reports the normalized interference gain with MMSE (Fig. 13a) and MR (Fig. 13b). Each figure contains
a magnification around UE 1’s location, in which the distance of UE 2 from UE 1 is measured in wavelengths
(for a total span of 10λ × 10λ = 1 × 1 cm2). Fig. 13a shows that the interference with MMSE is high only in
small space regions, one of which is around UE 1, whose semi-major axis (along both directions) is on the
order of the wavelength. This phenomenon is referred to as beamfocusing. The focusing does not occur only
at UE 1’s position because the spacing between the antenna elements is dH = dV = 10λ > λ

2 . Therefore, there
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Figure 14: CDF of the throughput per UE with fc = 300GHz, K = {10, 50, 100}, and both MMSE and MR.

is a spatial aliasing effect that results in multiple focusing points. Currently, dH , dV ≤ λ
2 is impractical at very

high frequencies since λ is very small, so that aliasing is unavoidable in practical applications. In order to do
beamfocusing, we need to exploit the curvature of the transmitted spherical wave fronts over the array aperture
to separate UEs in the depth domain. This means that beamfocusing is only possible in the near-field, and
more precisely the distance between the receiver array and the transmitter must be lower than dFA

10 [9]. In our
case this condition is met since dFA

10 ≈ 40m, and the maximum distance from the array of any UE in the cell
is 15m. In the far-field of the receiving array, where the spherical wave fronts are essentially planar over the
receiving array, it is only possible to separate UEs in different directions, but not in the depth domain. Fig. 13b
shows that beamfocusing is also possible with the MR, and the UEs can still be separated in both the direction
and the depth domains. However, interference is always higher than with MMSE. Therefore, we expect MMSE
to have better performance than MR, for any UEs distribution within the cell, in terms of aggregate throughput.
The price to pay is an increase in the implementation costs.

2.6.2 Throughput Analysis

Let us consider the same scenario described in Sec. 2.6.1 with K = {10, 50, 100}. We assume that the UEs
are uniformly distributed in the cell so that they have coordinates (sk,x ,−5m, sk,z) with sx ,min ≤ |sk,x | ≤ L

2 and
sz,min ≤ |sk,z | ≤ L

2 where sx ,min = sz,min = 50 cm. We compute the UEs density per 100m2 as

ρ =
100K

L2
,

[
UEs

100m2

]
. (36)

Each UE transmits with the same power pk = P = 15 dBm over a bandwidth B = 5GHz. We consider both
MMSE and MR, and calculate the throughput as per (22).

In Fig. 14 we show the CDF of the throughput with MMSE (Fig. 14a) and MR (Fig. 14b). From Fig. 14a we
see that the all the curves are almost overlapped. This means that, when MMSE is used, interference does
not have a significant impact on the throughput of each UE with K ≤ 100. We also note that the throughput is
lower than 10Gbps with a 20% probability, between 10Gbps and 15Gbps with a 60% probability, and between
15Gbps and 17.5Gbps with a 20% probability. In Fig. 14b we can observe a different trend because MR is not
designed to cancel the interference between UEs, which significantly impacts the performance. More precisely,
we see that the more UEs are active at the same time the more the CDF of the throughput is shifted to the left.
For any given UEs distribution, the throughput each UE gets is lower than with MMSE, with the difference being
higher as K increases. For example, it can be seen that, with K = 10, the CDF of the throughput is almost
the same for both the combiners. However, in passing from K = 10 to K = 100 the throughput is essentially
the same with the MMSE, but it gets worse with the MR. More precisely, using the MR, the throughput is
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Figure 15: Analysis of aggregate throughput as a function of UEs density with fc = 300GHz and both MMSE
and MR.
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Figure 16: Analysis of the aggregate throughput as a function of carrier frequency fc with K = 80.

lower than 10Gbps with a 40% probability, between 10Gbps and 15Gbps with a 55% probability, and between
15Gbps and 17.5Gbps with a 5% probability.

In Fig. 15 we report the aggregate throughput in (22) as a function of the UEs density ρ ∈ [1 − 100]
[

UEs
100m2

]
.

We see that even though the throughput is always higher with MMSE than with MR, the difference is smaller
for lower UE densities and becomes larger as ρ grows, because MMSE combacts interference while MR does
not. With ρ = 20

[
UEs

100m2

]
, the throughput is 960 and 860Gbps with MMSE and MR, respectively. However, with

K = 100 the throughput becomes 4.1 and 2.8Tbps, respectively. It is worth noting that, with ρ ≥ 24
[

UEs
100m2

]
,

both the MMSE and the MR can achieve throughput larger than 1Tbps.

2.6.3 Impact of the Carrier Frequency

Let us now consider the same scenario described in Sec. 2.6.2 with ρ = 20
[

UEs
100m2

]
, or, equivalently, K = 80.

Without changing the receiving array physical dimension, we consider a carrier frequency fc ∈ [100GHz −
1THz], and we calculate the aggregate throughput as per (22) with an MR combiner.
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(a) Normalized interference gain within a cube of volume
20λ× 20λ× 20λ around the device. (b) Example of an industrial scenario [6, Fig. 4].

Figure 17: Interference gain using MR for a fixed UE 1 as a function of different locations of an interfering UE
2, representing two sensors inside an industrial machine.

Fig. 16 shows that, even though a larger bandwidth decreases the SNR because more thermal noise is col-
lected in the operational bandwidth (as shown in Fig. 9a), the linear dependence of the throughput on the
bandwidth compensates for the SNR reduction resulting in a throughput increment with the bandwidth for both
cases B = {0.01 fc , 0.1 fc}. We observed a similar behaviour in Fig. 9b in the single UE scenario, and, thanks to
the interference cancellation provided by beamfocusing, the same trend is observed in the multi UEs scenario.
More precisely, we see that the aggregate throughput is larger in the case of B = 0.1 fc compared to the case
B = 0.01 fc for any carrier frequency fc . Moreover, the throughput increases with the carrier frequency because
we are assuming that the bandwidth scales up with the carrier frequency fc . It is worth noting that, if B = 0.1 fc ,
the aggregate throughput is larger than 1Tbps with fc between 100 and 300 GHz, and above 2Tbps with fc
between 300 GHz and 1 THz. On the other hand, if B = 0.01 fc , the throughput is between 0.25 and 0.5Tbps
with fc ∈ [100, 200] GHz, between 0.5 and 1Tbps with fc ∈ [200, 700]GHz, and between 1 and 1.25Tbps with
fc ∈ [0.7, 1]THz.

2.6.4 Preliminary Results in Intra-Machine Industrial Scenario

We now consider an industrial scenario where a machine is equipped with K = 2 active sensors (referred
to as UEs). An example is shown in Fig. 17b. The sensors transmit to the receiving array shown in Fig. 5,
whose parameters are summarized in Tab. 1. We assume a carrier frequency fc = 300GHz (i.e. λ = 1mm),
and we focus our attention on a cube volume inside the machine of size Lm = 20λ = 0.02m, centered in
M = (Mx ,My ,Mz) = (0,−5, 2)m. We assume that UE 1 is fixed in the center of the cube M, so that s1 = M,
while we vary the position of UE 2 anywhere inside the cube, so that it has coordinates s2 = (s2,x , s2,y , s2,z) with
|s2,x −Mx |, |s2,y −My |, |s2,z −Mz | < Lm

2 . We assume that each UE transmits with the same power pk = 15dBm
and a bandwidth B = 5GHz. All the other system parameters are summarized in Tab. 2. We consider the
MR, and we calculate the normalized interference gain |v†1h2|2 / ||v1||2 where v1 is computed according to the
spherical model.

In Fig. 17a, we present the normalized interference gain as a function of UE 2’s position, and we see that the
interference gain is not 3dB lower than its maximum only in a limited volume around UE 1’s position. This
behaviour indicates that both the UEs are located in the near-field of the receiver, and because of that, we
are able to do beamfocusing. Indeed, we have ||s1||, ||s2|| < dFA

10 ≈ 40m. If the machine was in the far-field
of the receiver, it would only be possible to focus the beam on specific directions rather than specific points.
Therefore, any region where the interference gain is higher than a certain threshold would theoretically be an
infinite cone, without taking the path-loss into account.
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UE 1’s position

(a) MMSE.

UE 1’s position

(b) MR .

Figure 18: Interference gain using mismatched (planar) MMSE and MR combiners for a fixed UE 1 as a function
of different locations of an interfering UE 2.

2.6.5 The Impact of a Mismatched Design

Interference Gain: We now analyze the normalized interference gain |v†1h2|2 / ||v1||2 where v1 is computed
according to the planar model, with both MMSE and MR. The same scenario described in Sec. 2.6.1 is
considered.

Fig. 18 reports the normalized interference gain with the MMSE combiner being used in Fig. 18a, whereas the
MR is considered in Fig. 18b. Each figure contains a magnification around UE 1’s location, in which the relative
distance of UE 2 from UE 1 is measured in wavelengths (for a total span of 10λ× 10λ = 1× 1 cm2).

In both Fig. 18a and Fig. 18b, we see that the interference gain is high only in limited space regions, but the
size of these regions is significantly larger than in Fig. 13. In fact, since the UEs are not in the far-field of
the receiving array, the spherical curvature of the wave front is not negligible on the receiving aperture, and
can be exploited to do beamfocusing. However, since the focusing is obtained calculating the combiners with

101096307 - TIMES 32 of 78



D4.1 - Intermediate report on PHY layer enhancements for THz links
supporting sensing and communication functionalities - v1.0

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

Spherical

Parabolic

Planar

K = 10, 50, 100

K = 10, 50, 100

(a) MMSE.

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

Spherical

Parabolic

Planar

K = 10, 50, 100

K = 10, 50, 100

(b) MR.

Figure 19: CDF of the throughput per UE with fc = 300GHz, K = {10, 50, 100}, and both MMSE and MR
combiners computed according to the spherical, parabolic and planar models.
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Figure 20: Analysis of aggregate throughput as a function of UEs density with fc = 300GHz and both MMSE
and MR computed according to spherical, parabolic and planar models.

the planar model, the mismatch causes the high interference regions to become significantly larger. More
precisely, both the magnifications around UE’s 1 position in Fig. 18a and Fig. 18b show that the interference
gain is equal to about −90dB over a span of 10λ × 10λ around UE’s 1 position. We also note that the impact
of the mismatch is dominant over the choice of the combiner. In fact, there is no significant difference between
MMSE and MR.

Throughput: Let us consider the same scenario described in Sec. 2.6.2. We calculate both the MMSE
and MR combiners according to the spherical, parabolic and planar model, and we compare the aggregate
throughput to quantify the mismatch impact.

In Fig.19, we report the CDF of Throughput as per (22) with K = {10, 50, 100} UEs. We see that if the planar
model is used, the mismatch significantly decreases the throughput compared to cases where the spherical or
parabolic models are used, regardless of the combiner and the number of UEs. More precisely, we see that
none of the UEs achieves a throughput larger than 2.5Gbps. On the other hand, the parabolic model curves
are overlapped to the spherical ones that we already discussed in Fig. 14. In other words, there is no significant
impact of the mismatch in our scenario when the parabolic model is used.
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Figure 21: The office scenario [10, Fig. 1].

In Fig. 20, we report the aggregate throughput in (22) as a function of UE’s density ρ ∈ [1, 100]
[

UEs
100m2

]
. We

consider both MMSE and MR, and we calculate them according to the spherical, parabolic and planar model to
evaluate the mismatch impact. We see that if the planar model is used, the aggregate throughput is significantly
lower than using either the parabolic or the spherical ones. More precisely, regardless of the combiner being
used and the number of UEs, the aggregate throughput is never larger than 161Gbps. On the other hand, we
find once again that the parabolic model provides the same aggregate throughput as the spherical one, and
this aggregate throughput depends on both the combiner being used and the number of UEs as we previously
discussed in Sec. 2.6.2.

2.7 Preliminary Results with True Channel Measurements

One of the scenarios of interest for the TIMES project is an office where multiple devices are connected at the
same time with an access point mounted under the ceiling [6]. Let us consider the example of this scenario
described in [10]. Equipped with several wardrobes and two tables, the setup corresponds to a common use
case of a THz WLAN, where an access point mounted under the ceiling supplies radio coverage in the entire
room. The room has the dimensions 3.59m × 4.52m × 2.82m. All other lengths can be obtained from the
true-to-scale scheme in Fig. 21. The walls and the ceiling are coated with the same plaster, the floor is covered
with carpet, the wardrobes as well as the tables consist of different kinds of wood, the windows are made
of glass and the door as well as the window frames are metalized. We consider the same receiving array
described in Sec. 2.4.1 whose parameters are summarized in Tab. 1, and we assume that its center is located
under the ceiling, in the center of the room, so that it has coordinates (1.795m, 2.26m, 2.72m). We randomly
displace K = {2, 8, 16} active UEs in 180 positions equally distributed throughout the room from x = 0.25m
and y = 0.75m to x = 3m and y = 4.25m in steps of 25 cm. Representing a handheld nomadic device or a
laptop, the UEs are assumed to be at a height of 0.8m. Each UE transmits with the same power pk = 15dBm.
We assume the same hybrid channel model as in [10], which combines the spatial, temporal and frequency
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Figure 22: CDF of the throughput per UE in an indoor room scenario with fc = 300GHz, K = {2, 8, 16} and
both MMSE and MR.

domains. As the basis, a spatial path-specific channel transfer function is defined as

Hi ,k (fc ,ϕAoD , θAoD ,ϕAoA, θAoA) = ai ,k · e jφi ,k · Di (f ) · e−j2πτi ,k (f−fc ) (37)
· δ (ϕAoD − ϕAoD,i ,k) · δ (θAoD − θAoD,i ,k)

· δ (ϕAoA − ϕAoA,i ,k) · δ (θAoA − θAoA,i ,k) ,

which formulates the channel properties of the i-th path of UE k over the frequency f . ai ,k specifies the ampli-
tude of the ray at the carrier frequency fc and ϕi ,k is its phase, whereas τi ,k and ΦAoA,i ,k/AoD,i ,k , θAoA,i ,k/AoD,i ,k

are its time of arrival and Angle of Arrival (AoA)/Angle of Departure (AoD) in the azimuth and elevation, re-
spectively. Furthermore, e−j2πτi ,k (f−fc ) accounts for the frequency-dependent phase rotation on the propagation
path. Di (f ) denotes a frequency dispersion function. In the simplest case, rays are subject to a frequency-
dependent log-linear increase of their attenuation. All the other details on the computation of Hi ,k can be found
in [10]. Let us now assume the same channel model described in 2.3.2 where the path-loss in (16) is computed
as

|hk,n| = βk =

Nrays,k∑
i=1

Hi ,k (fc ,ϕAoD , θAoD ,ϕAoA, θAoA) , (38)

where Nrays,k denotes the number of paths of UE k, and the all the details about its calculation can be found
in [10]. Note that we are considering the path-loss to be the same on the receiving array aperture. Assuming
a carrier frequency fc = 300GHz, a bandwidth B = 5GHz, and a Noise Figure at the receiver NF = 8dB,
we calculate the throughput as per (22) for both MMSE and MR combiners. The simulation parameters are
summarized in Tab. 1 and 2.

Fig. 22 reports the CDF of the throughput per UE where the MMSE is considered in Fig. 22a, whereas the MR
is shown in Fig. 22b. The MMSE is designed to cancel the interference between the UEs, and we can see that
it outperforms the MR with the difference being larger with more UEs. Moreover, from Fig. 22a, we observe
that the difference in the distribution of the throughput per UE is negligible up to K = 16 UEs. More precisely,
the throughput is lower than 30Gbps with a 10% probability, between 30 and 40, Gbps with a 20% probability,
between 40 and 45Gbps with a 40% probability, and between 45 and 50Gbps with a 20% probability. On the
other hand, since the interference is not taken into account by the MR, in Fig. 22b we see that the throughput
is significantly lower the more UEs are active. For example, if K = 16, the throughput is lower than 20Gbps
with a 15% probability, between 20 and 30Gbps with a 35% probability, between 30 and 40Gbps with a 40%
probability and between 40 and 50Gbps with a 10% probability.

Fig. 23 reports the aggregate throughput as per (22) as a function of the number of UEs K ∈ [2, 32] with both
MMSE and MR. We see that the MMSE achieves always larger throughput than the MR, which validates the
results shown in Fig. 22. We also observe the throughput grows linearly thanks to the interference between
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Figure 23: Analysis of the aggregate throughput as a function of the number of UEs K based on a realistic
office scenario channel model with fc = 300GHz.

UEs being cancelled, while the trend is sub-linear with the MR that does not take interference into account.
Moreover, the MMSE provides throughput larger than 1Tbps with K ≥ 27UEs, whereas the MR achieves about
750Gbps with K = 32UEs. It is worth mentioning that K > 16 in our office scenario corresponds to ρ > 1UE
per m2, which is practical only in specific applications.

2.8 Fully-Digital vs Hybrid Architectures

In the above sections, the assumption is to consider the unconstrained fully-digital beamformer in order to
completely perform signal processing in the baseband. It is known how to perform channel estimation using
a fully-digital scheme. However, it requires a dedicated RF chain for each antenna element, leading to a
significant increase in the cost and power consumption. The observation of the signals from each antenna
element becomes prohibitive, especially when the number of antennas becomes large enough as in Electrically
Large Aperture Arrays (ELAAs), in which a huge number of small-sized antennas can be packed in a relatively
small unit.

With the aim of reducing the overall complexity while guaranteeing reasonable performance at the same time,
hybrid beamformer architectures have been proposed in the literature as a promising alternative to the fully-
digital [12]. In a hybrid beamformer, the number of RF chains NRF is lower than the number of antennas N,
typically at least equal to the number of streams, which implies that the dimensionality of the digital beamformer
is reduced. Fig. 24a and 24c showcase Phase Shifter (PS)-based hybrid beamformers, where the RF chains
can be either connected to all the N antennas, fully-connected, or a subset of them, referred to as sub-
connected. The use of analog PSs is convenient due to the low power consumption of the analog components.
In the case of a hybrid precoder, the fully-connected and sub-connected analog beamformers care given
by:

Ffully
RF = [f fullyRF,1, ... , f

fully
RF,NRF

], (39)

Fsub
RF = blkdiag

(
[fsubRF,1, ... , f

sub
RF,NRF

]
)
, (40)

where f fullyRF,n ∈ CN×1 and fsubRF,n ∈ C
N

NRF
×1 represents the analog beamformers for the n-th RF chain in the fully-

connected and sub-connected architectures, respectively. The operator blkdiag{·} denotes a block diagonal
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(a) PS-based Fully-connected (b) True Time Delay (TTD)-based Fully-connected

(c) PS-based Sub-connected (d) TTD-based Sub-connected

Figure 24: Example of hybrid beamformer architectures [11, Fig. 12].

matrix. The analog beamformers must satisfy the unitary modulus constraint as follows

|[f(full/sub)RF,n ]m| = 1,∀m, n. (41)

It is worth noting that PSs process the incoming signal considering a constant wavelength. However, in wide-
band systems, this assumption may not hold. TTD have been proposed to mitigate the beam-squint effect
in Orthogonal Frequency Division Multiplexing (OFDM) wideband communications. The use of a TTD for
each antenna element [13] may produce performance close to the fully-digital scheme. However, the power
consumption of TTDs makes them not feasible in real scenarios. Therefore, in Fig. 24b and Fig. 24d fully-
connected and sub-connected TTD-based hybrid beamformers are displayed in order to achieve a trade-off
between performance and overall complexity.

In [12], the authors show that assuming perfect Channel State Information (CSI), a hybrid architecture with 2K
RF chains, where K represents the number of information streams, can achieve the performance close to a
fully-digital architecture.

In order to make it feasible in an industrial scenario, the following subsection aims to answer the following ques-
tion: is it possible to estimate the near-field channel with a hybrid beamformer in an industrial scenario?
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2.8.1 Channel Estimation in the Near Field with Hybrid Beamformers

In order to achieve the aggregate throughput of 1 Tbps, as explained in Sec. 2.6, different challenges have
to be faced. Primarily, in an industrial scenario envisioned in the TIMES project dozens, if not hundreds of
moving UEs are expected. Therefore, the system is likely to suffer from pilot contamination, since the number
of orthogonal pilots might be lower than the number of UEs. One of the reasons for the limitation in the number
of pilots is due to the shortened coherence time at extremely high frequencies, as per the THz band. As
a consequence, spatial multiplexing plays a fundamental role in achieving 1 Tbps of aggregate throughput.
However, it requires the accurate estimation of CSI to effectively exploit the spatial diversity.

To address this problem, the use of fully-digital architectures becomes prohibitive for ELAAs, as unveiled in
section 2.8. On the other hand, merely analog beamforming leads to significant performance loss compared
to the fully-digital. This is because there is no such method for channel estimation in the near-field using only
analog PSs. Albeit in the far-field region the angular domain is utilized to recover the CSI, in the near-field,
where the electromagnetic propagation has different properties, both angular and distance domains need to
be taken into account. This section aims to investigate state-of-the-art solutions for the channel estimation
problem aided with hybrid beamforming architectures.

The precoder expressions in (20) and (21) assume perfect CSI, which is unattainable in practical scenarios.
Consequently, a channel estimation has to be performed. The received SNR is crucial, with higher SNR
yielding a more accurate estimation. Typically, at least γk ≥ 0 dB ∀k is required to ensure reliable channel
recovery. The near-field region offers new opportunities to enhance the performance of wireless communi-
cations, such as discriminating different UEs in the distance domain, i.e. beamfocusing. However, it poses
several challenges pertaining to channel estimation, especially with an architecture limitation posed by the
hybrid beamformer, where the available information to estimate the channel is reduced and the noise might be
colored. Furthermore, the far-field assumptions do not hold in the near-field, where the wave front of the prop-
agating signal can not be locally approximated as planar, as discussed in section 2.2. Moreover, in the case of
ELAAs, where there are more antenna elements, more and more channel coefficients need to be estimated.
In [14], the near-field channel estimation problem is addressed by using a hybrid precoding architecture with
NRF RF chains and N antenna elements. To estimate the near-field channel, each single-antenna UE transmits
an orthogonal P-lenght pilot. Since the channel estimation is independent among UEs, the following notation
is referred to a given UE k. In particular, for an OFDM communication with M subcarriers, the received pilot
sequence at the m-th subcarrier and time slot p is

ym,p = Aphm,pξm,p + Apnm,p, (42)

where Ap ∈ CNRF×N represents the analog combining matrix of the hybrid beamformer, which must satisfy the
modulus constraint |Ap(i , j)| = 1, and ξm,p is the uplink pilot. If we assume ξm,p = 1 ∀(m, p), the received pilot
at the m-th subcarrier is denoted as

ym = Ahm + nm, (43)

where nm = [nTm,1A
T
1 , ... ,n

T
m,PA

T
P ]

T ∈ CPNRF×1 represents the combined noise, A = [AT
1 , ... ,A

T
P ]

T ∈ CPNRF×N

is the overall combining matrix, and hm ∈ CN×1 denotes the channel channel for all the considered time slots.
Although the far-field channel is usually sparse in the angular domain, this does not reflect in the near-field
region. In fact, electromagnetic propagation has a different behavior in the near-field, making the energy no
longer concentrated in one angle, but spread towards multiple angles, namely energy spread [14]. Fig. 25
clarifies this by showing the amplitude of the channel in the case of far-field or near-field. It is evident that
in the far-field case, the angle domain is sufficient to discriminate the contribution of three different paths.
However, if the propagation is in the near-field, relying solely on the angular domain is not enough. To obtain
the channel sparsity, both angle and distance domains need to be exploited. As a consequence, far-field-based
channel estimation solutions suffer from drastic performance degradation. The LoS near-field channel at the
m-th subcarrier, assuming a constant path loss across the antenna elements, can be expressed as

hm = ge−j 2πλ rb(θ, r), (44)
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Figure 25: Comparison between the near-field and far-field channels in the angular domain representation [14,
Fig. 2].

where g , θ, and r are the complex channel gain, angle, and distance of the LoS path. b(θ, r) is the near-field
steering vector in the polar domain defined as:

b(θ, r) = [e−jkc (r
(0)−r), ... , e−jkc (r

(N−1)−r)]T , (45)

where r (n) is the distance between a given UE and the n-th antenna, and r denotes the distance of a UE with
respect to the origin of the reference system. The near-field channel can be represented according to the
polar-domain representation hPm as follows:

hm = WhPm , (46)

where W ∈ CN×Q denotes the polar-domain transform matrix, and Q is the number of sampled near-field
steering vectors. In Fig. 26b and Fig 26a it is noticeable how the near-field steering vector differs from the
far-field one. In particular, the authors in [14] discovered that the angle should be sampled uniformly, and the
distance should be sampled non-uniformly to minimize the correlation between different samples, represented
by the columns of W. After designing the W matrix, the compressive sensing-based algorithm in [14] can be
used to perform channel estimation assuming a hybrid architecture.

Given the methodologies described in this section, we expect to apply them to estimate the LoS channel in an
industrial scenario, where dozens of UEs can be active in the working area and reside in the near-field region
of the transmitting ELAAs. With the estimated channel spatial multiplexing can be exploited, aiming to achieve
the throughput of 1 Tbps.

2.9 Frequency Dependent Beam Directions

Frequency scanning antennas represent an alternative solution to achieve spatial multiplexing without the need
for a complex transceiver architecture. These antennas can either be used to perform a point-to-multipoint
communication or to communicate to a single receiver in motion. The concept of a frequency-scanning antenna
has been demonstrated in [15] for frequencies around 72GHz to 79GHz. In [16], frequency scanning antennas
for 230GHz to 245GHz has been investigated.

To obtain a frequency scanning antenna, series-fed antenna arrays are used and beam steering is achieved by
varying the frequency. This is done by separating the radiating elements by half of the free-space wavelength.
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(a) Angular domain. (b) Polar domain.

Figure 26: Near-field channel estimation with (a) angular-domain and (b) polar-domain representation.

Figure 27: Scenario of a frequency scanning transmitter and a moving receiver

The transmission lines which are connecting the elements have a length proportional to the guided wavelength
of the center frequency. Consequently, all elements radiating in phase and the beam are focused at broadside.
This leads to a phase shift between the radiating elements at frequencies that differ from the center frequency.
As a consequence, the beam is steered away from the broadside direction. To control the sensitivity of steering
over the input frequency the length of the transmission lines can be changed [15].

The concept of frequency-scanning antennas will be extended to frequencies around 300GHz. To perform
communication from a transmitter to a single receiver in motion with a frequency-scanning antenna an inter-
frequency handover procedure has to be implemented.

In the proof-of-concept that will be developed within the context of this project, the transmission of real-time
data will be achieved by means of modems operating in Frequency Division Duplex (FDD) or Time Division
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Duplex (TDD) configurations. The use of FDD will require a specific solution to handle the different carrier
frequencies in up-link and down-link directions. They will be designed in the context of WP 5, and will have an
impact to the handover procedure. The concrete concept will be developed once the details in the RF part are
finalized.

Therefore, for the implementation of the handover procedure we will start with the TDD solution, which is based
on modems operating according to IEEE Std 802.15.2023 [17, 18]. With TDD, the frequencies for uplink and
downlink are the same, so that the antennas behave the same in receive and transmit mode. The modems
operate with 2.16 GHz wide channels at a carrier frequency of around 60 GHz, which will be upconverted to
300 GHz. By switching the carrier frequency of those links the scanning angle will be changed, see Fig. 27
yielding the transmission in another beam. In order to perform a handover between the different beams,
the received power levels of the connected beam and the neighbouring beam are constantly monitored and
if certain conditions are fulfilled a hand-over to the neighbouring beam will be triggered. To showcase this
principle, we will perform two levels of demonstrations:

• Simulation-based demonstration: This will be done in a system-level demonstration in SiMoNe enabling
the investigation of n different channels and beams. With this simulation, we will be able to study the
characteristics of the required Key Performance Indicators (KPI), to determine the principle behaviour of
the algorithm, find the best control parameters and investigate the impact of multi path propagation.

• Proof-of-Concept (PoC) by hardware demonstration: TUBS will procure 4 TDD modems enabling to
set-up a hardware-based demonstrations for the handover between two beams.

Once the details of the FDD implementation of the antennas are finalized, we will adapt the TDD-handover
algorithm to the FDD case. This adaptation will be done in a simulation-based demonstration and a PoC
hardware demonstration.

2.10 Remarks

THz communications have the potential to offer much higher data transfer rates compared to traditional RF
communication operating up to the millimeter-Wave (mmWave) bands. Antenna arrays play a crucial role in
THz communication systems, enabling high beamforming and spatial multiplexing gains. The high spatial
multiplexing gain at THz frequencies translates to an increase in the overall throughput of the communication
system. By exploiting spatial diversity, THz systems can support a larger number of simultaneous devices,
leading to higher data rates and improved spectral efficiency. Despite the encouraging results, we must be
aware of the following caveats.

• Acquiring channel state information: The analysis was based on perfect knowledge of the propagation
channels, which change over time and frequency, and thus must be estimated. The time interval over
which the channel maintains constant is known as coherence time Tc , and can be computed according
to the following rule of thumb [19]

Tc =
λ

4v
(47)

where v is the velocity of the mobile UE. The coherence bandwidth Bc describes the frequency interval
over which the channel response is approximately constant. A coherence block consists of a number of
subcarriers and time samples over which the channel response can be approximated as constant and
flat-fading. Therefore, it can be computed as

τc = TcBc =
λ

4v

1

Td
. (48)

To estimate the channel, pilot symbols are typically embedded in the transmitted signals. During the
coherence block, these known symbols are used at the receiver to infer the channel response. Each
user may have a dedicated set of pilot symbols, facilitating separate channel estimation for different
users.
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From (48), it may appear that the coherence block decreases with increasing frequency (indicating faster
channel variation). However, in the context of industrial THz communications systems, which are ex-
pected to operate in LoS conditions within relatively compact cell radius and serve slowly moving UEs,
the reduction in delay spread and consequent increase in coherence time represent a counteracting
effect to the linear scaling with λ. Assuming a carrier frequency of fc = 300GHz (corresponding to
λ = 1mm), a mobility of v = 5m/s, and a channel bandwidth of Bc = 3GHz as described in [20], we
obtain a coherence time of Tc = 50µs and a coherence block of τc = 150 · 103 channel uses. This
number is sufficient for effective channel estimation and subsequent data transmission, even if a large
number of UEs is active.

• Accurate channel state information: The beamwidth of an antenna array in the elevation (azimuth) do-
main is inversely proportional to its normalized vertical height LV (horizontal width LH ) measured in
multiples of the wavelength [19]. For a fixed effective area, LV and LH scale linearly with λ, so that the
beamwidth is proportional to λ−1 [19]. Therefore, although large antenna arrays enable communications
at THz due to their high gain, they only do so if the narrow beams are well directed towards the trans-
mitter/receiver, which requires an accurate channel estimation. Moreover, the usage of narrow beams
implies that THz communications strongly suffer from the blocking of the LoS path since most other
paths depart/arrive at angles, which are not aligned with the beam directions of the arrays. This makes
challenging to provide coverage over a large area and to support highly mobile UEs.

• Hardware implementation: Antenna arrays must have a dynamically controllable response. This requires
a dedicated RF chain per each radiating element (per each subset or radiating element). This design
is very challenging with today’s technology at very high frequencies, because the size, cost, and power
consumption of the required hardware is prohibitive for use in UEs [21–23]. In particular, the Power
Amplifiers (PAs) and Digital-to-analog Converters (DACs) / Analog-to-digital Converters (ADCs) are very
power consuming at THz (if the bandwidth is increased) and so is the parallel processing of a large
number of data streams with billions of samples per second. Therefore, alternative approaches such
as analog and hybrid analog-digital beamforming 2 [24] as well as low-resolution DACs / ADCs [25] are
subjects of current research.

2Analog beamforming introduces phase shifts to the signals going from a single RF chain to the individual radiating
elements. Hybrid analog-digital beamforming refers to an antenna array in which each antenna consists of multiple radiating
elements whose phases can be individually controlled via analog beamforming.
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3 Waveform Design and Tracking for THz-ISAC
THz communication is envisioned as a key technology of next-generation wireless systems due to its ultra-
broad bandwidth. One step forward, THz ISAC system can realize both unprecedented data rates and
millimeter-level accurate sensing. However, THz-ISAC meets stringent challenges on waveform design to
fully exploit the special properties of THz channels and transceivers. In order to enable such integration, the
waveform design is crucial as the same waveform will be used for both functionalities. OFDM, which is the
waveform employed in LTE and 5G, is considered to be an effective solution. Moreover, OFDM has been also
considered for Radar due to its range and velocity resolution [26]. Despite offering several advantages, OFDM
suffers from high Peak-to-Average Power Ratio (PAPR) and places high constraints on the RF components
and amplifiers, especially in high frequencies where RF amplifiers are not easily implemented, and thus, will
cause non-linear distortion and reduce the sensing range. Moreover, low PAPR of the transmit signal is vital
for THz transmitters to guarantee effective transmission power and high energy efficiency [27]. Thus, Discrete
Fourier Transform (DFT)-s-OFDM with the single-carrier characteristic is more competitive than OFDM for THz
communications. To overcome the PAPR issue of OFDM, DFT-s-OFDM has been considered as an effective
solution and has also been part for both LTE and 5G systems in the uplink. Unfortunately, the introduction
of DFT will affect the sensing accuracy of OFDM. Consequently, a lot of effort has been paid to improve the
sensing performance of DFT-s-OFDM. For example, the work in [28] proposed a novel frequency domain
spectral shaping technique to enhance the spectral domain of DFT-s-OFDM by adjusting the correlation of
signals. However, the communication performance is reduced and the Bit Error Rate (BER) is increased. The
work in [29] proposed a framework for chirp-based communications by exploiting DFT-s-OFDM. However, this
also led to an increased BER. In the next section, we investigate the potential of DFT-s-OFDM for THz ISAC
and propose the design a flexible DFT-s-OFDM waveform that is superior to OFDM. A properly designed
waveform for ISAC enables the estimation of certain parameters and attributes of an object, while considering
the communication performance as well. However, due to mobility in the environment, the parameters of an
object may need to be tracked over time. In fact, another important aspect for enabling ISAC is tracking. The
benefit of sensing and tracking is twofold. Firstly, the precise sensing offered by THz technology and tracking
applications can increase the safety of the environment by properly detecting in advance uncooperative ob-
jects (e.g., forklifts, carts) approaching a machine or worker or entering a restricted area. Secondly, sensing
combined with tracking can help increase the reliability of communication links by detecting incoming moving
objects/people and predicting potential link obstructions in advance. Furthermore, depending on the dimen-
sions of the target relative to the distance between the target and the sensing receiver, the sensed object can
be modeled as a point target or and extended target. In the scenarios defined in the TIMES project, i.e., indoor
industrial environments at THz, the far-field assumption may no longer be applicable, and hence, a sensed
object may need to be modelled as an extended target. Section 3.2 provides an initial discussion and analysis
on the tracking of extended targets for THz ISAC.

3.1 Waveform Design

We propose a multi-block DFT-s-OFDM to find a trade-off between the PAPR and the sensing performance.
Simulation results show that the sensing performance can be enhanced at the expense of PAPR for the wave-
form. To this end, this section provides the following main contributions:

• We propose a flexible multi-block DFT-s-OFDM waveform, where the DFT spreading block stage is
divided into multiple DFT spreading blocks. Thus, in turns, we control the frequency response of the
waveform.

• We compare the sensing performance of the proposed waveform with plain DFT-s-OFDM and OFDM
waveforms.

• Simulation results shows that the proposed waveform offers trade-off between the sensing performance
and PAPR.
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Figure 28: System model for THz-ISAC systems.

Figure 29: OFDM transmitter.

Figure 30: Proposed L blocks DFT-s-OFDM ISAC transmitter.

3.1.1 System Model

Fig. 28 considers a mono-static ISAC system and let dm,∀m = 1, ... ,M, denote the data symbols to be transmit-
ted with symbol duration of T s, where the data symbols are independently drawn from the same constellation,
e.g., 64-QAM, and M is the total number of data symbols.

We introduce the channel models for THz-ISAC, including a LoS communication channel model and a single
target sensing channel model, respectively as follows. On one hand, the Channel Impulse Response (CIR) of
the LoS communication channel is [30]

hc(t, τ) =αce
j2πνLoStδ(τ − τLoS), (49)

where δ(·) denotes the Dirac delta function, αLoS represent the attenuation for the LoS ray, respectively. The
propagation delay τLoS for the LoS ray can be computed by the equations τLoS = rLoS

c0
, where rLoS stands for the

LoS path distance and and c0 is the speed of the light. Meanwhile, the time-varying channel response hc(t, τ)
is influenced by the Doppler shift νLoS along the LoS path which are calculated by ν = fcv

c0
, where v represents

the relative speed between the Transmitter (TX) and the Com Receiver (RX) along the corresponding path, fc
refers to the carrier frequency.

On the other hand, the CIR of the single target sensing channel is described as

hs(t, τ) = αpe
j2πνptδ(τ − τp), (50)

where αp is the attenuation. Due to the two-way propagation, the delay and the Doppler shift are calculated by
τp =

2rp
c0

and νp =
2fcvp
c0

, where rp and vp stand for the range and relative speed, respectively. The speed can be
positive or negative, which is determined by the moving direction of the target or the communication receiver.
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In the radar sensing channel, a negative speed means that a target is moving away. In the communication
channel, a negative speed means that the communication receiver is moving away from the transmitter. The
power attenuation of sensing echoes is depends on the Radar Cross Section (RCS) of the sensing target
[30,31].

The Channel Frequency Response (CFR) is given as follows:

Hs(m∆f , τp) = αpe
j2πνpmToe j2πm∆f τp . (51)

3.1.2 OFDM Radar

The baseband OFDM time domain signal of one OFDM symbol can be expressed as:

x(t) =
M−1∑
m=0

dm exp(j2π(m∆f )t), 0 ≤ t ≤ T , (52)

where M is the total number of sub-carriers, fc is the centre carrier frequency, and ∆f is the sub-carrier
spacing. To avoid the interference among different sub-carriers, the orthogonality can be attained using the
following condition:

∆ f =
1

T
. (53)

Using this condition and consider discrete time system, the discrete time OFDM signal can be written as
follows:

x(n) =
M−1∑
m=0

dm exp(j2πm
1

T
n
T

N
), 0 ≤ n ≤ N, (54)

x(n) =
M−1∑
m=0

dm exp(j2π
nm

N
), 0 ≤ n ≤ N, (55)

Where M = N in order to recover the M transmitted symbols from the received OFDM symbol. Note that (55)
represents the Inverse-Fast Fourier Transform (IFFT) operation. We apply IFFT to data symbols dm to obtain
the OFDM symbols with N samples that are transmitted over time sample n. The IFFT is linear operation such
that the input and the output are with the same dimension to to be able to recover the signal. Note that, OFDM
transmission is normally done using frames with L symbols, assuming l transmitted symbols, OFDM frame is
given as follows:

xl(n) =
L−1∑
l=0

M−1∑
m=0

dm,l exp(j2π
nm

N
), 0 ≤ n ≤ N,∀l . (56)

Let us write the OFDM transmission in matrix form as follows, we first consider data symbols in matrix form as
D ∈ CM×L. Thus, the transmitted OFDM signal is given as follows:

X = WD, (57)

where W ∈ CM×M is the inverse DFT matrix where the (n,m) entry is filled with exp(j2π nm
N ). The received

signal at the sensing receiver is given as follows:

Y = HWD+N, (58)

by using the least square estimator, the estimated channel is given as follows:

H̃ = H+ Z/X, (59)

After obtaining the estimated channel frequency response H̃, we use the periodogram method to obtain the
Doppler and delay parameters [26].
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3.1.3 Performance Evaluation

In this section, we provide various simulation results to illustrate the performance of the proposed DFT-s-OFDM
waveform system compared with OFDM and plain DFT-s-OFDM waveforms proposed for ISAC systems. The
key parameters include center frequency of 300 GHz, sub-carrier spacing of 1 MHz, M sub-carriers, block size
of 256, and 4-QAM modulation.

Fig. 31 shows the Root-Mean-Square Error (RMSE) for target estimation for different waveforms. As can be
seen the OFDM waveform offers high accuracy for target estimation compared with the two DFT-s-OFDM
variants. However, OFDM suffers from high PAPR. As can be observed the proposed DFT-s-OFDM offers
high accuracy compared with the plain DFT-s-OFDM.

Figure 31: RMSE for target estimation for different waveforms. The target is located at a distance of d = 100
meters and its velocity is 80 m/s. Total number of sub-carriers M = 256 and the DFT-s block size is
256. Number of DFT-s blocks is 16 for the proposed.

3.2 Tracking of Extended Objects

As mentioned before, tracking can provide increased safety of the environment by properly detecting certain
targets. In addition, tracking can also help increase the reliability of communication links, e.g., by predicting
potential link obstructions. For what concerns the first scenario, which is depicted in Fig. 32, the exploitation
of an ISAC-based system and the tracking capabilities to improve safety in industrial-type environments is
particularly interesting for TIMES. Sensing can thus make it possible to detect uncooperative objects (such as
carts and forklifts) and obstacles in unwanted areas or workers near machinery, thus enabling the ability to
detect them and localize them accurately, together with the possibility of predicting their trajectory in advance,
using proper and accurate tracking algorithms. This can allow the implementation of the necessary accident-
avoiding countermeasures.

The second scenario, in Fig. 33, concerns the ISAC-enabled sensing-assisted communications for improved
THz link reliability. In fact, due to very sharp beams, THz communications likely experience obstructions (by
moving objects or simple debris due, e.g., to mechanical processing), causing communication outages. This
aspect is extremely detrimental in industrial environments where link reliability and low-latency communications
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are necessary to compete with well-established wired systems. Therefore, ISAC-enabled sensing-assisted
communication systems, where sensing information is also used to assist the beam management in a commu-
nication link, can improve this non-trivial issue.

In particular, sensing and tracking capabilities can be exploited to early detect and locate any passive objects
(e.g., robotic harms, people, carts, debris) that can obstruct a communication link. Localization and trajectory
prediction in ISAC-enabled sensing-assisted systems coupled with tracking algorithms thus can allow detec-
tion of the incoming obstacle in advance, estimate its position and velocity, and, of course, predict its future
trajectory evolution a few seconds in advance. This way, a mesh network has enough time to set up a backup
link to overcome the obstacle thanks to multi-hop communications or the use of Reconfigurable Intelligent
Surface (RIS). This part is crucial to ensure link reliability.

In this section, we focus on tracking and specifically on tracking an extended target. Indeed, at THz and in
industrial environments (usually indoors), such as the scenarios defined in the TIMES project, the far-field
assumption is no longer valid, and thus, in the near-field, a target cannot be considered point-like.

For this reason, the filtering problem statement at the basis of the tracking algorithm, coupled with the extended
target model and a particular possible implementation thereof, are presented in the following subsections.

In particular, a Bayesian approach, based on [32], has been proposed for tracking an extended object in clutter
based on two simple axioms:

1. the numbers or received target and clutter measurements in a frame are Poisson distributed (so several
measurements may originate from the extended target)

2. the target extent is modeled by a spatial probability distribution and each target-related measurement is
an independent ‘random draw’ from this spatial distribution (convolved with a sensor model).

This model turns out to be especially suitable for a particle filter implementation.

3.2.1 System Model

The target parameters to be estimated are contained in the state vector Xk , where k denotes the time step.
The state vector includes the usual target descriptors such as position and velocity together with parameters
that specify the spatial extent of the target for the measurement model.

The state vector is assumed to evolve according to a known Markov model: P(Xk |Xk−1).

Forklift trajectory is tracked by sensing functionality 
(i.e., velocity and direction estimation)

The worker is localized either 
actively or via sensing

The forklift is modelled through 
point scatterers. If detected and 
localized, we can track “corners” 

and send an alarm if they are 
approaching the worker too 

quickly.

Figure 32: Industrial-type scenario where ISAC-based system and tracking capabilities can be used to improve
safety.
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Sensing beamCommunication beam

Multi-hop backup link

The worker is going to obstruct the 
communication beam between 

machine #1 and #2 thus causing an 
outage

Multistatic sensing ➔Machine #2 and 
#3 detect and localize the worker by 

receiving the echoes produced by the 
other machine. Hence, the backup link 

can be created

Machine#1 Machine#2

Machine#3

Figure 33: ISAC-enabled and tracking sensing-assisted communications for improved THz link reliability in
industrial scenario.

3.2.2 Measurement Model

At each time step k, a frame of nz sensor measurements Zk = {z1, · · · , znz}k becomes available. It is important
to note that each of these nz measurements originates either from random clutter or from the target.

For this reason, we define a mapping ϕ : {1, · · · , nz} → {0, 1} that assigns each measurement to the target (1)
or to clutter (0). It is important to note that ϕ is unknown. In this model, we assume that:

• clutter measurements are independent of the target and distributed according to P(zj |ϕ(j) = 0,Xk) =
PC (zj), where PC(·) is known;

• target measurements are distributed according to the spatial extent model: P(zj |ϕ(j) = 1,Xk) = PT (zj |Xk),
where PT(·) is known.

Furthermore, given ϕ and Xk , all measurements in the frame Zk are independent, so

P(Zk |ϕ,Xk) =
nz∏
j=1

P(zj |ϕ(j),Xk). (60)

The number nT of measurements in the frame that originate from the target is assumed to follow a Poisson
distribution with mean λT, where this parameter could be an element of the state vector.
Therefore, the probability of nT target detections per frame is given by

P(nT|Xk) =
λnT
T

nT!
e−λT . (61)

Likewise, the number nC of clutter measurements is modeled by a Poisson distribution with mean λC, as
follows

P(nC|Xk) =
λnC
C

nC!
e−λC . (62)

In this case, the distribution of the total number nz of measurements received in a frame is also Poisson with
mean λT + λC

P(nz |Xk) =
(λT + λC)

nz

nz !
e−(λT+λC). (63)
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Note that both λT and λC are problem specific parameters. They can either be set to predetermined values, or
added to the list of parameters to be estimated.

3.2.3 Problem Statement

To complete the problem description, we assume that the prior distribution P(X1) of the state vector is available
and known at time step k = 1.

Given a sequence of measurements Z′
k = (Z1, · · · ,Zk) and supposing the motion and measurement model

and the prior state distribution as known, the tracking of extended objects problem consists in determining the
posterior distribution P(Xk |Z′

k).

3.2.4 Formal Bayesian Filter

On the basis of the above model, a general formal Bayesian recursive filter may be derived.

First, we suppose that the posterior Probability Density Function (PDF) P(Xk−1|Z′
k−1) at time step k − 1 is

available, where Z′
k−1 = (Z1, · · · ,Zk−1).

It is required to construct the posterior PDF P(Xk |Z′
k) at the following time step k. Moreover, the prior PDF at

time k may be obtained from the motion model and the posterior PDF at the previous time step k − 1 (that are
assumed as known), via the Chapman-Kolomogorov equation, as follows

P(Xk |Z′
k−1) =

∫
P(Xk |Xk−1)P(Xk−1|Z′

k−1)dXk−1. (64)

Subsequently, the prior PDF may be updated with information from the latest set of measurements Zk via
Bayes rule, so that the posterior PDF at time step k can be written as

P(Xk |Z′
k) ∝ P(Zk |Xk)P(Xk |Z′

k−1). (65)

The two relations in (64) and (65) are the general form of the formal Bayesian recursive filter.

Note that in (65), the prior PDF P(Xk |Z′
k−1) at time step k, defined in (64), is assumed as known but the likeli-

hood P(Zk |Xk) must be specified.
Consider the likelihood P(Z|X), where for convenience the time subscript k has been omitted for the moment.
The measurement set Z implicitly specifies the number nz of measurements in the frame in addition to the
values of the measurements which we denote with Z†, i.e., Z = (Z†, nz).

Using the partition of all possible mappings ϕ (for the given nz ), the likelihood may be rewritten as

P(Z|X) =
∑

ϕ∈{0,1}

P(Z,ϕ|X)

=
∑
ϕ

P(Z†|ϕ, nz ,X)P(ϕ, nz |X)

=
∑
ϕ

P(Z†|ϕ,X)P(ϕ, nz |X) (66)

where, using the information that the measurements are conditionally independent in (60), P(Z†|ϕ,X) =∏nz
j=1 P(zj |ϕ(j),X).

Now, using the partition of all possible numbers of target measurements, we have

P(ϕ, nz |X) =
nz∑

nT=0

P(ϕ, nz , nT|X)

=
nz∑

nT=0

P(ϕ|nz , nT,X)P(nz |nT,X)P(nT|X). (67)
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For nT target measurements out of a frame of nz measurements, there are nϕ =
(
nz
nT

)
= nz !

nT!(nz−nT)!
equally-

plausible association mappings; so, if there are nT measurements associated with the target by ϕ, then

P(ϕ|nT, nz) =
1

nϕ
=

nT!(nz − nT)!

nz !
(68)

else, if ϕ is incompatible with nT and nz , P(ϕ|nT, nz) = 0. Note that ϕ is only compatible with one choice of nT,
because there is only one possible value of nT given a certain function ϕ (that associates a number of 1s equal
to nT). This means that in (67) only one term of the summation is non-zero.

The number nT of measurements originating from the target is given by the Poisson model in (61) and if nC is
the number of clutter associations, also Poisson distributed, then (62) can be rewritten as

P(nz |nT,X) = P(nC = nz − nT|X) (69)

=
λnz−nT
C

(nz − nT)!
e−λC . (70)

Substitution of (61), (68) and (69) into (67) gives, after cancellation of terms, the following expression

P(ϕ, nz |X) =
1

nz !
λnT
T λnz−nT

C e−(λT+λC). (71)

The result in (71) together with (60) specifies the likelihood via (66). Thus, the required posterior PDF of the
target state in (65), can be rewritten as

P(Xk |Z′
k) ∝ P(Xk |Z′

k−1)
∑

ϕ∈{0,1}

(
λT

λC

)nT(ϕ) nz∏
j=1

P(zj |ϕ(j),Xk) (72)

where the time subscript has been restored and the nT has been written nT(ϕ) to emphasize that ϕ determines
nT.
Therefore, nT is an unknown parameter because it depends on ϕ that is assumed unknown in Section 3.2.2.
Note that if the clutter is uniformly distributed over the sensor Field of View (FOV) with density ρ, then (72)
reduces to

P(Xk |Z′
k) ∝ P(Xk |Z′

k−1)
∑

ϕ∈{0,1}

(
λT

ρ

)nT(ϕ) nz∏
j=1,ϕ(j )̸=0

PT(zj |Xk) (73)

where PT(z|Xk) is the PDF of a measurement originating from the target at the time step k, i.e., as we defined
above, it is the spatial extent model (supposed as known). The product in (73) should be interpreted as unity
for the case ϕ(j) = 0 for all j (related to clutter measurements).
It can be shown, as proved in [32], that the summation over ϕ in the likelihood may be evaluated to give

P(Xk |Z′
k) ∝ P(Xk |Z′

k−1)
nz∏
j=1

(
1 +

λT

ρ
PT(zj |Xk)

)
(74)

where P(Xk |Z′
k−1) can be obtained via the Chapman-Kolomogorov equation in (64) and it is known because

it requires the knowledge of the motion model and the posterior PDF at time k − 1, which are assumed as
known.

We remark that this convenient result is a direct consequence of the Poisson assumptions and it allows the like-
lihood to be evaluated without constructing association hypotheses, which is especially valuable for a particle
filter implementation.

The PDF PT(z|X) of measurements originating from the target, also defined as the spatial extent model, de-
pends on:
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1. the target model, which describes how measurement sources Y are distributed in the space over the
target. So the PDF of a source Y given target parameters X may be written P(Y|X). This may be viewed
as a model of the spatial extent of the target;

2. the measurement error process (or sensor error model) P(z|Y), which describes the measurement z
arising from the source Y, i.e., the measurement values depend only on Y. P(z|Y) is typically a Gaussian
perturbation about a function of Y.

Therefore, the PDF of a measurement zj originating from the target is given by the following convolution

PT(z|X) =
∫

P(z|Y)P(Y|X)dY. (75)

There are many possible extended target models, ranging from the classical point-like target (where P(Y|X)
reduces to a delta functional on the relevant components of the state vector) to complex representations of
particular target structures. The range includes models corresponding to sets of point sources and more
“diffuse" representations. This spatial model could be a bounded distribution such as a uniform PDF or an
unbounded distribution such as a Gaussian. It is also possible to model source concentrations via mixture
models of the form

P(y|X) =
NC∑
i=1

wi (X)Pi (y|X) (76)

where the wi (X) are positive weights that sum to unity, and NC is the number of the component PDFs Pi (y|X).
Both depend on the target state vector X.
For this mixture model, the probability of a target source originating from component i is wi (X), and since each
measurement is independent, multiple sources may arise from particular components. It is also possible to
use negative mixture weights to generate the desired PDF, provided the overall mixture remains non-negative.
However, clearly in this case the weights do not have the above physical interpretation. By choosing the
spread, location and weight of the mixture components, it is possible to model concentrations of measurement
sources in addition to a broad background distribution. The mixture weights can also be tailored according to
the target-sensor geometry, for example, for head-on aspects, the forward component of the target model is
likely to be dominant.

3.2.5 Proposed Problem Setting

In this subsection, the target and clutter models, and the distributions required for the Bayesian filtering for
tracking, derived in Section 3.2.4, are presented for a possible implementation of the filter. Our choices are for
a simplified and preliminary version of the tracking system implementation for ISAC, but they seem reasonable
and compatible with the scenarios defined in the introduction.

3.2.6 Target Model

In this work, as proposed in [33], the target is modeled as a set of grid elements P within a designated
rectangular region A ⊂ R2 with a fixed size and an area of |A|, as shown in Fig. 34.
At each time step the sensor measurement is made, the extended target is composed of a random number
nT < |P| of scatterers. Given that each grid element inside A can be active, i.e., the target scatterer is localized
inside that element, with probability q, the number of active points, or target scatterers, follows a binomial
distribution, with probability q and number of trials |P|, i.e., nT ∼ B(q, |P|).

This may seem to be in contrast to the assumption given in Section 3.2.2, where the number of target mea-
surements in a frame is assumed to follow a Poisson distribution with mean λT.
However, if we consider a finite but very large number of elements on the grid, i.e., |P| → ∞, each of which
is independent active or non-active, the binomial distribution can also be very well approximated by a Poisson
distribution, with mean λT = q|P|.
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Figure 34: Extended target modeled as a set of scatterers corresponding to grid elements within a rectangular
region with fixed size, W and L, and area A(Xk). Its center of mass position (xR,k , yR,k ) and orienta-
tion (defined by the velocity component vx ,k and vy ,k ) are according to the predicted state vector Xk

at time k. The clutter measurements are assumed to be uniformly distributed on the sensor FOV
area.

3.2.7 Clutter Model

A radar sensor not only provides measurements originating from the target object but also from other objects
in its FOV, and therefore random clutter occurs. For this reason, a clutter measurement likelihood model is
required.
As already stated in Section 3.2.4, clutter measurements are assumed to be uniformly distributed in the sensor
FOV area AFOV, with probability

PC(zj |Xk) =

{ 1
AFOV

if zj ∈ FOV, ϕ(j) = 0

0 elsewhere
. (77)

The number of clutter measurements per frame is Poisson distributed with mean λC = ρAFOV.

3.2.8 Filter Implementation

Based on the proposed target model, the formal Bayesian filter discussed in Section 3.2.4 can be implemented
by defining the distributions required in the Bayesian filtering, and the tracking algorithm for the implementation
of the filter.

In particular, first we assume that the state vector at a generic time step k is defined as

Xk = [xR,k , yR,k , vx ,k , vy ,k ]
T (78)

where xR,k and yR,k are the cartesian coordinates of the extended target center of mass, while vx ,k and vy ,k are
the target velocity components.
The generic sensor measurement j , within the measurement frame Zk available at time step k, originating from
either the target or the clutter, can be represented by the following vector

zj = [xj ,k , yj ,k ] (79)
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where xj ,k and yj ,k are the cartesian coordinates of the scatterer j estimated by the sensor at time step k.

To this point, based on the proposed target and clutter models, and the considered Bayesian filter, the distribu-
tions required for the Bayesian estimation of the state vector parameters, are listed below.

• Prior state distribution:
P(X1) ∼ N (µ0,Q0) (80)

where µ0 = [xR,0, yR,0, vx ,0, vy ,0] and C0 = diag(σ2
x ,0,σ

2
y ,0,σ

2
vx ,0 ,σ

2
vy ,0 ).

• Motion model:
P(Xk |Xk−1) ∼ N (Ak−1Xk−1,Qk−1) (81)

where, by assuming a linear motion model with zero-mean Gaussian process noise and small update
time interval Tupdate, Xk−1 is the state vector estimated at the time step k − 1, Qk−1 is the covariance
matrix of the process noise and Ak−1 is the transition matrix of the constant velocity motion model,
defined as

Ak−1 =

 In TupdateIn

0n In

 (82)

where n is the spatial dimension of the problem, in this case set to n = 2.
A simple but reasonable way to define the process noise covariance matrix is to set Qk−1 = αTupdateIn,
where α is the constant motion uncertainty coefficient.

• Prior density:

P(Xk |Z′
k−1) =

∫
P(Xk |Xk−1)P(Xk−1|Z′

k−1)dXk−1 (83)

evaluated through the Chapman-Kolomogorov equation, as stated in Section 3.2.4.

• Posterior density:

P(Xk |Z′
k) ∝ P(Xk |Z′

k−1)
nz∏
j=1

(
1 +

q|P|
ρ

PT(zj |Xk)

)
(84)

where the proposed extended target measurement likelihood is given by

PT(zj |Xk) ∼
{ N (zj ,Cj) if zj ∈ A(Xk)

0 elsewhere
(85)

where Xk is the predicted state vector at time step k evaluated through the motion model, A(Xk) is the
rectangular target area A, according to the predicted state vector Xk , and Cj = diag(σ2

x ,j ,σ
2
y ,j), where σ2

x ,j

and σ2
y ,j are the variances of the position coordinates of the scatterer j , which are related to the mea-

surement uncertainty along the two cartesian coordinates, depending on the sensor range resolution.
According to this model, it can be observed that the product in the posterior density expression is the
product of equally weighted Gaussians with different mean vectors, corresponding to the estimated posi-
tion coordinates of the associated scatterers. If we assume that each of these has the same covariance
matrix C, the resulting distribution is also Gaussian with the same weight and covariance matrix C, but
having a mean vector composed of the coordinates of the barycenter of the estimated target scatterer
position, according to the predicted state vector at time k, i.e., for zj ∈ A(Xk).

For what concerns the tracking algorithm necessary to obtain the estimation of the state vector, starting from
the posterior density, the proposed model turns out to be particularly suitable for a particle filter implementation,
as already remarked at the end of Section 3.2.4, which will be the subject of future work.
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4 Analysis and Mitigation of Hardware Impairments
The proper characterization of wireless transceivers is essential for the development of THz systems capable of
delivering high-performing sensing and communication services. Indeed, undesired effects arising from imper-
fection in the RF components of wireless devices can negatively impact the system performance if not properly
handled. Typically, the severity of these impairments is more pronounced with increasing operating frequency
and bandwidth, hence their characterization and mitigation is even more important when targeting THz bands.
To this aim, it is important to analyze the transceiver architecture, isolate the sources of impairments, and
evaluate their contributions individually.

In this section, we introduce the transceiver architecture adopted in this project and identify potential impair-
ments that may influence its behavior. Then, we describe each contributing impairment and quantify their
effect by means of measurements on real RF hardware components. Finally, we analyze the impact that these
impairments have on the performance of an OFDM system operating at THz frequencies and propose possible
mitigation techniques. We must stress that the design of the THz frontends is being carried out as part of WP
5 and is not yet finalized. Therefore, the analysis presented in this section is based on preliminary RF designs
which however well represent the behavior of the final system.

4.1 THz Transceivers Architectures

Different architectures can be used to realize wireless transceivers operating at THz frequencies. A popu-
lar choice is the direct-conversion (or zero-Intermediate Frequency (IF)) architecture. The popularity of this
approach stems from the simplicity of its implementation and on-chip integration. The basic principle of op-
eration consists in directly converting the signal from baseband to the RF carrier and vice-versa. Although
this architecture eliminates the need to have high-Q image reject and bandpass channel selection filters, thus
facilitating complete monolithic integration, at such high frequencies it is prone to Direct Current (DC) offsets
and I/Q imbalance problems [34]. Another possible solution to operate at THz and sub-THz frequency bands is
the super-heterodyne architecture, where up/down-conversion is carried out in two stages through an interme-
diate frequency. This approach is widely adopted due to its immunity to DC offsets and high selectivity gains.
However, in the process of down-converting the signal from pass-band to IF, the image-frequency problem
arises, thus requiring an image rejection filter that precedes down-conversion. This issue complicates on-chip
integration and makes the receiver less flexible in terms of frequency tuning.

Figure 35: Planned H-band superheterodyne H-band system architecture with additional IF-system.

In this project, a robust super-heterodyne transceiver is selected over the less performing zero-IF architecture.
Fig. 35 gives an overview of the RF system. The individual impairments are introduced based on the block
diagram and described in more detail in the following subsections. The contribution are divided in
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• Phase noise: Phase Noise results in random phase changes in RF-signals. Phase noise is inserted in
different parts of the RF-System. It can origin from the signal generation (IF-System) or primarly in the
Local Oscillator (LO)-generation of the H-band or IF-system. In non-coherent systems the phase noise
contributions adds up and frequency multiplications also amplify phase noise.

• Power Amplifier Non-Linearities: Generally all semiconductor based components of the RF-system can
act non-linear when driven in certain operation points. However, the frontend system design can avoid
compression of most other devices by adequate gain-partitioning. Soley the PA is deliberately driven in
compression to obtain optimal output-power. So non-linear behaviour in system simulation of the power
amplifier is of most interest in link-level simulations.

• Beam-squinting: When antenna arrays are used, beamforming is applied to ensure high SNR ratio at
THz frequencies. Accurate beamforming that results in high antenna gains requires a large number of
antenna elements. Moreover, the availability of large chunks of spectrum at the THz band implies the
possibility to adopt very large bandwidths. The combination of the adoption of very large bandwidths and
large number of antenna elements results in a significant propagation delay across the antenna, thus
creating the beam-squinting phenomenon [13]. Since beam-squinting can be mitigated by adjusting
the phase-shifters of the transceiver, implying that it is a result of inadequate phase-shifts, they will be
discussed in this chapter.

• LO-Chain Harmonics: Because of technical difficulties producing high quality and high power carriers
at mmWave or sub-mmWave frequencies electronically, carriers are often generated in lower frequency
domains and multiplied in the frontends using higher order harmonics. As shown in the Fig. 35, amplifier
circuits can cope with conversion losses of these analog multiplications. With generation of harmonics,
other orders of the wanted harmonics are produced inherently and the suppression of them is limited
using filter and matching networks but unwanted harmonics can not be cancelled completely. This may
apply in the given setup in Fig. 35 to the LO-carrier and the carrier of the IF-signal, producing even more
intermodulation products through their multiplication in the mixer stage.

• Frequency response: All components shown in the systems block diagram have a non-flat frequency
response. This originates from various sources, but some reasons are mounting techniques, ohmic
losses, reactance in filter and matching networks which are employed between every circuit.

• Additive White Gaussian Noise (AWGN) Contribution: Thermal noise has high influence on the signal
quality and is defined often by the additive white Gaussian noise. This is mainly dependent on the
antenna performance, the wireless channel, free space path loss, antenna temperature and the noise
figure of the Low Noise Amplifier (LNA). As these dependencies are not covered by this deliverable, we
point to deliverable 2.4, which covers the link-budget calculations.

Most of the following quantification of the RF impairments are based on measurements on existing/preliminary
RF hardware. One front-end generation used mostly for the IF-system is the hardware, reported in [35] and
[36]. H-band measurements are conducted with the superheterodyne chipset from the ThoR project, in the
following referred to as "ThoR frontend", reported in [37].

4.2 Phase Noise

The phase noise refers to random low-frequency deviations of the phase and/or frequency of an RF-Signal.
Mostly phase noise is the frequency domain expression, whereas in time domain it is often referred as phase
jitter. Phase noise adds random phase deviation to the RF-signal decreasing signal quality.

a(t) = A ∗ cos
(
ωt + ϕ(t)

)
(86)

Equation 86 gives a time domain representation of the phase noise, whereas ϕ(t) represents the random de-
viation of the signals’ phase. However, phase noise is quantified mostly in dBc/Hz at a given offset frequency
using spectrum-analyzer-based techniques. Because of the wireless transmission, the carrier generation in the
sender and the corresponding receiver are non-coherent. In conclusion, the random phase variations are not
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correlated and thus the phase noise contribution adds up in a first-order approximation. This behavior is shown
in Fig. 36 where different measurements are reported: with the low-Phase Noise (PN) Dielectric Resonator
Oscillator (DRO), the PN-influence does not show. If the RX-carrier generation is replaced by a higher-PN
Phase Locked Loop (PLL), then the influence becomes visible. When the TX-carrier is also generated by a
PLL, the PN-influence nearly doubles, showing the additive PN-behaviour of non-coherent PN-contributions.

Figure 36: Comparison of single carrier 16 QAM signal with Elipse-HW with different carrier generation meth-
ods. Left plot is DRO-based carrier generation and the right plot shows PLL-based carrier gen-
eration. The middle plot shows a measurement were RX and TX carriers had been generated
differently.

This also shows: the phase noise is dependant on the oscillator technology and its implementation: In this
section three signal generation techniques are discussed, compared and the results quantified.

High spectral purity and low phase noise can be achieved using photonic mixing of two narrowly spaced laser
sources. This technology yields good carrier quality, the frequency is tunable by changing the spacing of the
laser lines. However, the system is bulky and not yet economically feasible for low-cost implementations, like
to ones targeted in TIMES. Another technique is DRO, which are based on resonators, build of an enclosed
metallic tubes, which is filled by an dielectric material. These oscillators have excellent phase noise and quality
factor compared to other electronic oscillators, but can not be tuned or just be mechanically tuned in frequency.
Another commonly used option is the usage of PLL. This technology relies on voltage controlled oscillators
which are stabilized by an phase control loop. This reduces the low frequency phase noise but compared to
DRO the overall phase noise is increased. For many scenarios in TIMES-project, an adjustable LO-frequency
is needed. For instance in use-cases using frequency selective leaky-wave antennas, the direction of arrival
can be tuned, by tuning the center frequency of the RF-Signal. Conclusively the usage of a PLL-based carrier
generation will be probable in the TIMES use-cases.
In the following the three mentioned techniques are compared by their phase noise. Table 3 gives an overview
and a comparison of band of operation and output power. To compare the different techniques at around
240 GHz, a multiplication factor has to be considered. It is indicated, that additional multiplier stages are
inherently increasing the phase noise contribution. Using ideal frequency multipliers, the phase noise increased
by 20log(N)dB, with N being the multiplication factor.

Fig. 37 gives an comparison of the three techniques over the offset frequency. The phase noise generated
by the device them self is plotted by the dashed line. Considering the multiplication factors for 240 GHz, the
behaviour is shifted in y-axis. It is observed, that although the high multiplication factor of 24, the DRO has
almost the best phase noise behaviour. The PLL suppresses the low frequency phase noise better than the
alternatives but has an higher overall phase noise towards the higher offset frequencies.
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Table 3: Comparison of phase noise for different LO generation techniques.

Oscillator Frequency range Output Phase Noise THz Phase Noise* Src

power at 1 MHz at 1 MHz

Photonic LO (CNRS) 68 GHz - 82 GHz >10 dBm -110 dBc/Hz -99 dBc/Hz [38]

DRO (COTS) 10.43 GHz 1 dBm -140 dBc/Hz -113 dBc/Hz [39]

PLL (IAF) 25 GHz - 33.75 GHz 5 dBm -110 dBc/Hz -92 dBc/Hz [40]

*corrected phase noise with ideal frequency multiplication towards H-band.

Figure 37: Phase noise performance of different carrier generation technologies vs. offset frequency.

4.3 Power Amplifier Non-Linearities

At THz frequencies, PA non-linearities becomes a crucial aspect to consider. This is mainly due to the limi-
tation on the linear range of operation as manufacturing efficient off-the-shelf PAs may be challenging at THz
frequencies when compared to lower ones, and thus the impact of distortions on an adopted waveform and
modulation order must be taken into account in link-level simulations. Additionally, it is important to have a
PA non-linearity model to understand the impact it has on transmit power dynamics when adopting a certain
waveform given the severe propagation loss in the THz range, and on the spectral spread and interference
characteristics in the case of the presence of adjacent channels in the network.

PA-non-linearity models can be classified into three categories [41, Fig. 1]:

• Memory-less non-linearity models: behavioral models characterizing the non-linear Amplitude-to-Amplitude
(AM-AM) distortion as a function power.

• Quasi-memory-less non-linearity models: behavioral models characterizing the non-linear AM-AM and
Amplitude-to-Phase (AM-PM) distortion functions.

• Non-linearity models with memory: behavioral models considering the non-static distortions that depend
on the past input levels, modeled through non-linear transfer functions (Volterra kernels).

To model PA non-linearity effect, we adopt a similar approach to that in [42], which promotes the quasi-
memoryless Rapp model proposed in [43] to realize the AM-AM and AM-PM distortion relations. The AM-AM
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(FAM−AM(x)) and AM-PM ((FAM−PM(x))) distortions may be realized by applying

FAM−AM(x) =
Gx

(1 + | GxVsat
|2p)(

1
2p )

, (87)

FAM−PM(x) =
(Axq)

(1 + | xB |q)q
, (88)

where G represents the small signal gain, p denotes the smoothness factor, VSat is the saturation voltage
coefficient and the coefficients A, B, q are AM-PM distortion curve parameters.

Since the operating frequency of the model proposed in 3rd Generation Partnership Project (3GPP) belongs
to the 30 to 70 GHz range, the AM-AM and AM-PM distortion parameters may have to be changed. We hence
use the derived parameters from the study in [44], where the authors propose AM-AM distortion parameters
based on a survey on the PA performances at the D-band (110 to 170 GHz). The suggested parameters are as
follows: G = 13.59, Vsat = 1.35 and p = 1.41. Since there is lack of data in the literature regarding the AM-PM
distortion, the parameters adopted by 3GPP can be used as a starting point in this project, which propose
A = −345, B = 0.17 and q = 4. Figures 38 and 39 depict the AM-AM and AM-PM distortions as a function of
the input power Pin for the proposed Rapp parameters in [42] and 3GPP in [44], respectively.
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Figure 38: AM-AM distortion model based on D-band adopted parameters in [44]

Fig. 40 shows exemplary linearity measurements of a Solid State Power Amplifier (SSPA) in InGaAs technol-
ogy by Fraunhofer IAF. The design and measurments of this device is reported in [45] The plot shows the
transducer gain over the input power for different frequencies. Most of the frequencies reach a output related
1 dB compression point of 12 to 13 dBm. These linearity measurements are conducted by single tone mea-
surements comparing the signal Power of a input tone with the signal power of the output tone. Measurements
of the outputs phase are not yet included so a modelling according to the earlier described Rapp-Model can
not yet be done.

4.4 I/Q Imbalance

The H-Band front end in TIMES has a super-heterodyne system architecture, which converts E-Band signal
(60-90 GHz) to the H-band (220-320 GHz) using a commercially available E-band modem as a base for I/Q
signals generation. In this section, we focus on modeling the I/Q imbalances from the E-band TX/RX LO
chains. Ideally, the in-phase and quadrature paths are assumed to have the same gain and exactly 90o phase
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Figure 39: AM-PM distortion model based on D-band adopted parameters in [42]

Figure 40: Linearity measurements (single tone) of a state of the art solid state power amplifier in InGaAs
mHEMT technology by Fraunhofer IAF from [45].

shift, however, this is not the case in practice, and gain and phase imbalances are present, which degrades the
systems performance after the signals up conversion (TX I/Q imbalance) and before down conversion at the
receiver (RX I/Q imbalance). Moreover, due to the possibility of adopting very large bandwidths at the THz/sub-
THz band, I/Q imbalance will be frequency dependent due to the mismatch between the low-pass filters at the
in-phase and quadrature branches, the individual branch matching networks and integration parasitics. For
instance, experiments have shown in [46] that while adopting a zero-IF architecture, frequency dependent I/Q
mismatch was pronounced and increases the error vector magnitude if left untreated.

One other aspect to consider that could be prevalent in the THz/sub-THz regime is the timing mismatch be-
tween the in-phase and quadrature branches. Due to the very high sampling rates and Complementary Metal-
Oxide Semiconductor (CMOS) process variations caused by e.g. the aging of the hardware components or

101096307 - TIMES 59 of 78



D4.1 - Intermediate report on PHY layer enhancements for THz links
supporting sensing and communication functionalities - v1.0

the device temperature, timing mismatches that are significant when compared to the sampling interval can
degrade the system performance if not continuously tracked and compensated for at both the transmitter and
the receiver [47].

To summarize, there are three aspects to consider at the sub-THz/THz bands when modeling I/Q imbal-
ances:

• Gain and phase mismatches due to the non-ideal performance of the phase shift-er and signal paths.

• Frequency dependent I/Q imbalance due to the non-identical impulse responses of the low-pass filters
at the in-phase and quadrature branches.

• Timing mismatches between the in-phase and quadrature paths due to the very high sampling rates at
each of the branches.

In a laboratory example setup with the homodyne Elipse communication Link, using an Arbitrary Waveform
Generator M8195A and an Realtime Scope Keysight DSO-Z 204A and coherent carrier generation, following
IQ-Impairments have been observed for a 2 GHz broadband communication signal:

• Gain imbalance: -0.556 dB

• Phase imbalance: -4.842 degree

4.5 Local Oscillator Chain Harmonics

In this section, the limitations of transmit signal quality, arising from inter-modulation of unwanted harmonics
caused by the electronic carrier generation based on frequency multiplication, in a superheterodyne 300 GHz
transmit analog front end are analyzed. Using an electronic microwave frequency synthesizer in conjunction
with cascaded frequency multipliers delivering an overall multiplication factor of 24, a 210 to 228 GHz car-
rier is generated. The fourth harmonic generated by the on-chip integrated frequency multiplier-by-three is
measured to be present in the RF frequency domain with significant power levels, creating interferers for the
modulated signals. An analysis of the spurious tone is performed as a function of the local oscillator power
and frequency as well as IF input power to obtain signal-to-interferer power levels as the relevant frequencies
lie within the transmitter RF frequency band of operation. For a more detailed description on how the mea-
surement has been conducted and the operation states, please refer to [48]. All the information are based on
experiments/measurements using the hardware from the ThoR-project.

Figure 41: Measured RF spectra (a) without and (b) with waveguide bandpass filter inserted in the LO path.
RF hardware from ThoR-Project was used. Operating conditions: fLO = 73.5 GHz, fIF = 72.125 GHz,
PIF = –18 dBm. (from [48]

As a conclusion, depending on the operating point, the power levels and the IF- and RF-frequency config-
uration, the spurious free dynamic range is varying between 11.2 dB and 24.3 dB, when the unwanted LO-
harmonic are in-band. There are however also operating points, where no interferer is in-band. System
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Figure 42: Measured RF power contributions of (a) fRF and (b) fLO,4th as a function of LO input power for
different LO frequencies over the LO tuning range of the TX module.

simulations, based on the measured data indicate, that the behaviour of these in-band tones can be modelled
as additive interference.

4.6 Front-End Frequency Response

As already introduced, each component of the front end has a non-flat gain shape. So evidently the concate-
nated frequency responses add up to a more corrugated frequency response. This is highly depending on the
operating points of the transmitter and receivers. A prediction of the channel-flatness of the transmitter and
receiver hardware can hardly be conveyed because an individual characterization primarily of the frequency
translating circuits is not precisely possible for every operating state. To quantify the channel response of the
hardware for broadband modulated data, a communication experiment is conducted, which is shown in Fig.
43. An equalizer is used to maximize the signal quality. As a result the impulse response of the linear equalizer
should converge towards the inverse of the impulse response of the channel. To eliminate additional effects
and contributions, the measurement is done in a full coherent system, where IF-carrier, RF-carriers, signal
generator and the sampling scope are linked by the same reference clock. Additionally no wireless channel is
included, instead a wave-guide attenuator with a flat frequency response replaces the wireless channel.

In Fig. 44 the equalized frequency response of the broadband single carrier measurement is shown. High-
lighting the gain shape of the complete TX-RX front end for a given operating point, bandwidth and carrier
frequency. In this case the symbol rate is 4.5 GBd, the H-band carrier frequency is 302 GHz. As no channel
is involved, the inverse of the equalizer frequency response can be used as a estimate/approximation for the
gain shape of the front-ends.

4.7 Beam-Squinting

Due to the severe path-loss at the THz band, highly directive communications is envisioned to combat path
loss. Directivity can be achieved through adopting a beamforming approach, and owing to the short wavelength
at the THz band, in the case of adopting antenna arrays at the transmitter or receiver, arrays with large number
of elements may be efficiently packed resulting in antennas with high gains implemented on devices with a
small form factor. Moreover, due to the availability of very large bandwidths at the sub-THz/THz bands, e.g. as
envisioned in IEEE 802.15.3d, a single chunk of around 69 GHz bandwidth can be utilized [49]. In this case,
while carrying out beamforming, the conventional adjustments of the phases of each of the antenna elements
will result in the beam-squinting phenomenon. Assuming uniform linear arrays (ULAs), a single RF chain and
simple analog beamforming at the ULA, the channel response of the nth antenna element can be shown to
be e−j2πn sin(θ)

λ , where θ is the angle of departure/angle of arrival and λ is the wavelength. The corresponding

beamforming coefficient response is e
j2πn sin(ϕ)

λfc , with λfc is the wavelength at a specific frequency fc and ϕ is the
beamfocus angle [50]. Obviously, when f ̸= fc , gain and phase errors will occur. It can be shown that the array
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Figure 43: Measurement setup for extraction of the H-band front ends frequency response by applying broad-
band modulated signals and an equalization filter in the receiver.

Figure 44: Measured front ends frequency response, based on inverse frequency response of equalization
filter.

gain maybe written in the following form [50] (and references therein)

g

(
f

fc
sin(θ)− sin(ϕ)

)
=

sin(N0.5π( f
fc
sin(θ)− sin(ϕ)))

√
N sin(0.5π( f

fc
sin(θ)− sin(ϕ))))

e j
(N−1)π( f

fc
sin(θ)−sin(ϕ))

2 , (89)

where N is the number of antenna elements at the ULA.

To show the effect of the number of antenna elements on beam-squinting, Fig. 45 shows the array gain as a
function of the frequency of operation for different number of antenna elements N, where N ∈ {32, 256, 1024}.
In this specific results, the bandwidth was fixed to 2.16 GHz as per channel IDs 1 to 32 in IEEE 802.15.3d [49],
and θ = ϕ = 50o . It is clear that as N increases, the beam-squinting effect becomes more pronounced. For
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Figure 45: Comparison of different antenna gains with different number of ULA antenna elements. fc = 300
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Figure 46: Comparison of different antenna gains with for different AoDs, N = 1024, fc = 300 GHz.
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instance, for N = 32, there is no apparent effect of beam-squinting on the antenna gain response, while for
N = 1024, two gain dips are shown, which makes retrieving any data on the frequency support where such
dips occur almost impossible if left untreated.

To highlight the effect that the AoD has on beam-squinting, Fig. 46 depicts a heatmap plot of the antenna
gain as a function of the operational-to-carrier frequency ratio and AoD. In this specific setup, the bandwidth is
2 × 2.16 GHz, which corresponds to channel IDs 33 to 48 in the IEEE 802.15.3d standard [49], and N = 1024
elements. The figure shows that the antenna gain is dependent on the operating AoD, with an increased
dependency of beam-squinting on the AoDs that are further away from 0 degrees and closer to ±π

2 .

A possible solution to mitigate the effect of beam-squinting is utilizing a TTD approach, where phase shifters
are replaced with TTD lines [13]. When a TTD line is deployed, phase shifts can vary across the whole
bandwidth with the cost of a higher design complexity and power consumption, thus rendering such solution
to be less attractive especially for the case of very large number of antenna elements with corresponding
phase shifters. Other approaches to mitigate the effect of beam squinting are presented in [13,50–52], where
different schemes and codebook designs for (hybrid) beamforming are investigated. These solutions lead to a
communication system that is less affected by beam squinting, however, the spectral efficiency resulting from
these approaches are less than methods that adopt TTD.

4.8 Analysis and Mitigation of Time-Frequency Synchronization Errors

In this section, we present a preliminary analysis that we carried out to quantify the impact of impairments in
a OFDM communication system operating at THz frequencies. We mainly focus on the effects of time and
frequency synchronization errors as these were shown to have significant impact on the performance of THz
communications systems [53]. Such errors stem from the compound effect of hardware impairments and other
physical phenomena. For example, frequency synchronization errors can originate from local oscillator phase
noise, I/Q imbalances or Doppler effect caused by mobility of wireless terminals, etc. Similarly, the analog-
to-digital conversion process can generate time synchronization errors due to slight variations of the sampling
time, which is prevalent in scenarios with very large bandwidths.

To make our analysis as general as possible, we model errors in time and frequency as random variables
with known distributions rather than describing their exact behavior. We evaluate their impact on the system
performance by making use of the Error Vector Magnitude (EVM), a metric that is commonly used to assess the
resilience of devices to errors. In particular, we compute the expected EVM as a function of errors’ distributions
and relate it with the achievable data rate. On the one hand, this approach represents a simple and convenient
way to understand the impact of hardware impairments without the need of modeling all the non-idealities. On
the other hand, it does not enable to distinguish the contributions of each individual non-ideality as their effect
is jointly considered.

Moreover, we propose a novel scheme based on carrier aggregation and adaptive OFDM numerology to com-
bat these errors and maximize the achievable data rate. Our solution selects the numerology configuration
that minimizes the expected EVM and aggregates multiple carrier components in such a way to occupy all the
available bandwidth while avoiding operations in highly-dispersive regions of the spectrum.

The work presented in this section was published in [54], we refer the reader to the original paper for additional
details.

4.8.1 System Model

We model a received OFDM symbol impaired by Time Synchronization Error (TSE) and Carrier Frequency
Offset (CFO). The rationale behind this modeling is to shed some light on the challenges faced when deploying
OFDM receivers that are known for their sensitivity to time and frequency synchronization errors, which despite
its widespread adoption in previous standards and the simplicity of its implementation, is often disregarded as
a possible candidate to deployed at THz frequencies due to such synchronization limitations [55].
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The transmitted OFDM symbol can be written as

s(t) =
1

N

N/2−1∑
k=−N/2

X (k)e j
2πk
NTs

(t−vTs ), (90)

where X (k) ∀ k ∈ {−N/2, ... ,N/2 − 1} are drawn from a space of available data symbols modulated using
M-Quadrature Amplitude Modulation (QAM), N is the Fast Fourier Transform (FFT) size, Ts is the sampling
time at the transmitter and v is the Cyclic Prefix (CP) length.

The resulting symbol s(t) then passes through a multi-path fading channel and faces frequency and time
synchronization errors at the receiver. Hence, the time domain received signal after the removal of the CP can
be written as [56]

rn =
1

N
e j

2π
N (v+n)(1+η)ε

N/2−1∑
k=−N/2

X (k)H(k)

×e j 2πk
N n(1+η)e j

2πk
N vη + w (n) , (91)

where n ∈ {0, ... ,N − 1}, w (n) is the complex-valued Gaussian AWGN sample with zero mean and variance
σ2. H(k) = 1√

N

∑L−1
l=0 hle

−j(2πk/N)l is the channel response at the k th sub-carrier, where hl ∀l ∈ {0, ... , L− 1} is
the time domain l th channel tap. Moreover, ε = ∆fNTs , where ∆f is the CFO, and η = ∆Ts

Ts
, ∆Ts = Ts − T ′

s ,
where T ′

s is the sampling time at the receiver.

Note that we model each multipath tap denoted by |hl |e jϕl , where |hl | follows a Nakagami-m distribution, and
ϕl ∀l ∈ {0, ... , L − 1} follows a uniform distribution ranging from 0 to 2π [57]. The PDF of |hl | is defined
as [58]

f|hl |(w) =
2mml

l w2ml−1

Γ(ml)Ω
ml

l

e
−ml w

2

Ωl , (92)

where ml = (E{w2})2
var{w2} , ml ≥ 1

2 , Ωl = E{w2}, and Γ(.) is the Gamma function [59], Section 8.310, Eq. 1.
Moreover, Ωl can be calculated by adopting THz propagation loss model approximated in [60] and used by
previous works on THz communications [61,62].

We note that we choose a Nakagami-m distribution for the l th channel tap to allow for a more flexible modeling
of the statistical behavior of the tap’s envelope when highly directive communications is applied, which is a
common approach used when operating at the THz band to combat the propagation loss. For instance, in
case of highly directive communications, a higher m factor is used, implying less fading, while a lower m factor
implies the converse.

Lemma 1. The random variable |H(i)| ∀i ∈ {0, ... ,N − 1} may be approximated as a Nakagami-m random
variable with fading parameter m̃, where

m̃ =

(∑L−1
k=0 Ωk

)2
∑L−1

k=0

(
Ω2

k

mk

)
+
∑L−1

k=0

∑L−1
l=0,l ̸=k ΩkΩl

(93)

and Ω̃ = E{|H(i)|2} = 1
N

∑L−1
k=0 Ωk , and its PDF is given by

p|H(i)|(x) =
2

Γ (m̃)

(
m̃

Ω̃

)m̃

x2m̃−1 exp

(
− m̃

Ω̃
x2
)
. (94)

Proof. See [63], page 25, and [64], Section II.B.
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To nullify any Inter-Symbol Interference (ISI), the CP length is chosen such that it is longer than the channel
spread, L. The random residual time synchronization error is embedded in η that is modeled as a random
variable. Moreover, ε includes the effect of the random residual CFO also modeled as a random variable. More
on the statistical behavior of η and ε is discussed in Section III.A. Note that the performance of OFDM receivers
subject to random residual synchronization errors was carried out in [65], where the authors have derived an
analytical expression of the spectral efficiency metric for OFDM waveforms when random residual CFO of
arbitrary distribution was considered. Such assumption is practical as receivers can never attain the Cramer-
Rao lower bound of the estimator, as this would require an asymtotically large training sequence (see [65] and
references therein).

Applying FFT to rn, we get

Y (k) =
N−1∑
n=0

rne
−j(2π/N)nk , (95)

and hence, we write

Y (k) =
1

N

N/2−1∑
i=−N/2

N−1∑
n=0

X (i)H(i)

× exp

{
j
2π

N

[
v

((
iη + (1 + η) ε

))

+ n

((
iη + (1 + η) ε

)
+ i − k

)]}
+W (k), (96)

where W (k) =
∑N−1

i=0 w(i)e
−j2πik

N . Let η = 0 and ε = 0, i.e., time-frequency synchronization is ideal, Y (k)
reduces to

Y (k) =
1

N

N/2−1∑
i=−N/2

X (i)H(i)
N−1∑
n=0

e j
2π
N n(i−k) +W (k),

and then

Y (k) =

{
X (k)H(k) +W (k), if i = k

0, otherwise.
(97)

A vector representation of (96) is

y = ΛHx+w, (98)

where

Λk,i =
1

N

N−1∑
n=0

e j
2π
N ((iη+(1+η)ε)(n+v)+i−k), (99)

H = diag {H(−N/2 + 1), ... ,H(N/2)} , (100)

x = [x(−N/2 + 1), ... , x(N/2)]T , (101)

w = [w(−N/2 + 1), ... ,w(N/2)]T . (102)

A single-tap equalizer is deployed at the receiver to invert the channel’s effect. The equalizer is defined by
applying

P = diag

{
H∗(−N/2)

|H(−N/2)|2
, ... ,

H∗(N/2− 1)

|H(N/2− 1)|2

}
. (103)
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Single-tap equalization is an attractive feature of OFDM due to its simplicity and effectiveness in reconstructing
the data vector x. Moreover, although P reveals that Inter-carrier Interference (ICI) is not accounted for in
the equalization process, its simple realization makes it an efficient method to detect the transmitted symbol
with the penalty of increasing the error floor brought by time (TSE) and frequency (CFO) synchronization
errors.

4.8.2 Performance Analysis and Proposed Solution

In this section, we start by analyzing the performance of the OFDM waveform. The metric of choice in this work
is the Component Carrier Data Rate (CCDR) which depends on the expected EVM that is probed after channel
equalization. Note that the EVM assessment is carried out considering time-frequency synchronization errors
in accordance with 3GPP specifications as detailed in [53, Annex F].

ADR Calculation As the simple structure of the equalizer P implies, CFO and TSE effects will not be
compensated for, and thus the error floor is higher than the case where no synchronization errors are present,
i.e., Λ = IN . Hence, EVM probing is performed after the application of the equalizer resulting in x̂, where we
write

e = x̂− x,

= (PΛH− IN) x+ Pw.

To quantify the severity of the error, we apply the following

ϵi = Eη

{
Eε|η

{
Eh|η,ε

{
|ei |2

}}}
,

where

ei =
(
δiie

j2πv
N (iη+(1+η)ε) − 1

)
x(i) +

H∗(i)

|H(i)|2

×
N/2−1∑
k=−N/2

k ̸=i

δike
j2πv
N (iη+(1+η)ε)X (k)H(k) +

H∗(i)

|H(i)|2
w(i). (104)

The law of total expectation is applied in (104) assuming ε ⊥ η ⊥ H(i), where ⊥ denotes statistical indepen-
dence, which is a practical assumption.

Moreover, using the linearity of the expectation operator and statistical independence between the data, the
channel coefficients and the AWGN realizations, and dropping the subscripts of the expectation for tractability,
we have

E
{
|ei |2

}
= E

{∣∣∣(δi ,ie j2πv
N (iη+(1+η)ε) − 1

)
x(i)

∣∣∣2}︸ ︷︷ ︸
≜t1

+ E

{∣∣∣∣∣ H∗(i)

|H(i)|2

N/2−1∑
k=−N/2

k ̸=i

δi ,ke
j2πv
N (iη+(1+η)ε)X (k)H(k)

∣∣∣∣∣
2}

︸ ︷︷ ︸
≜t2

+ E

{∣∣∣∣ H∗(i)

|H(i)|2
w(i)

∣∣∣∣2
}

︸ ︷︷ ︸
≜t3

, (105)
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where

δi ,m =
1

N

N−1∑
n=0

e j
2π
N n(mη+(1+η)ε+m−i). (106)

Theorem 1. Assuming that ε ∼ N (0,σ2
ε), η ∼ N (0,σ2

η), the expected EVM (ϵ) may be approximately evaluated
by applying (107).

Proof. Please refer to [54, Appendix A].

ϵi ≈ σ2
x

(
1

N
+

1

N2

N−1∑
n=1

2(N − n)e−
2π2n
N2 (σ2

η+i2σ2
ε) − 2

N−1∑
n=0

cos

(
2π2

N2
(v + n)2(i2σ2

η + σ2
ε)

)
+ 1

)

+
Γ (m̃ − 1) m̃

Γ(m̃)Ω̃
Ω̃σ2

x

N/2−1∑
k=−N/2

k ̸=i

N−1∑
n=0

N−1∑
n′=0

e−
2π2

N2 (n−n′)2(σ2
η+k2σ2

ε)e j
2π
N (k−i)(n−n′) +

Γ (m̃ − 1) m̃

Γ(m̃)Ω̃
σ2
w . (107)

Although we note that Theorem 1 provides the expected EVM result of specific statistical characteristics of the
CFO and TSE, the methodology used to compute the expected EVM is still valid irrespective of the statistics of
the errors of concern. As an example, in Theorem 1 we assume ε and η normally distributed, and compute the
expected EVM (ϵi ) using the law of the unconscious statistician. Normally distributed synchronization errors is
a reasonable assumption to adopt considering the deployment of a maximum likelihood estimator to estimate
both quantities. Hence, this estimation process yields residual errors distributed normally with zero mean and
variances proportional to the performance of the estimator, as explained in [65].

While the expected EVM (ϵi ) calculated in (107) might not provide an insight into the instantaneous perfor-
mance of the receiver, it reveals information on its expected performance. Hence, by solely knowing the
statistical behavior of the channel, in this case m̃ and Ω̃, and the variances of TSE and CFO, our approach can
make a selection of a numerology that adapts to the receiver characteristics. Moreover, this strategy allows for
a reduction of the control signaling overhead when selecting the numerology.

Next, we leverage the calculated expected EVM expression to derive the Aggregate Data Rate (ADR) as we
present in the following theorem.

Theorem 2. The ADR calculated using ϵi is approximately equal to

R̄ ≈ B

N

Nfc−1∑
j=0

N/2−1∑
i=−N/2

log2(σ
2
x ,j + ϵi ,j)− log2 (ϵi ,j) , (108)

where Nfc is the number of CCs.

Proof. Please refer to [54, Appendix B].

The next subsection provides the details behind the use of the results of Theorem 1 and Theorem 2 in the
formulation of the solution to the ADR maximization scheme.

Proposed Solution The proposed solution is detailed in Algorithm 1, which takes as input M and Ts ,
which denote the set of available FFT sizes N and the available sampling time values Ts , respectively, the
channel statistics including the delay spread τ d , m, and Ω, which all depend on the carrier frequency of the
Component Carrier (CC) in the available frequency spectrum and the statistics of the receiver performance,
including variances of time and frequency synchronization errors σ2

ε, σ2
η, and the AWGN variance σ2

w , the
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Algorithm 1: ADR Maximization
Input: M, m, Ω, σ2

ε , σ2
w , σ2

η, τ d , Ts , fc , d , G , Ts , N̄fc

Output: Fo

1 Calculate ∆B
2 for ii ← 1 to length{Ts} by 1 do
3 Nfc ← ⌊ ∆B

1
Ts (ii)

+G(ii)
⌋

4 for i ← 1 to min{N̄fc ,Nfc}} by 1 do
5 Determine Fcc(i)
6 m← m(Fcc(i))
7 Ω← Ω(Fcc(i))

8 v(i)← ⌈τ d (Fcc (i))
Ts(ii)

⌉
9 for iii ← 1 to length{M} by 1 do

10 if v(i)
M(iii) ≤ γ then

11 N(i)←M(iii)
12 else
13 N(i)← max{M}
14 end
15 end

16 Solve D(Fcc(i)) =
[Ts(i)]−1

N

∑N/2−1
n=−N/2 log2

(
σ2
x + ϵn

)
− log2 (ϵn)

17 end
18 Compute r(ii) =

∑Nfc−1
n=0 D(Fcc(n))

19 end
20 Compute R̄ = maxj∈{1,...,length(r)} r(j)

21 Extract Ts , N, v, Nfc and Fcc corresponding to R̄

22 Fo ← {Ṫs , Ṅ, v̇, Ṅfc , Ḟcc}
23 return Fo
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Figure 47: Rough sketch of the proposed resource allocation scheme (left), available bandwidth as per the
method in [60] (right).

separation distance (d) between the transmitter and the receiver, the guard-band bandwidth G which defines
the separation between adjacent CCs in order to avoid interference, the carrier frequency fc where the CCs
are planned to be distributed, and the maximum number of CCs N̄fc that can be supported. Concerning
the availability and utilization of channel statistics, as already done in [66], it is reasonable to assume the
knowledge of the statistics of the channel to solve wireless communication problems. Regarding the separation
distance d , the UE could determine its location through the assistance of the network, or, if necessary, such
quantity could be extracted by adopting the procedure specified in 3GPP TS 38.305, namely the up-link/down-
link AoA UE positioning procedure [67], and then extract the distance information from this estimate and use
it as an input to Algorithm 1. It is worth noting that a proposal to consider communication devices that
support different bandwidth configurations were the matter of discussion in the TS document [68]. From an
implementation perspective, one of the methods discussed in [69] could be adopted at the transceiver to
support the accommodation of variable sampling rate capabilities.

Using the defined inputs, Algorithm 1 starts by calculating the available bandwidth ∆B as an initial step to
distribute the CCs while being aware of the distance dependent molecular absorption loss peaks (as roughly
sketched in Fig. 47a). Then, for each Component Carrier Bandwidth (CCB), the number of CCs is computed
as per the calculation performed in line 3. In line 5, the individual CC center frequency Fcc(i) is determined.
Subsequently, the channel statistics that are necessary for the calculation of the EVM are extracted depending
on Fcc(i), and the CP length is calculated based on the delay spread identified at each Fcc(i). To regulate
the overall OFDM symbol efficiency, the loop starting from line 10 adjusts the FFT size (N) for each CC while
insuring that the ratio between the CP length at each CC (v(i)) to the FFT size (M(iii)) is less than γ, where
γ is a threshold on the OFDM symbol efficiency. A necessary exit condition in line 13 is set to ensure that
the scheme is not blocked by the condition in line 10, while noting that if this case is reached, efficiency is
compromised. After selecting the appropriate FFT size, the CCDRs are calculated for each CC using the
expected EVM result from Theorem 1 for each CCB, and then returns a set D corresponding to the CCDRs at
each CC. Through carrier aggregation, the CCDR is then used to calculate the ADR as indicated in line 18 for
each CCB setup. In line 20, the maximum ADR is found, and the CCB, set of FFT sizes for each CC (Ṅ), set
containing the CP length for each CC (v̇), the number of CCs and their locations (Ṅfc and Ḟcc , respectively),
and the best sampling time (Ṫs ) corresponding to the maximum ADR are identified.

4.8.3 Numerical Examples

In this section, we present the results we obtained by means of numerical simulations, which demonstrate
the performance of the proposed solution. We considered N = 128 and v = 24. Moreover, the delay spread
was set to 5 ns based on the channel modeling results reported in [70], where the authors reported statistical
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(b) Setup 2, selected CCB: 2.4 GHz.

Figure 48: Data rate for different CCB configurations, d = 50 m.

results of LoS THz channel’s delay spread. Therefore, in our simulation setup, the channel model resembles
an integrated access and backhaul use case [71]. Furthermore, the maximum bandwidth for a single CC was
set to 4.8 GHz. v = 24 was kept constant for all bandwidths corresponding to the set Ts , where the sampling
time varies between 1/600 to 1/4800 µs. Based on the sampling frequency, the number of channel taps varies
depending on the sampling time (higher sampling frequency results in a higher number of taps), while ensuring
∀Ts , v ≥ L. For the highest sampling frequency, six active channel taps are simulated for a channel impulse
response of length 24, each envelope of the taps is distributed according to the Nakagami-m distribution. For
the first tap, we choose a higher m factor with m0 = 4 therefore implying a dominance of a LoS component in
order to model the dominant LoS component, while for the non-LoS taps we selected ml = 1 ∀l ∈ {1, ... , L−1},
i.e., each tap’s envelope is Rayleigh distributed. Regarding the parameter Ω, for the first tap, we modeled it
based on THz path loss values extracted from the model detailed in [60], where we operate within standard
atomespheric conditions in terms of pressure (101325 Pascales), a temperature of 296 Kelvins and a relative
humidity of 50%. For the rest of the taps, we selected the power delay profile to be uniform with 6 dB higher
propagation loss with respect to the LoS tap. We further assumed a transmitter antenna gain of 25 dBi and
a receiver antenna gain of 15 dBi, typical values used in THz communication systems [72]. The transmission
power is fixed throughout all the simulations and set to be 30 dBm. The guard-band interval between adjacent
CCs was set to 1/Ts ∀Ts ∈ Ts . Such a large guard-band is selected to reduce any chances of interference
between the to-be-aggregated carriers. Furthermore, following the 5G NR specifications, we set Nfc = 16, as
a practical transceiver could only use a limited number of CCs as specified in the 3GPP TS [73]. The AWGN
variance σ2

w is calculated according to the kT/Ts , where k is Boltzmann’s constant and T is the temperature.
Although the approach in Algorithm 1 implies a change of channel statistics per CC, we assume in this work
the same channel statistics for each CC, except for Ω, where it is the most evident quantity to be affected as
path loss changes per CC. Hence, one consequence of this assumption implies that the CP and FFT sizes
are fixed for all CCs, thus resulting in a fixed subcarrier spacing. This fixed subcarrier spacing allows for the
evaluation of per CCB setup to test the effects of TSE and CFO on the performance of the system.

In the proposed Algorithm 1, the calculation of the available bandwidth ∆B (line 1) and the CC frequency
allocation, i.e. determining the vector Fcc (line 5), are performed in this work by implementing the following:
The available bandwidth is calculated based on the method defined in [60], which yields an available bandwidth
figure while operating in the frequency range between two molecular absorption loss peaks located at the
frequencies f lc = 325 GHz and f hc = 380 GHz. Note that the proposed adaptive communication scheme is
applicable regardless of the available bandwidth determination method. Hereafter, we merely state the details
of the available bandwidth determination method proposed in [60]. The available bandwidth is calculated by
applying

∆B = f hc −∆fh −
(
f lc +∆fl

)
, (109)
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Distance (d) CCB Nfc

50 m 0.6 GHz 16

50 m 1.2 GHz 16

50 m 2.4 GHz 10

50 m 4.8 GHz 5

Table 4: Aggregated number of CCs for different CCB configurations.

where

∆fl =
c

100

[([(
100fc
c
− 10.842

)2

+ 0.0098

]−1

+
4.49× 103π ln(κ)

dµH2O

)−1

− 0.0098

]0.5
,

∆fh =
c

100

[([(
100fc
c
− 12.679

)2

+ 0.0107

]−1

+
4.7× 102π ln(κ)

dµH2O

)−1

− 0.0107

]0.5
,

fc is the overall carrier frequency where the CCs will operate, c is the speed of light in meters per seconds, κ is
the tolerance of the deviation of absorption loss, µH2O is the volume mixing ratio of water vapor, which is given
by

µH2O =
ϕ

100

p∗w (T , p)

p
, (110)

ϕ is the relative humidity, ϕp∗w (T , p)/100 represents the partial pressure of water vapor, where the saturated
water vapor partial pressure p∗w under pressure p and temperature T can be estimated by applying

p∗w = 6.1121
(
1.0007 + 3.46× 10−6p

)
exp

(
17.502T

240.97 + T

)
. (111)

In this example, the frequency allocation scheme is implemented by replacing line 5 with the following

Fcc(i) = f hl +∆fl +
[Ts(ii)]

−1

2
+ (i − 1)× (G (ii) + Ts(ii)),

∀i ∈ {1, ... , min{N̄fc ,Nfc}},∀ii ∈ {1, ... , length(Ts)}.

In Fig. 47b, we depict the available bandwidth vs. the separation distance between the transmitter and the
receiver by applying Eq. (109) with κ = 0.1dB. Note that this approach that is highlighting the interdependence
between the distance and the usable bandwidth at THz frequencies was adopted in other works, such as
[62].

In our evaluations, we considered two error model setups, namely setup 1, with ∆f = 1 kHz and ∆Ts =
1×10−18 s, which represents a high-end device with relatively good time-frequency synchronization capabilities,
and setup 2, with ∆f = 20 kHz and ∆Ts = 2 × 10−16 s, which represents a low-end device with worse time-
frequency synchronization capabilities.

Fig. 48a depicts the data rates for each possible CCB configuration, with d = 50 m and setup 1. In this specific
setup, our proposed solution selects the bandwidth of CCB configuration corresponding to a bandwidth of
4.8 GHz per CC, as it yields the highest ADR of around 222 Gbps out of all possible configurations.

For setup 2, where the CFO and TSE are both higher, lower data rates are observed, as depicted in Fig. 48b.
In this case, the optimal configuration corresponds to a CCB of 2.4 GHz per CC, yielding an ADR of around
123 Gbps.
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Figure 49: ADR vs. different CCB setups.

We note that for all error model setups, adopting a bandwidth of 0.6 GHz per CC always yields relatively lower
ADR. This is due to the fact that in our evaluation we limited the maximum number of CCs that can be activated
to Nfc =16. Therefore, even aggregating the maximum number of CCs will not result in the exploitation of the
total available bandwidth to get a higher ADR. To highlight this behaviour, Table II presents the selected number
of CCs for different distances and different bandwidth configurations. It can be noticed that increasing the CCB
generally reduces the number of aggregated CCs, as the available bandwidth is limited. This is however not
observed when the CCB is relatively low, where the proposed approach chooses to exploit all available CCs to
increase the ADR.

Fig. 49 depicts the ADR for each CCB setup and fixed error parameters, namely setup 1. Moreover, each
ADR is compared to the case where no TSE and CFO are present in the system to highlight the maximum
possible achievable rate if synchronization errors were not present. This scheme is named No Synchronization
Error (NSE). As expected, NSE always yields the maximum achievable ADR. The configuration corresponding
to CCB=4.8 GHz with Nfc = 5 CCs is selected, as it achieves the highest ADR.
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5 Conclusions
In this deliverable, we presented intermediate findings on physical layer procedures for enabling highly effi-
cient and reliable THz links supporting sensing and communication functionalities, and discussed estimation
mechanisms to predict the evolution of THz channels.

In Section 2, we studied how near field propagation phenomena can be leveraged to improve the beamforming
and multiplexing gains by means of proper PHY layer processing. We analyzed the achievable performance in
terms of throughput and spectral efficiency, considering different scenarios and system configurations. Based
on our results, we showed that spatial multiplexing is necessary to achieve the data rate requirements envi-
sioned by the project. We motivated the need for replacing traditional beamforming solutions (i.e., based on
the assumption of planar wavefronts) with novel beamfocusing schemes able to exploit the curvature of the
wavefronts over the array aperture. Moreover, we introduced fully-digital and hybrid beamforming architec-
tures, investigated State-of-the-Art solutions for estimating the evolution of THz channels, and motivated the
adoption of an hybrid approach. Finally, we discussed a low-complexity approach to perform beam steering
using frequency-scanning antennas.

In Section 3, we introduced a novel PHY-layer waveform tailored for THz ISAC systems. We evaluated the
performance of the proposed solution in both communication and sensing domains. Preliminary results reveal
that our design outperforms common baselines and is flexible enough to accommodate the requirements in
both domains. Furthermore, we proposed a new approach for the tracking of moving targets that is suitable
for operating in the near-field, which can be exploited to improve safety and to predict the evolution of wireless
links.

In Section 4, we introduced the transceiver architecture adopted in this project and identified potential impair-
ments that may influence its behavior. We described each contributing impairment and quantified their effect by
means of measurements on preliminary RF hardware components. We analyzed the impact of these impair-
ments on the performance of an OFDM system operating at THz frequencies and proposed possible mitigation
techniques.

As part of future work, we will continue the design and evaluation of physical layer procedures for enabling
efficient and reliable THz links supporting sensing and communication functionalities, and the development
of channel estimation schemes. In particular, we will enrich our analysis considering technical inputs from
other WPs. We will make use of more accurate channel models that will be provided by WP 3 and use them
to evaluate the performance of the proposed designs in the scenarios targeted by the project. We will carry
out additional measurement campaigns to assess the impact of hardware impairments on the final transceiver
designs that will be provided by WP 5. We will define more precise impairments models and use them to
evaluate the behavior of the proposed solutions when subject to realistic operating conditions. Based on this
analysis, we will develop more advanced schemes able to mitigate the effect of hardware imperfections. The
final outcomes of this activity will be presented in a report that will be completed in month 24.
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