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Abstract—This paper proposes a path loss model and a
geometry-based statistical model for Terahertz (THz) chip-to-
chip wireless communication in nettop size metal enclosures. The
proposed path loss model captures the attenuation of traveling
wave and the gain of the electromagnetic horn in near-field
region, also the resonant modes in the metal enclosure. The
proposed geometric channel model describes the propagation of
the traveling wave and the wave generated from the excited walls
as a superposition of line of sight (LoS) and multi-bounced (MB)
rays. Measurements for LoS propagation in near-field region have
been performed in the indoor environment and in a nettop size
empty metal enclosure. A good agreement between the measured
and model predicted results has been observed, which proves the
validity of the proposed models.

Index Terms—path loss model, THz communications, propa-
gation, measurements.

I. INTRODUCTION

With the development of cellular and wireless local area
network, wireless communication is now gradually replacing
the wired communication with the advantage of mobility,
simplicity, and convenience. The ever-growing channel ca-
pacity of wireless communication systems permits it to be a
future solution for the chip-to-chip communication inside the
computing device. To catch the data rate of wired systems,
THz frequency is preferred for its larger available bandwidth
and requiring smaller antenna size and spacings, which makes
it possible to integrate more antennas to provide additional
links. THz wireless channel characterization and modeling
in practical scenarios are required to design such a chip-to-
chip wireless communication system. On-board THz wireless
communication channel measurements has been performed in
[1]. Also, characterization of waveguide like structures with
different dimensions at 60 and 300 GHz has been conducted
n [2]. Furthermore, measurements have been done inside
a rectangular metal enclosure which resembles the practical
desktop. It found that both traveling wave and resonant modes
exist inside the metal cavity. Based on this finding, a path
loss model which consists of the traveling loss, resonant
modes-based power variation, and the loss due to the radiation
pattern of the directional antennas has been proposed in [3],
and a statistical channel model which can be considered as
the superposition of LoS, single bounce double bounce, and
multiple bounce rays has been proposed in [4].
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As a step towards a thin client based always online com-
puter, many companies has published their nettop (mini PC)
with smaller size and low power consumption. Considering
the size of most nettops in the market, the possible intra-chip
wireless communications in such devices would be always
in the near-field region of the antennas. For this practical
scenario and as an extension of our previous works, this paper
proposed a path loss model and a geometry based statistical
channel model based on the propagation mechanisms of THz
signal in a nettop size metal enclosure. The proposed path
loss model accounts the attenuation of the traveling wave in
near-field with the consideration of the correction ratio for
the gain of horn antenna in near-field. Also, the resonant
modes based power variation and the loss due to radiation
pattern of the antenna used are considered too. The geometric
channel model was derived based on the cavity environment
and the statistical properties of the channel. The proposed
channel model focuses on the traveling wave and the generated
wave from the excited walls and models the channel as the
superposition of the LoS and MB rays. To verify the validity
of proposed models, measurements have been conducted. The
measured results match well with the model predictions.

The remainder of the paper is organized as follows. Section
IT proposes the path loss model that captures the performance
of traveling in the near-field region. Section III provides the
geometry based parametric statistical channel model which
describes the propagation mechanisms in an empty metal
cavity. Section IV verifies the correctness of the proposed path
loss and statistical channel model by comparing the simulated
and measured results. Section V draw a concluding remarks.

II. PATH LOSs MODEL

This section introduces a near-field path loss model to
approximate the THz propagation loss inside a small metal
cavity. In our previously proposed resonance based THz prop-
agation loss model, the path loss inside a desktop size metal
cavity is depicted by the traveling loss, resonant modes based
power variation, and the loss due to the radiation pattern of the
directional antennas used in the model and the measurements.
Similarly, for the near-field THz wireless channel inside a
small metal enclosure, the path loss (PLgp) can also be
estimated with these three terms and expressed as

(PL)ag =(PL)%; + 10logio(|E|*) ™"
+ 10logio([g(ae)g(ar)]®) ™" + Xo. )]

The term (PL is the mean path loss of traveling wave.
In [3], it is calcu[iated by averaging the Friis formula over



the available bandwidth of the channel. However, in the near
field region, Friis formula may not be applicable to describe
the propagation loss. Based on the behaviors of electric and
magnetic field signals in the near field region, the path loss
models in near field were proposed in [5] and can be expressed
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where k = 27 /A = 27 f /cy is the wave number and d is the

distance between transceivers.

Directional horns are preferred mostly for THz wireless
communication to compensate the high propagation loss. The
absolute gain of a standard horn is usually measured by
determining the propagation loss with respect to the distance
between two identical horns. However, the far-zone transmis-
sion formula may not hold for the near-field region. Hence
correction ratios are required. The correction ratio for pyramid
horn was derived and generalized in [6]. But for diagonal horn
which was used in our measurements, correction ratio is not
available and hence we present the derivation of correction
ratio using the method presented in [6]. In far-field region, the
power transmission can be determined by the well known Friis

formula % = (fT)})Q from which the gain can be derived as
G = 4;”” (Pr/Pr)"2. @)

However, when the distance between horns is relative short,
this formula may introduce considerable errors. Using the
Lorentz reciprocity theorem [6], it is shown that when the
tangential components of E and H are related by free space
impedance, the power transmission formula between two an-

tennas for any separation is
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where E; and E, are the E-field transmitted by antenna 1
and antenna 2, respectively, and P, P’ are the points on the
aperture surfaces S7 and S, respectively. The tangential E-
field equations at the aperture of diagonal horn are given in
[7] as

E ik 2a°—=x —y2
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Please note that, only the co-polarized field (3 directed) is
considered here to reduce the complexity. The geometry of
the diagonal horn is shown in Fig.1. For the horns used in

our measurements, L. = 2 cm and 2a = 4.2 mm. The
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Fig. 1.

The geometry of the diagonal horn.

distance between P and P’ on then aperture surfaces can be
approximated as r ~ d + [(z — ¢)? + (y — n)?]/(2d).

By taking equations (6), (7) into (5) and (4), The near field
and far field gains can be derived as
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The correction ratio is given by taking the ratio of equation
(8) and (9) as
Chorn = G/GN
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The overall path loss of traveling wave in near-field region,

(PL)t, can be calculated by averaging the combination of
equation (2) and (10) over the available bandwidth of the
channel as

PLY -
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Please note that equation (11) calculates the path loss for
electric field, and the path loss for the magnetic field signal
can be calculated by averaging the combination of equation (3)
and (10) over the bandwidth. In the radiating near-field, the
difference between the path loss calculated from the electric
and magnetic field is very small. Hence, we choose equation
(11) to calculate the path loss of traveling wave in near-field.

The term 10logio(|E|*)~! represents the received power
variation due to the resonant modes inside the metal cavity
and the term 10log10([g(cv)g(a,-)]?) ™! describes the loss due
to the misalignment between the Tx and Rx. Parameters oy
and «,. represent the angle of departure (AoD) and the angle of
arrival (AoA), respectively. The parameter g(«) is the radiation
pattern of the antenna. The derivation of these two terms can
be found in [3]. The difference between the predicted and
actual path loss is captured by X, which can be modeled as
a zero-mean Gaussian random variable with standard deviation
o. It describes the random shadowing effects.
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III. GEOMETRY BASED STATISTICAL CHANNEL MODEL

This section introduces a geometrical model for the short-
distance LoS propagation in a small metal cavity. It is found
in [8] that both traveling wave and resonant modes exist
inside the metal cavity. Also, the traveling wave bounces
back and forth between the sidewalls where the transceivers
are positioned. To capture the propagation mechanism, we
introduce an integrated geometrical model which describes
the propagation as a superposition of LoS and multi-bounced
(MB) rays.



Figure 2 illustrates the propagation mechanisms inside the
metal cavity whose length and height are denoted by L and
h.. Antennas of Tx and Rx are assumed to be positioned on
the opposite sidewalls of the metal cavity and are represented
by A; and A,., respectively. The height and half-beamwidth of
Ay and A, are denoted as hy, 0; and h,., 0,., respectively. The
angle of departure and the angle of arrival for LoS propagation
are denoted as a”°° and al°% which can be calculated as
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Fig. 2. The geometrical model for short distance LoS propagation in a small
metal enclosure.

koS = arctan(h’ ~4) and a9 = arctan(™+"=). The an-
gles aF?% and ak°° are limited by the beamwidths of A; and
A,., which means —0; < af°% < 6, and —0, < al°¥ < 0,.
The distance between A; and A, is denoted by D;. which
can be calculated as Dy, = +/L?+ (hy — h,.)2. Different
with the propagation in free space, the metal cavity is excited
by the traveling wave inside, which means that the sidewalls
where transceivers are positioned on can be treated both as
consecutive scatters and the sources of EM waves. The LoS
propagation of generated EM waves are modeled as multi-
bounced (MB) rays for which the signals periodically bounce
back and forth between the transceiver sidewalls. As shown in
Fig.2, it is assumed that the sidewall with A, consists of M,
scatters seen by the Tx, and @, scatters seen by the Rx on
the opposite sidewall. The m'" and ¢'* scatter on the Rx and
Tx sidewall are denoted as S™ and SY, respectively, where
1<m< M; and 1 < ¢ < @Q,. The distance of A; — S™,
Sm — 8%, and S; — A, are denoted as €}, "9, and €,
respectively. The angle af" represents the angle of departure
for the ray that hits the scatter S, and the angle o represents
the angle of arrival for the ray that reflects from the scatter
S9. Both )" and o are limited by the beamwidths of A;
and A,. With angles o} and «f, the distances €}", €9,
and €? can be calculated as €]* = L/a}", €2 = L/ad, and
) = V/(Ltan(ay*) — Ltan(af) + hy — h,)2 + L2.
From the geometrical model, the time-invariant input delay
spread function of the THz wireless link can be expressed as
the superposition of LoS and MB rays as
h(T) =hros(T) + hare(T),
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where K is the Ricean factor. The phase delay of LoS and MB

rays are represented by ¢1,s and ¢\7m"? . Ap,s and A7
are the amplitudes of the LoS and multi-bounced component

and can be calculated as Ar,s = \/(PthGT)/PLLOS,
A~ (PGUGL) [ PLEED, whete P, G, Gy,

MB

PLj,s, and PLS\Z ];n ) are the transmit power, Tx antenna
gain, Rx antenna gain, LoS path loss, and the path loss of
MB rays, respectively. The path loss PLy,s can be calculated
by following the steps presented in Sectionll with the signal
traveled distance d = D,,. And the signal traveled distance
for MB rays is Dyp = € + €2 4+ (2n — 1)eqpqg, Where
2n —1 represents the number of times that the signal bouncing
back and forth between the transceiver sidewalls and €44 is
the average of the distances between the scatters on the Rx
81dewall and Tx sidewall and can be calculated as €49 =

Yo SMe Z Le8™? | The distance Dyp is always in

the far-field region of the horn. Hence, different with PL} g,
the calculation of PLj;p should follow the procedures of the
path loss calculation in far-field region which can be found
in [3]. The time-invariant transfer function can be derived by
taking the Fourier transform of the input delay-spread function
as

T(f) =FANT)} = Tros(f) + Taun(f),
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The transfer function Th;p is a Gaussian random process
which is independent with 77,s. Therefore, the normalized
auto-correlation function of 7'(f) can be derived as

E[T(f) T(f +Af)]
R(A = Rros(A Rue(Af),
() = = Fuas(A) + Rura(Af)
(18)
Ruos(ag) = Aleest) Thos (¥ A1) (19)
Rurs(Af) = E[TMB(f)*IgB(fJFAf)}’ (20)

where (.)* represents the complex conjugate, E[.] is the
statistical expectation operator, Var|[.] represents the statistical
variance operator, and Q = P;GG,/PL,s. Since the
number of scatters defined in the geometrical model is close
to infinity, the angles )" and af can be replaced with the
independent uniform distributed random variables «; and ar
whose probability density functions (pdf) are f(ay) = 29 ,
and f(a,.) = 29 . Therefore, the auto-correlation functions of
LoS and MB rays can be calculated as
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IV. MEASUREMENTS AND MODEL VERIFICATION

RLOS =

PLLOS —jZWAfTMBda doy.
PLMB

(22)

To verify the proposed path loss and PDP model, we
performed measurements and compared the results with the
simulations in this section. The near-field is limited by the



Fraunhofer distance which can be calculated as dp = 2D? /A,
where D is the largest dimension of the radiator. For the horn
used in our THz measurements, the physically measured D is
about 9 mm, which means that the near-field region is limited
to 16 cm. The first measurement is the indoor LoS propagation
with the distance between transceivers ranging from 4 cm to
16 cm with the step size of 2 cm as shown in Fig. 3a. The
measured path loss is compared with the near-field path loss
model (equation (11)) prediction shown in Fig. 3b. As shown
in the plot, the measured path loss generally matches well with
the model prediction and the biggest difference at d = 4cm is
even less than 1 dB, which proves the validity of our derived
path loss model for the traveling wave in radiating near-field
region.

Path Loss (dB)

58

L — % -Measurements
56 5 /i
Mode! Prediction

Fig. 3. (a) Measurements setup, (b) Comparison of the measured, model
predicted, and Friis calculated near-field propagation loss for traveling wave
in the indoor environment with respect to d.

The second measurement was performed in a Intel-mini size
metal cavity with LoS propagation being considered. In this
measurement, an aluminum cavity was fabricated with the size
of 11 ecm x 11 ecm X 5 cm, which is close to the size of
Intel-mini PC [9]. As shown in Fig. 4a, the fabricated metal
cavity was put in between the Tx and Rx with antennas aligned
horizontally. Based on the heights of antennas, two diagonal
openings with the horn size were drilled on the transceiver
sidewalls of the metal cavity. Hence, the distance between
two transceivers was fixed by the length of the metal cavity
(11 cm) which falls into the near-field region of the horn.
To characterize the resonant modes in the metal enclosure,
measurements were performed by varying the heights of
transceivers h; and h,, simultaneously from 0.3075 cm to
2.4075 cm with the step size of 0.3 cm. Here, the height h;

(h,) refer to the distance between the phase center of Tx (Rx)
horn and the bottom wall of the fabricated metal enclosure.
Absorbers were used to eliminate the reflections from the
backside of the antennas. Measured data was collected in the
frequency band from 300 GHz to 312 GHz.

The measured path loss over the frequency band for differ-
ent antenna heights, h = h; = h, are shown in Fig. 4b. As
shown in the plot, there is an approximate 7 dB variation of
the path loss with respect to the antenna heights which can be
explained by the effects of the resonant modes inside the metal
cavity. However, in comparison with the result of a similar
measurement performed in a desktop size metal cavity shown
in Fig.8 of [8], the path loss variation along the measured
frequencies shown in Fig. 4b is limited to 4 dB which is
much smaller than the 11 dB variation measured in the larger
size cavity. This path loss variation can be illustrated with
the concept of mode sensitivity. For a given frequency, the
frequency sensitivity can be calculated as Af/f = \3/(87V),
where V is the volume of the cavity [9]. The Af at 300
GHz is 2.56 and 19.71 KHz for the fabricated desktop size
and Intel-mini size metal cavity, respectively. Larger value of
Af for the smaller cavity points to the less mode interference
and consequently less path loss variation along the frequency.
Since the cavity is symmetric, the measured mean path loss for
the height of antennas, h varied from 0.3075 cm to 4.6925 cm
can be estimated by flipping the measured results up and down.
From the measurement, the standard deviation of shadowing
factor, 6, is determined to be 0.069 dB. By curve-fitting our
path loss model with the interpolation of the measured path
loss, it is found that the first fifteen TE modes dominate
the resonant modes inside the Intel-mini size metal cavity.
Also, the coefficients for each mode are estimated. Figure
4c compares the model prediction with the mean value of
measured results at each height of the antennas. It can be
observed from the figure that the model matches well with
the measured results.

PDP represents the intensity of a signal received through
a multipath channel as a function of time delay. The PDP
of our proposed channel model can be calculated by taking
the Inverse Fourier transform of the auto-correlation function
of the wireless channel in the Intel-mini size metal cavity as
p(r) = ]-";}{R(Af)}. Figure 4d compares the simulated and
measured PDP for the case hy = h, = 2.1075 cm. It can be
seen from the measured PDP that there are seven clusters of
periodic later arriving peaks with the period of 0.73 ns. This
periodic delay indicates that the extra distance covered by the
later arriving signal is 22 cm which is twice of the cavity’s
length, which also implies that those periodic later arriving
peaks are the results of the EM fields generated from the
excited sidewalls of the cavity. To simplify the analysis, these
periodic peaks can be treated as the results of MB rays which
bounces back and forth between the two excited sidewalls.
Comparing with PDP plot of the similar measurements per-
formed in the desktop size metal cavity shown in Fig. 6d of [4],
the periodic later arriving peaks measured in the smaller cavity
have smaller amplitudes comparing with the amplitudes of the



63

Path Loss (dB)

Model Predeiction
58 - X Measurements

1 — — “Interpolation H

0.5 il 1.5 2 2.5 3 3.5 4 45 5
h {cm)

()

72 T T T T T
03 (cm) 12 24
06 15 24
08 18 Fiils

@

3
T
L

Path Loss (dB)

M\
58 v\‘\/“‘"/ J\vv\/‘\/v\/\/\_ AN P VN A PV A

56 L L L L L
3 3.02 3.04 3.06 3.08 3.1

Frequency (Hz)

(b)

3.12
<10

Model Prediction
10 = = =Measurements |

-20

-30

Normalized PDP (dB)

-80

o 02 04 06 08 1 12 14 16

Excess Delay (s) %108
(d)

Fig. 4. LoS propagation in an Intel-mini size metal cavity at 300 GHz with h; and h;, ranging from 0.3075 cm to 2.4075 cm: (a) Measurements setup,
(b) Measured path loss over the frequency band, (c) Comparison of the theoretical and measured path loss with respect to h, and (d) Comparison of the

normalized simulated and measured PDPs.

later arriving peaks measured in larger cavities. This can also
be explained by the mode sensitivity. In the reference model,
the Ricean factor K is estimated to be 27.28. For the MB
component, the number of later arriving rays is chosen to be
7. Parameters k1 = 0.065, ky = 0.165, k3 = 0.2, ky = 0.25,
ks = 0.01, kg = 0.05, and k7 = 0.26. It can be observed
from Fig. 4d that the simulated PDP matches well with the
measured result in both amplitudes and the excess delay.

V. CONCLUSIONS

In this paper, we presented a path loss model and a
geometry-based statistical model for Terahertz (THz) chip-to-
chip wireless communication in nettop size metal enclosures
based on our previous work in a desktop size metal enclosure.
Besides the resonant-based power variation in the metal cavity
and the loss due to the radiation pattern of antenna, the
proposed path loss model also captures the attenuation of
traveling wave and the gain of the electromagnetic horn in
near region. The proposed geometric model describes the
propagation of the traveling wave and the wave generated from
the excited walls as a superposition of line of sight (LoS) and
multi-bounced (MB) rays. From the geometrical model, the
frequency correlation functions and the power delay profiles
have been derived. Measurements for LoS propagation in near
region have been performed in the indoor environment and in a
nettop size empty metal enclosure. The measured results match

well with the model predictions, which verified the correctness

of
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our model.
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