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Abstract—This paper proposes a path loss model for THz
chip-to-chip wireless communication in desktop size metal en-
closures with respect to transceivers positions. This path loss
model accounts for the attenuation due to the signal spreading,
resonant modes inside the cavity, and the radiation pattern of
the antenna. Measurements were performed in LoS and 2-D and
3-D misalignment propagation scenarios. The model prediction
shows a good agreement with measured results, which proves the
validness of the model.

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

I. INTRODUCTION

With the development of cellular networks (3G, 4G, and up-
coming 5G) and wireless local area networks (WLAN), wire-
less communication is approaching promised high speed and
low latency communications. The ever-growing capabilities of
wireless communication systems which make more data rate
available to users fosters the growth of many new applications
such as remote surgery, autonomous driving, smart cities, and
wireless short range communications. Especially for the short
range communication between devices in a desktop, wireless
communication is considered a future solution that can allevi-
ate the cable management problem and reduce the complexity
of system design and maintenance. However, current wireless
communication systems cannot match the required data rate.
For example, existing systems use up to 600 Gb/s with
InniBand HDR 12 link [1], while current wireless communi-
cation systems can only achieve 10 Gb/s at 5 GHz frequency
band with the new IEEE802.11ax standard, MIMO-OFDM
modulation, and complicated coding [2] schemes. Terahertz
(THz) frequency band is one of the most promising ways to
overcome gap between wired and wireless communications in
computer systems [3] and provide additional communication
links between processor and memory or between blades in a
data center [4].

To develop THz wireless communication schemes for chip-
to-chip communications, the first step is to understand the
propagation mechanisms inside a metal cavity. At THz fre-
quencies, there has been a large number of measurement
campaigns that characterize indoor propagation environment

This work has been supported, in part, by NSF grant 1651273. The views
and findings in this paper are those of the authors and do not necessarily
reflect the views of NSF.

including line-of-sight (LoS), non-line-of-sight (NLoS) prop-
agation, angles of departure and arrival, shadowing effects,
and reflection and diffraction from various materials [4]—
[10]. Measurements have also been conducted to characterize
waveguide-like structures with different dimensions at 60 and
300 GHz for intra-device communications [11]. Furthermore,
on-board THz wireless communication measurements have
been conducted by considering different possible scenarios,
i.e., LoS, reflected-non-line-of-sight (RNLoS), NLoS, and
obstructed-line-of-sight (OLoS) [9]. Finally, the channel mea-
surements at 300 GHz inside a desktop size metal enclosure
have been performed [7], [8].

Based on propagation mechanisms, several path loss models
have been proposed and compared for THz wireless chan-
nels [8], [12]-[15]. Path loss for traveling EM wave in THz
band has been modeled as the summation of the spreading
loss and the molecular absorption attenuation in [12], [13].
A path loss model which accounts the propagation loss of
THz radiation through vegetation has been proposed in [14]
by considering the attenuation and scattering effect of the air
and leaves. For the wireless channels in indoor environment,
the performances of different large-scale path loss models
at 30 GHz, 140 GHz, and 300 GHz have been compared
in [15]. Different from the EM wave propagation in free
space, THz propagation in metal enclosures experiences both
traveling and resonant waves [7], [8]. This yields to larger
number of multiple reflections as well as larger multipath
spread [8]. Also, due to the resonant nature of the fields, the
received power can vary with transceivers positions. Based
on these findings, an initial path loss model in an empty
desktop size metal enclosure has been proposed as a function
of transceiver’s height in [8].

As the continuation of work [8], this paper presents the
complete path loss model for THz chip-to-chip communication
in metal enclosures. Based on the cavity environment and the
characteristics of the channel inside the metal cavity observed
through measurements [7], we propose the model that is the
combination of the signal spreading loss, power fluctuation due
to resonant modes, and the effect of antenna radiation pattern.
Measurements were performed by moving the transceivers in
only vertical direction (2-D case) and in both vertical and
horizontal direction (3-D case) with the consideration of LoS
propagation and the misalignment between the transmitter (Tx)



and receiver (Rx). The results show a good agreement between
the simulated and measured statistics.

The remainder of the paper is organized as follows. Sec-
tion II presents the path loss model that includes channel
properties inside a metal cavity. Section III verifies the path
loss model by comparing the modeled path loss with measured
results for different scenarios. Section IV provides concluding
remarks.

II. PATH LOsSs MODEL

This section introduces a new path loss model to approxi-
mate the propagation loss inside a desktop size metal cavity.
Unlike the wireless communication in free space, THz chip-
to-chip wireless communication is much more sophisticated
due to the cavity effect present in the metal enclosure. Hence,
for the THz wireless channel inside a metal cavity, it is not
sufficient to model the propagation loss with Friis equation
only. From channel measurements, it was found that both
traveling wave and resonant modes exist inside the metal
cavity [7], [8]. Therefore, another term is required to depict
the effect of resonant modes. Additionally, to compensate for
a high path loss of THz channel, both Tx and Rx are always
equipped with high gain antennas [16]. Hence, the radiation
pattern of the antennas should be considered. In addition,
molecular absorption can be significant at THz frequencies.
However, measured values shown in [17] imply that it is
negligible at the distance less than 1 m. For on-board intra-
chip communication, this loss can be neglected.

Therefore, for THz wireless channel in a metal enclosure,
the theoretical path loss (PL)4p can be expressed as

(PL)4p =(PL)45 + 101logy,(|E*) !
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where (PL)!,; is the mean path loss of traveling wave. It can
be calculated by averaging Friis formula over the available
bandwidth of the channel as
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where BW, d, ~, and ¢y represent bandwidth of the channel,
signal traveled distance, path loss exponent, and the speed of
light, respectively.

The term 10log;,(|E|?)~! represents the received power
variation due to the resonant modes inside the metal cavity.
For Tx and Rx equipped with directional horn antennas, only
transverse electric (TE) modes are considered. Hence, |E|2
can be written as
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where M, N, and P define the number of dominant TE modes
inside the cavity. The expressions of Exp,y, and Eypy,,, are
given in [18] as
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where Hy is an arbitrary constant with units of A/m and m,
n, and p are integers. Eigenvalue k,,,, satisfies
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where a, b, and ¢ represent the height, width, and length of
the cavity as shown in Fig. 1. The resonant frequencies can
be determined as
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where € and p are the permittivity and permeability.
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Fig. 1. Rectangular metal cavity with diagonal openings

The term 10log;o([g(cw)g(cv-)]?) ™! describes the loss due
to the misalignment between the Tx and Rx. Parameters o
and «, represent the angle of departure (AoD) and the angle of
arrival (AoA), respectively. The parameter g(«) is the radiation
pattern of the equipped antenna. For diagonal horn antenna
which has been used for our measurements, g(a) can be
expressed as [19]
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where 6 is half beamwidth of the diagonal horn antenna and
c represents a small constant.

X, is the error between the predicted and actual path
loss, which can be modeled as a zero-mean Gaussian random
variable with standard deviation o.

III. MEASUREMENTS AND MODEL VERIFICATION

To verify the proposed path loss model, we have performed
measurements and compared results with simulations in this
section. For the model verification, both two dimensional (2-
D) and three dimensional (3-D) cases were considered. For
the 2-D case, the relationship between path loss and heights
of transceivers was explored with measurements and captured



by our model. The geometry of the metal cavity is shown in
Fig. 1. Denoting the phase centers’ coordinates of Tx and Rx
as (zt,yt,2) and (z,,yr, 2.), respectively, only z; and x,
are in variation for this case. For the 3-D case, only z; and
z, are fixed (the length of the cavity is fixed). Path loss was
measured and captured by the model with the variation of x4,
Yty T, and Yr.

A. 2-D

For the 2-D configuration, since the movement of
transceivers is only in x direction, equations (4) and (5) can
be rewritten as
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where A,, and B,, are coefficients for the m;;, TE mode.
Also, equation (3) can be simplified to
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To verify the model, a set of measurements was performed

inside a desktop size, 30.5 cm x 30.5 cm X 9.6 cm, metal

enclosure with two different scenarios being considered.

The first scenario is the LoS propagation inside the empty
metal cavity. Measurements were performed by varying the
heights of transceivers, h; and h,, simultaneously from 0 cm
to 6.6 cm with the step size of 0.6 cm. Transceivers’ heights,
h; and h,, refer to the distances from the bottom edge of
the equipped horn antennas to the ground of the metal cavity.
The measurement setup is shown in Fig. 2a. Diagonal horn
antennas were used with gain that varies between 22 dBi and
23 dBi with 3 dB beamwidths about 12°, i.e., 20; = 26, =
12°. Please note that the distance between the phase center and
bottom edge of the horn is 0.4575 cm, which means that x; =
2y = h¢/hy + 0.4575 cm. By cuve-fitting the EM simulated
radiation pattern of the equipped antennas, the parameters of
the radiation pattern g(«) are found to be X = 0.54, Y =
0.45, Z = 11.15, and ¢ = 0.01. Measured data was collected
at the frequency from 300 GHz to 312 GHz.
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Fig. 2. Exploration of LoS propagation in an empty metal cavity at 300
GHz for 2-D case: (a) Measurements setup, (b) Comparison of theoretical
and measured path loss with respect to transceiver’s height.

Figure 2b compares the measured and model predicted path
loss. It can be observed that the path loss predicted by the

model matches well with the measured results. It is found
that the first eight TE modes (M = 8) dominate the channel.
The coefficients, A,, and B,, for each mode were found by
curve-fitting the interpolated measured mean path loss and
shown in [8]. We did three measurements for each height of the
transceivers and the difference between these three measured
results, as shown in Fig. 2b, is very small. This is because the
channel is stationary with fixed h; and h,., which means that
there are no temporal or spatial variations in the channel which
would lead to signicant change of the path loss. Although some
variation can still be observed, this may be due to the variation
of the resonant modes inside the cavity. Via least square linear
fitting, parameters of the model, v and o, are estimated to be
1.9874 and 0.0239dB.

The second scenario is the LoS propagation with a misalign-
ment of the Tx and Rx as shown in Fig. 3a. The measurement
setup is similar as the first scenario with h; being fixed at
2.4 cm and h, being varied from 0 cm to 6.6 cm with the
step size of 0.6 cm. Measurements were performed 10 times
at each height of the Rx and the results are shown in Fig. 3b.
Similar to the first scenario, the variation between different
measured path loss is small for any given h, since there
are no temporal and spacial changes in the channel. Based
on the height difference between Tx and Rx, the values of
d, AoD, and AoA can be calculated for different h,. With
known coefficients A,,,, B, for different dominate modes
and the path loss exponent v, path loss can be predicted
from the model. Figure 3b compares the measured results
and the model prediction. From the plot, a good agreement
can be observed, which proves the validity of our proposed
model. The parameter o is estimated to be 0.5532 dB from
the measurements.

—Simulation
+Mean Path Loss
Measurement1
y X Measurement2
¥ Measurement3
Measurement4
X Measurement5
X Measurement
Measurement7
Measurement8
X Measurement9

Measurement10

68—
01 2 3 4 5 6 7 8
X, (cm)

(@ (b)

Fig. 3. Exploration of LoS propagation in an empty metal cavity at 300 GHz
with a misalignment between Tx and Rx for 2-D case: (a) Measurements
setup, (b) Comparison of theoretical and measured path loss with respect to
Ty

B. 3-D

For the 3-D figuration, transceivers are moved along the x
and y direction with fixed z; and z, as shown in Figs. 5a & 6a.
For this scenario, Expnp and Ey,,, can be written as

mnrr, . Ny

Expmn = Amn cos( ) sin( 2 ), (12)
. mmT nmw
EYmn = Buny sin( )cos(Ty), (13)



where A,,,, and B,,,, are the coefficients for the mode T'E,,,,,.
Furthermore, equation (3) can also be simplified to
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For the exploration of the 3-D configuration, another metal
cavity was fabricated with size of 30.5 cm x 30.5 cm x 10 cm,
which approximates the size of a computer desktop casing.
As shown in Fig. 4, two square aluminum plates are fixed
by nylon board spacers at four corners to form the top and
bottom wall of the cavity. The other four sides of the cavity
are wrapped by aluminum foils and labeled as A, B, C, and
D. Measurements were performed inside the metal cavity with
two different scenarios being considered to verify the proposed
model.

Fig. 4. New metal cavity

For the first scenario, the LoS propagation was explored.
The metal cavity was put in between the Tx and Rx with two
antennas aligned with each other. Diagonal openings with the
horn size were drilled on the transceivers sides (side A and C)
of the metal cavity. As shown in Fig. 5a, both Tx and Rx were
moved in x direction with d, = 0.6075 : 0.6 : 5.4575 cm and
in y direction with d, = 0 : 4 : 12 cm. Since 2; and z, are
fixed, the relative locations of transceivers’ phase centers can
be specified as z; = =z, = dz, 4 = Yy = dy + %, zp =
0 cm, and z, = 30.5 cm, where b is the length of the metal
cavity which is 30.5 cm. At each location, measurements were
performed 10 times. Figure 5b compares the measured results
and their mean value at each location, and the interpolation
of mean path loss. As shown in the plot, variation of the path
loss along the x direction is similar as the result of the 2-
D case shown in Fig.2b. Compared with the 5 dB variation
along the x direction, the changes of path loss along the y
direction are less than 1 dB. This is because transceivers were
put far from the side walls B and D of the cavity (the distance
is greater then 3 cm) during the measurements, which means
that the reflections on the side walls have little effect to the
path loss. Additionally, the width of the cavity is 305 times
of the wavelength, which means that the effect of resonant

modes in y direction is small. Also, it can be observed that
the variation of measured results is small at each location since
the channel is stationary without strong temporal and spacial
variation. From the measurements, the standard deviation of
variation factor, o, is determined to be 0.0176 dB.
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Fig. 5. Exploration of LoS propagation in an empty metal cavity at 300 GHz
for 3-D case: (a) Measurements setup, (b) Measured results, (c) Comparison
of theoretical and measured path loss with respect to x¢/z, and y¢/yr.

The path loss variation in the area where x;/x, varies from
0.6075 to 5.4075 cm and y;/y, varies from 15.25 to 27.25 cm
was measured and shown in Fig. 5b. To model the path loss
variation inside the metal cavity, more measured results in a
larger area are required. Since the metal cavity is symmetric,
we exploit it to reduce the number of measurements. By doing
this, the change of path loss in the area where x;/x, varies
from 0.6075 to 9.3725 cm and y./y, varies from 3.25 to
27.25 cm can be estimated. By interpolating and curve-fitting,
parameters M and N that define the dominant modes inside
the cavity are determined to be 25 and 13, respectively. Also,
the coefficients A,,,, and B,,, are estimated for each mode.
To minimize the least square error of the curve-fitting, the path



loss exponent 7 is estimated to be 1.9995. Figure 5¢c compares
model prediction with the mean value of measured results at
each location after flipping and the interpolation. It can be
observed from Fig. 5c that the model matches well with the
measured results.

The second scenario, again, explores the LoS propagation
with a misalignment between the Tx and Rx. In this scenario,
as shown in Fig. 6a., measurements were performed with both
Tx and Rx being moved vertically with x,/x, varying from
0.6075 to 5.4075 cm with the step size of 1.2 cm. Also at
each height, Rx was moved in y direction with y, varying
from 15.25 to 18.25 cm with the step size of 1 cm. At each
location, measurements were performed 10 times. Based on
the difference between y, and y, at each location, path loss
can be estimated with the known parameters A,,,,, By, and
v. Figure 6b compares the model prediction with measured
results. As shown in the plot, since the channel is stationary,
the difference between measured results at each location is
small. Also, a good agreement between the measured and
predicted path loss can be observed from the plot, which
again confines the correctness of the model. Based on the
measurements, the standard deviation of the shadowing factor,
o is estimated to be 0.2715 dB for this scenario.
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Fig. 6. LoS propagation in an empty metal cavity at 300 GHz with a
misalignment between Tx and Rx: (a) Measurements setup, (b) Comparison
of theoretical and measured path loss with respect to k.

IV. CONCLUSIONS

In this paper we present the path loss model for THz chip-to-
chip wireless communication in desktop size metal enclosures
with the consideration of both 2-D an 3-D Tx/Rx misalign-
ment. This path loss model accounts for the attenuation due to
the signal spreading, resonant modes inside the cavity, and the
radiation pattern of the antenna, which makes it different from
traditional path loss models. Measurements were performed

for scenarios of LoS propagation and misalignment between
transceivers to validate the model. A good agreement between
the measured and simulated results was observed.
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