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Abstract

In this paper, THz channel propagation characterization and modeling for a desktop environment is presented. Path loss and
PDPs measured on the motherboard in both free-space and desktop resemble metal cavity are compared. To characterize the
large scale fading of the channel, mean path loss model as a function of antenna height is proposed by treating the motherboard
desktop environment as a partially dielectric filled resonant cavity. Good match between the measured and modeled path
loss proves the model validity. For the shadowing across the frequency, Gamma-mixture model is applied to characterize the
oscillations of in-cavity measured path loss. Results show that with proper choice of the number of mixed Gamma distributions
$k$, the goodness of fit between the model and the probability density function (PDF) of path loss oscillations can reach
more than 97\%. Multipath components are characterized by cluster-based channel modeling. Modifications were made on the
conventional S-V model to accurately characterize the channel by rewriting the cluster power decay with step-wise functions
and each sub-function is expressed exponentially in dB, and the ray power decay with power law approach. A good agreement

can be observed between the model and the measurements.
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Key Points:

» The THz measurements have been conducted in the novel motherboard desktop
environment,.

* We proposed a comprehensive THz wireless channel model which includes the mean
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Abstract

In this paper, THz channel propagation characterization and modeling for a desktop en-
vironment is presented. Path loss and PDPs measured on the motherboard in both free-
space and desktop resemble metal cavity are compared. To characterize the large scale
fading of the channel, mean path loss model as a function of antenna height is proposed
by treating the motherboard desktop environment as a partially dielectric filled resonant
cavity. Good match between the measured and modeled path loss proves the model va-
lidity. For the shadowing across the frequency, Gamma-mixture model is applied to char-
acterize the oscillations of in-cavity measured path loss. Results show that with proper
choice of the number of mixed Gamma distributions k, the goodness of fit between the
model and the probability density function (PDF) of path loss oscillations can reach more
than 97%. Multipath components are characterized by cluster-based channel modeling.
Modifications were made on the conventional S-V model to accurately characterize the
channel by rewriting the cluster power decay with step-wise functions and each sub-function
is expressed exponentially in dB, and the ray power decay with power law approach. A
good agreement can be observed between the model and the measurements.

1 Introduction

The deployment of 5G cellular network and the application of WIFI 6 make the
wireless networks’ data rate reach several tens of gigabits per second. The high-speed
and low latency communications foster the growth of IoT applications such as home au-
tomation, wearable technology, smart healthcare, vehicular communication systems, and
inter-chip communications. In the past three years, the number of active IoT devices in-
creased from 7.7 to 10 billion, and this number will surpass 25 billion by 2030 from the
estimation (Statista, 2021). The explosive growth of IoT requires significant increase in
data transfer and storage. The data volume of IoT is about 13.6 zettabytes in 2019 and
expected to reach 79.4 zettabytes by 2025 (Statista, 2019). This large amount of data
requires better rack-to-rack, device-to-device, and chip-to-chip communications which
increasing the demand for more bandwidth. As there is no available bandwidth wider
than 10 GHz below 100 GHz (Tekbiyik et al., 2019), the frequency limits was pushed to
terahertz band, which is between 0.1 THz to 10 THz (Tekbuiyik et al., 2021).

For chip-to-chip communication, THz wireless communication has been considered
as a future solution. With wireless communication, the pain of cable management and
the complex system design can be alleviated. At THz frequency, larger available band-
width can help shrink the gap of the data rate between wired and wireless communications(Kirner,
2018), also, smaller antenna and antenna spacing are required, which means that more
antennas can be integrated on a single chip to provide additional links.

To design a THz wireless chip-to-chip communication system, the wireless chan-
nel should be proper characterized and modeled first, then, other parts can be designed
accordingly. A large number of THz indoor measurements have been performed to char-
acterize line-of-sight (LoS) and non-LoS (NLoS) propagation, the effects of shadowing
and angles of departure and arrival, and the reflection and diffraction from different ma-
terials (Khalid & Akan, 2016; Kim & Zajié¢, 2015, 2016; Priebe et al., 2011, 2010; Jacob
et al., 2012; Kleine-Ostmann et al., 2012; Fricke et al., 2013, 2015; Cheng et al., 2018;
Cheng & Zaji¢, 2018; Cheng et al., 2020). Also, the characterization of wave-guide struc-
ture with different dimensions has been done at 60 and 300 GHz (Kiirner et al., 2015).
Moreover, THz measurements have been conducted on the motherboard in free-space
with the consideration of LoS, NLoS, reflected-NLoS (RNLoS), and obstructed-LoS (OLoS)
propagation (Kim & Zajié¢, 2016). Furthermore, the wireless channel characterizations
at 300 GHz have been performed inside a desktop metal cavity and a nettop size metal
case (Fu et al., 2019a, 2019b; Fu et al., 2021).
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According to the characterized propagation mechanisms, some THz path loss mod-
els have been proposed as the combination of propagation loss and the attenuation of
molecular absorption (Jornet & Akyildiz, 2011; Schneider et al., 2012). Considering the
attenuation and scattering effect of air and leaves, the path loss through the vegetation
has been modeled in (Afsharinejad et al., 2015). Also, the performance of several large
scale path loss models has been tested at 30, 140, and 300 GHz (Cheng et al., 2017). For
in-cavity scenarios, path loss model has been proposed as the summation of spreading
loss, resonant-based power variation, and the loss due to the radiation pattern of antenna
in (Fu et al., 2020, 2021). Similarly, several stochastic THz wireless channel models have
been raised for indoor scenarios to capture the multipath fading (He et al., 2017; Priebe
& Kiirner, 2013; Priebe et al., 2014; Kim & Zaji¢, 2015, 2016; Piesiewicz et al., 2007; Fricke
et al., 2017; Priebe et al., 2011). Considering the ultra-wide bandwidth and rapid change
of THz wireless channel, the Gamma-mixture model has been proposed in (Tekbiyik et
al., 2021; Al-Hmood, 2017). In addition, S-V model has been applied to model the THz
wireless channel in a data center (Cheng et al., 2020). Furthermore, the geometry based
statistical THz channel models inside a desktop size and a nettop size metal cavity have
been proposed in (Fu et al., 2021, 2020).

Channel characterization and modeling is the first step to build the inter-chip com-
munication network inside a computing system. Even though channel measurements and
modelings have been performed in free-space on the motherboard (Kim & Zaji¢, 2016;
Kim & Zaji¢, 2016) and inside a desktop size metal cavity and a nettop size metal en-
closure with components measured separately (Fu et al., 2019b; Fu et al., 2020, 2021),
the on-board THz channel characterization and modeling in a desktop environment have
not been done yet. This paper is trying to fill the gap. We fixed a motherboard inside
a desktop size metal enclosure to simulate a practical desktop environment and performed
measurements on the motherboard in both free-space and the metal cavity with the con-
sideration of several potential propagation scenarios: LoS over the motherboard, RN-
LoS propagation with vertical plugged dual in-line memory module (DIMM) as the re-
flector, OLoS with the obstruction of parallel plugged DIMMSs, NLoS propagation with
the signal being blocked by a heat sink, and a practical CPU-PCI link. The contribu-
tions of this paper are:

1. The THz channel measurements have been conducted in the novel motherboard
desktop environment. The finding of channel characteristics can be applied for the
design of on-board chip-to-chip communication system.

2. A comprehensive THz wireless channel model for the motherboard desktop en-
vironment is first proposed. We modeled the path loss and PDP of the channel,
respectively. For the path loss, A new mean path loss model for the novel desk-
top environment is proposed. By treating the complex motherboard as dielectric
slab, we modeled the environment as a partially dielectric filled cavity and thereby
extracted the path loss parameters using the resonant mode analysis. Also, Gamma-
mixture model is proposed to describe the shadowing across the frequency by mod-
eling the probability density function (PDF) of path loss oscillations over the mea-
sured band. Sensitive and Vulnerable THz signal performs differently on differ-
ent sections of the ultra-wide band. Hence, mixture model is necessary. These pro-
posed models explain the propagation loss of THz channel in the motherboard desk-
top environment. For the PDP, a modified cluster based S-V model is introduced
to describe the multipath components of the channel. Unlike the conventional Saleh-
Valenzuela (S-V) model, neither the cluster power nor the ray power follows the
assumed exponential decay in our measurements. To better characterize the chan-
nel and more accurately describe the results, we modified the cluster power de-
cay with step-wise functions with each sub-function expressed exponentially in dB,
and the ray power decay with the power law-approach.

3. The path loss and PDPs measured in free-space and inside the metal cavity are
compared. Similar trend of mean path loss behavior can be observed in free-space



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

and inside the cavity. Strong oscillations of the path loss over the THz band can
be seen in both scenarios due to the scatterings on the components. Because of
the effects of resonant modes, signal oscillates more rapidly and randomly inside
the motherboard desktop environment, and more multipath components can be
observed from the in-cavity measured PDP plots.

The rest of this paper is organized as follows. Section 2 describes the equipment
and the measurements setup. Section 3 introduces the details of the investigated poten-
tial scenarios. The channel modeling is presented in Section 4. The result analysis and
model verification are shown in Section 5. Finally, Section 6 draws the concluding mark.

2 Measurement Setup

The Measurement setup includes a Keysight N5224A PNA vector network analyzer
(VNA), a Virginia Diodes, Inc. (VDI) transmitter (Tx210) and a VDI receiver (Rx148)(Virginia Diodes,
n.d.-a). The VNA generates the input signal in the range of 10 MHz to 12 GHz with the
power level (P;;,) of 0 dBm and feeds it in to the VDI Tx210. In the VDI Tx210 trans-
mitter, a 25 GHz signal is generated by a Herley-CTI phase-locked dielectric resonator
oscillator (DPRO with 100 MHz reference crystal oscillator)(Communications, n.d.). It
is amplified and frequency doubled by Norden N08-1975(Millimeter, n.d.), and then tripled
by VDI WR6.5X3(Virginia Diodes, n.d.-c). This signal is then fed into a sub-harmonic
mixer (WR2.8SHM)(Virginia Diodes, n.d.-b) which doubles the carrier frequency and
mixes it with the VNA generated baseband signal. This terahertz-range signal is then
transmitted by a horn antenna in the range of 280-320 GHz. Same components are used
to down-convert the signal, except that the DPRO is tuned to 24.2 GHz. The received
signal is then down-converted to an intermediate frequency (IF) of 9.6 GHz. The VNA
then samples the upper sideband of the down converted signal in the range of 9.61-29.6
GHz with 801 points. The block diagram of the measurement system is shown in Fig.

1 and all measurement parameters are summarized in Table. 1.

N5224A PNA
vector network
analyzer
[10 MHz - 12 GHz]

X Rx

IR e HRHE

S

Dielectric resonator oscillator [25 GHz]

Figure 1. Block diagram of the measurement system.

Pyramid horns with the gain varies in the range of 22 to 23 dBi over the observed
frequency band from 300 to 312 GHz were used in the measurements. The theoretical
half power beam-width (HPBW) of the horn is about 12°in azimuth and elevation. The
physical dimension of the horn aperture is 8.91 mm, which limits the far-field boundary
to be 15.88 cm at 300 GHz according to the Fraunhofer distance.
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Table 1. Measurement Parameters

Parameter Symbol Value
Measurement points N 801
Intermediate frequency bandwidth A fip 20 kHz
Average noise floor Px -90 dBm
Input signal power P 0 dBm
Start frequency Sstart 10 MHz
Stop frequency fstop 12 GHz
Bandwidth B 11.99 GHz
Time domain resolution At 0.083 ns
Maximum excess delay Tm 33.4 ns

3 Measurement Scenarios inside Desktop in Comparison with Free-
Space

To simulate the desktop environment, an aluminum metal cavity with the size of
27.5 x 27.5 x 10 cm was fabricated. As shown in Fig. 2a, two square aluminum plates
with the length of 27.5 cm were spaced by eight 5 cm long Nylon hex standoffs (Electronics,
n.d.-b) with two piled up at each corner and fixed by eight 2 cm long Nylong standoffs
(Electronics, n.d.-a), which formed as the top and bottom walls of the cavity. The other
four sides of the metal cavity were wrapped by aluminum foils and labeled as A, B, C,
and D, as shown in Fig. 2a. The fabricated cavity approximates a computer desktop cas-
ing. Inside the fabricated case, as shown in Fig. 2b, a motherboard was supported on
the bottom wall of the cavity by four groups of brass 14 mm-+6 mm male hex standoffs
(Inc., n.d.) with each group formed by 3 standoffs piled up and was fixed by other four
brass standoffs and four screws on the other side of the bottom wall and the motherboard,
respectively. For all the scenarios addressed in this paper, measurements were performed
on the motherboard inside the fabricated metal cavity and in free-space as comparison.

3.1 LoS Link

To develop a complete THz wireless communication scheme for computing system,
it is necessary to understand the propagation mechanisms under the specific environment.
LoS propagation is the first scenario being considered. Different with other LoS links in
free-space where antennas are elevated high enough so that ground has little effect to
the link, for the wireless communication in computing system, antennas are always mounted
on chips which are very close to the motherboard. Apart from the ground effects due to
the motherboard, the resonant modes effects inside casing (Fu et al., 2019b; Fu et al.,
2020, 2021) cannot be avoided. During the measurements, as shown in Fig. 3, the fab-
ricated cavity with motherboard fixed inside was put in between the transmitter (Tx)
and receiver (Rx) with antennas aligned horizontally. Two square openings with the horn
size were drilled align the middle lines on the transceiver sidewalls (side A and C) of the
cavity according to the antennas’ heights. To simulate the communication inside desk-
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(a) (b)

Figure 2. Simulated desktop environment (a) fabricated metal casing (b) motherboard used

in measurements.

top, antennas were inserted into the cavity through the drilled holes. The length of the
equipped horns is about 42.08 mm, which implies that the distance between two horns,
d, is about 19.1 cm. To characterize the ground effect of the motherboard and the res-
onant modes inside the cavity, measurements were performed by vertically moving the
transceivers simultaneously with the antenna height, h, varying from 0 cm to 4.5 cm, while
keeping the distance d = 19.1 cm. To separate the influence of the motherboard from

the effect of other components on the mother board, the backside of the motherboard
was used for investigation. Please note that the parameter h indicates the distance be-
tween the bottom edge of horn to the motherboard, and A = 0 cm indicates that the
horn touches the surface of the motherboard. The distance between the phase center and
bottom edge of the horn is about 4.46 mm.

Figure 3. LoS measurement scenario (a) in free-space (b) inside the metal cavity.



188 3.2 RNLoS Link

189 Owing to the high density of the components, clear LoS propagation path on the

190 motherboard has a low probability. As one of the possible major obstruction, DIMM was
191 investigated as a reflector to connect the Tx and Rx which are orthogonal to each other

192 as it was vertically plugged on the mother board. As shown in Fig. 4a, the DIMM was

103 vertically put on the center of the motherboard and diagonally aligned with transceivers.
194 The distance from the DIMM to each of the transceiver is equal to d/2 = 9.55 cm. Mea-

105 surements have been performed both in free-space and inside the metal cavity on the back-
196 side of the motherboard with the antenna height h = 1.8 cm. For the cavity measure-

197 ment, antennas were inserted into the cavity through two horn-size square holes drilled

198 on the sidewall A and D of the cavity as shown in Fig. 4b. Both flat side and compo-
nent side of the DIMM were measured.

(b)

Figure 4. RNLoS measurement scenario (a) in free-space (b) inside the metal cavity.

199

200 3.3 OLoS Link

201 A practical scenario for on-board wireless communication is the LoS link being per-

202 turbed by parallel-plate structure which could be possible served as a parallel wave-guide.

203 To investigate the effects of parallel-plate structure on the motherboard , we performed

204 measurements with two DIMMs being put in parallel on the center of the motherboard’s

205 backside as shown in Fig 5. During the measurements, the distance between parallel DIMMs,
206 w, was varied from 2 cm to 7 cm while keeping the antenna height h = 1.8 cm to see

207 how path loss changes with the variation of w.

208 3.4 OLoS Link

200 On the motherboard. some big components like the heatsink which transfers the

210 heat generated by electronic devices can block most LoS signals. However, some small

o1 openings on the components like the gaps between fins of the heatsink can still make the

212 communication possible. Therefore, We made measurements with a heatsink as the ob-

213 struction to see how it affects the wireless link. Figure 6 shows the setup of the measure-

214 ments. As shown in Fig. 6, a heatsink with the size of 3.5 x 3.1 x 2.3 cmwere put on

215 the center of motherboard’s backside. The distance from the heatsink to each of the transceiver
216 is about 8.1 cm. To fully understand how wireless link is affected by the gaps between



(b)

Figure 5. OLoS measurement scenario (a) in free-space (b) inside the metal cavity.

217 fins of the heatsink, measurements were performed by horizontally moving the heatsink
218 away from the transceiver towards the side D of the cavity with step increment of 0.25
219 cm. The antenna height was kept at 1.8 cm same as the setup in previous measurements.

Figure 6. NLoS measurement scenario.

220

221 3.5 CPU-PCI Link

22 After the investigation of several possible scenarios on the motherboard separately,
23 a practical link on the densely populated front side of the motherboard was measured.

224 As shown in Fig. 7, the potential CPU-PCI (Peripheral Component Interconnects) link

25 was measured in both free-space and metal cavity with the setup shown in the Fig. 7,

226 where the Tx was mounted on the top of the CPU and Rx was hung over the PCI slots

227 with 19.3 cm T-R separation. Since other hardware components like network cards, sound
28 cards, disk controllers are always vertically plugged on the PCI slots, we set a 3 cm T-
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R vertical misalignment to approximate the height difference between the CPU and the
chip on the peripheral components. It can be observed from the figure that there are sev-
eral PCI slots on the mother board with different distances to the CPU. Hence, measure-
ments were performed by gradually increasing the T-R separation to 23.3 cm with the
step increment of 1 cm while keeping the T-R vertical misalignment of 3 cm.

Figure 7. CPU-API link scenario.

4 Channel Modeling

To comprehensively describe the wireless channel in the motherboard desktop en-
vironment, we modeled the path loss and PDP which describe the signal attenuation and
the multipath components of the channel, respectively, under the potential scenarios de-
scribed in Section 3. For the stationary multipath propagation channel, the time-invariant
delay spread function can be written as

h(r)=A Z cn€?5(T — 1), (1)

n=1

where the IV is the number of propagation paths, ¢, is the normalized amplitude asso-
ciate with the nth propagation path, ¢,, is the phase delay of the n‘h component and
can be modeled as a random variable uniformly distributed in [, 7), and 7, is the time
delay of the multipath component. The envelope power of the channel response A% =
|h(7)|> = PyG¢G,/PL follows the mixed Gamma distribution, where Pt, G¢, G, and PL
are the transmit power, Tx antenna gain, Rx antenna gain, and the path loss, respec-
tively. The path loss includes the mean path loss over the measured band which is mod-
eled by the proposed mean path loss model as a function of antenna height for the large
scale fading of the channel, and the shadowing across the frequency which is described
by the Gamma-mixture model by capturing the PDF of path loss variations. The PDP
is referred as the squared amplitude of the channel response and can be modeled by the
modified S-V model for THz wireless channel in motherboard desktop environment.

4.1 Mean Path Loss Model for Averaged Path Loss Variations w.r.t the
Antenna Height

Mean value of the measured path loss by averaging over the frequency band varies
with respect to the antenna height h. In this section, we present a mean path loss model
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which corresponds to the large scale fading of the channel. The envelope power of equa-
tion (1) is inversely proportional to the path loss of the channel whose averaged value

is addressed by the model. In our previous paper (Fu et al., 2020), a mean path loss model
has been proposed for the signal propagation inside an empty metal cavity as:

(PL) 4 = (PL)f 5 + 101logy(|E[*) " + 101ogyo ([g(ar)g(en)*) (2)

where (PL)? 5, 10log,o(|E|?)~, and 10logo([g(ct)g(cv-)]?) ™! represent the traveling
loss, resonant modes based power variation, and the loss due to the radiation pattern

of the equipped horn, respectively. However, in this paper, we considered a more prac-
tical environment where a motherboard separates the cavity space into three parts (space
below the motherboard, the motherboard, and space above the motherboard) with dif-
ferent dimensions as shown in Fig. 8. As compared to empty cavity, mother board desk-
top cavity has different resonant modes distribution. Hence, to adapt the new environ-
ment, in equation (2), we modified the factor corresponding to the resonant modes.

XA

Figure 8. Simplified model for a practical desktop environment

To calculate the distribution of the resonant modes in this environment, we assumed
the motherboard as a homogeneous dielectric material (FR4) and model the environment
as a partially dielectric-filled resonant cavity. As shown in Fig. 8, geometry of the desk-
top environment is simplified as a rectangular metal cavity with the length, width, and
height of ¢, b, and « filled by a dielectric slab with the thickness of d,, at © = h,,. The
dielectric slab separates the cavity space into three homogeneous regions which are 0 <
r < hpm, hin < © < hyy + dy, and hyy, + dp,, < < a. The resonant modes inside the
cavity can be determined by finding the solution in each region such that tangential com-
ponents of E and H fields are continuous across the common boundary.

For all the scenarios described in this paper, measurements were performed in re-
gion 3 with diagonal horn. Hence, we only cares about the E, and E, (TE modes) in
region 3, which are calculated as

(Ex)mmp = —(w?poco — (kz0)m) Ax c0s[(kz0)m (a — x)] sin (”—’;y) sin (?)

Jweo
(By)mnp = _A]l‘ijik;:))m% sin[(kz0)m(a — )] cos (%) sin (1?) , (3)

,10,
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where w is the radian frequency, m,n, and p are positive integers, ko is the wave num-
ber along the z direction in region 1 and 3 filled by air and can be calculated with

_ /L2 2 2 2
@tan (kmoa 2dm> = kwo + C cot <dm k;() + C > ) (4)

€0 €1

where C? = w?(uie; — po€o), to, €0, and 1, €1 are permittivity and permeability of
air and FR4 material, respectively. Equation (4) has multiple solutions as kzo = (kzo)m-
The derivations of equations (3) and (4) are shown in the Appendix Appendix A.

For the variation of antenna height h, the equation (3) can be further simplified
as

(Ex)m = Am cos|(kzo)m(a — )]
(Ey)m = By sin[(kzo)m(a — z)]. (5)

—~

4.2 Gamma-Mixture Model for Shadowing across the Frequency Band

The envelope power of equation (1) fluctuates over the spectrum. This fluctuation
is described as the shadowing across the frequency which also corresponds to the oscil-
lation of the path loss over the measured frequency band. This shadowing can be treated
as a random process and described by Nakagami-m distribution as it is a generalized dis-
tribution which can model different fading environments, also it has better flexibility and
accuracy in matching experimental data than other models. With Nakagami fading, the
corresponding instantaneous power has the gamma distribution (Stiiber & Steuber, 1996):

om0 = (53" s o (-5
1 a—1 T
T Tt P <_ﬁ)
= f(z;a, B), (6)

where @« = m > 0 is the shape factor, €2 is the average envelope power, 5 = 2Q/m,
and I'(-) is the Gamma function. Hence, the PDF (probability density function) of the
path loss variation (corresponding to the variation of the received power with constant
transmitted power) over the frequency can be modeled with Gamma distribution.

Unlike the wireless channel at low frequency, THz signal which is very sensitive and
vulnerable even to the molecule in the air performs differently on different sections of
the much wider frequency band. Hence, it is not sufficient to model the extremely wide
band with just a single Gamma distribution (Tekbiyik et al., 2021). To fit the actual THz
wireless channel, the Gamma-mixture model which covers the characteristics of each sub-
channel is applied.

A Gamma-mixture model consists of two types of parameters, the component weights
and the component parameters (« and ) which can be derived from component means
and variances. A Gamma-mixture model with L components can be expressed as (Tekbiyik
et al., 2021):

L
fg(l') = Zplfl(x7al35l)vl = 1727"' ,L,(E > Oapl > Oa (7)
=1

where fi(z, aq, ;) follows the Gamma distribution as shown in equation (6), p; denotes
the mixture proportion or weight of the I** component which satisfy the conditions that
O<p<1,Vi=1,2,---,L, and Zlepl =1.

With a given L, the EM (expectation maximization) algorithm is commonly used
to determine parameters of the mixture model. EM is an iterative algorithm which has

—11—
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the property that the maximum likelihood of the data strictly increase with each sub-
sequent iteration, which means that it is guaranteed to approach a local maximum or
saddle point (Brilliant.org, n.d.). The EM algorithm consists of two steps. The first step
is known as the expectation (E)-step in which the membership coefficient for each data
point and mixture component is computed with the expectation of component assign-
ments for each data point given the model parameters p;, ay, and 8;. That is Vn, I,

pufi(znlou, Bi)
ZZL:1 pifi(zalar, B)

where ¢,,; is a membership coefficient, it represents the probability that the n'" input
value z,, is generated by the I*" component with the the distribution f;(-). The second
step is the maximization (M)-step in which the calculated membership coefficients are
used to update the parameters p;, ay, and ; by maximizing the expectations calculated
in E-step. That is VI,

Py = (8)

th

N

i = Zn=tnt, )
N

= S -, (10)
N ~

o} = ozt Praln = ) _ al’, (11)

N
Zn:l (yb’n.,l

where N is the number of input values, py, /i, 012, ag, and Bl are the updated weight, mean,
variance, and scale parameters of the [*” component, respectively. Before the iterations,
the parameters should be assigned reasonable values based on the input data through

an initial step. One common way is applied here as(Brilliant.org, n.d.):

1. Randomly assign samples from the input data set X = x1,x2, -+ ,xn to the com-
ponent mean estimates piq, o, - , fhr-
2. Set all component variance estimates 07,03, ,0%7 = & Zf?f:l(xnf:f)Q, where

_ . _ 1 N
7 is the sample mean and = = § >, _; Tn.

3. Calculate o and §; from the component mean and variance estimates p; and 012
fori=1,2,---L.

4. Set all component weights to the uniform distribution py, pa,--- , pr = +

T
4.3 Modified Saleh-Valenzuela Model For PDP

In this section, a cluster-based channel model is introduced to simulate the mul-
tipath components of THz wireless channel in a practical desktop environment. Here,
cluster is defined as a group of multi-path components which have close excess delays.
Clusters are always introduced from interacting with scatters (Cheng et al., 2020) such
as the motherboard, components on the motherboard, and the sidewalls of the cavity.
There is no standards to identify clusters. Here, the visual inspection is used by find-
ing the local maximum and evident peaks in received power.

The introduced cluster model in this paper is a modified S-V (Saleh-Valenzuela)
model. The impulse of S-V model is derived from equation (1) and given as (Meijerink
& Molisch, 2014)

L K, K
h(r) = Z ngzeje’“l(S(T —Ty — ) = Z (g2 e~ /e /M) 3 0% 5(7 — T} — 1),
=1 k=1 =1 k=1

(12)

where L is the number of clusters, K; is the number of multi-path components in the {**
cluster, g and 6y, are the gain and phase of the k' component in the [*" cluster, re-
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spectively. Tj is the excess delay of the [*" component and 7y, is the delay of the k" com-
ponent relative to 7;. From the impulse response, the PDP of the S-V model in dB can
be expressed as (Ai et al., 2015)

L K;

T Thi
PDP(r lzl ;[mlogm g%l — ?(1010g10 e)— 7(1Ologm e)-o(r—T — ), (13)
=1 k= —_— . ,
P(T:)[dB] P(7)[dB]

where the first term is a constant, P(7;) and P(74;) represent the cluster and ray decay,
respectively.

The conventional S-V model is widely used, however, the assumption of S-V model
on cluster and ray decay does not hold for the THz channel in desktop environment, since
neither the cluster nor the ray power strictly follows the exponential decay as described
in the S-V model. Hence, we proposed a modified cluster power decay as

T
crexp | —g +e1, 0<7<T4p1,

Tl
coexp (—4t) + e, Tim <7 < Tina,
P(T))[dB] = § (14)

gy
Cn €XP (_ﬁ> + én, Tth(n—1) <7 < TMaz>

where ¢12...n, d1,2,..n, and €12 ..., are model constants, 7451 2,...n—1) are delay thresh-
olds severing as break points for the cluster decay P(T}), and can be determined with
visual inspection for different scenarios. Similarly, we modified the ray decay with power
law approach as

P(Tkl)[dB] = 10ny loglO(Tkl) + Py, (15)

where n; is the ray decay exponent of the I*" cluster, and P; is the bias. Both n; and P;
can be determined with the least square fit to the PDP in dB for each cluster. A schematic
illustration of our modified S-V model is shown in Fig. 9.

PDP (dB)

\ P(T)),0 <7< Ty
\

\‘
i
i\
|

P(T3), Ten1 < T < Tenz

N,
i A\'\ : ™ E\\ P(T), Ten(i-1) < T < Tem
e | T~ I
P(T“)' | P(rkg) "‘: <
./ : ~
S -
b | Il
T Tena T3 Teha-1) Ty Ty >

Figure 9. Schematic illustration of the proposed clustering model.

5 Result Analysis and Model Verification

In this section, we compared the path loss and PDP measured in free-space and
the metal cavity for the scenarios described in section 3. Also, to model the THz chan-
nel in a practical desktop environment, we analyzed and modeled the motherboard desk-
top measured path loss with proposed mean path loss model and Gamma-mixture model
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for the shadowing of the path loss across the frequency, and measured PDP with the mod-
ified S-V model. For the Gamma-mixture model applied in each scenario, the number

of mixed Gamma distributions, k, is chosen to achieve more than 97% of r-squared good-
ness of fit. Also, the parameters of cluster and ray power decay in modified S-V model

are summarized in tables.

5.1 Path Loss and Multipath Characterization

the calculations of path loss and PDP from the measured data for the scenarios de-
scribed in Section 3 are introduced here. Path loss refers to the power drop of the EM
wave as it propagates through a wireless channel. The measured path loss PL, here, is

represented as:
P,G:G,
PL=— 16
Pr I ( )
where P;, P, G; and G,. are refer to the transmitted power, received power, transmit gain,
and receive gain, respectively. With the S21 (P,/P;) collected by the VNA and the known
antenna gain, the measured path loss PL can be easily calculated. The measured path

loss is compared with the theoretical free-space path loss PL defined as:

PL = (20, (17)

where d and X represent the signal traveling distance and the wave length in free space,
respectively.

PDP provides the intensity of a signal received through a multipath channel as a
function of time delay. Also, some other important parameters such as mean excess de-
lay, RMS delay spread, and coherence bandwidth are calculated from the PDP. The mea-
sured PDP file can be derived by squaring the normalized channel impulse response which
can be estimated through inverse discrete Fourier transform (IDFT) of the measured fre-
quency response.

5.2 Characterization and Modeling of LoS Propagation

Section 3.1, Fig. 3 describes the measurement scenario for LoS link over the moth-
erboard in free-space and the metal case. Figure 10 compares the measured and Friis pre-
dicted path loss for antenna height varies from 0 to 2.4 cm with the step of 0.6 cm. As
shown in Fig. 10a and Fig. 10b, a similar trend of the path loss variation w.r.t. the an-
tenna height can be observed in both free-space and desktop metal cavity scenarios. We
observe destructive effects when A = 0 cm, and 1.2 cm with the measured path loss of
3 dB and 2 dB greater than Friis predicted value, respectively, for both scenarios. In con-
trast, when antenna height is 0.6 cm, the interference with the reflection on the moth-
erboard and the effect of resonant modes inside the cavity provide constructive effects
to the wireless channel, which results in the path loss measured in free-space and moth-
erboard desktop to be 2 and 2.5 dB lower than the Friis value, respectively. And when
h is greater or equal to 1.8 cm, the measured path loss follows the Friis line very well in
both scenarios.

Figure 11 compares the measured and theoretical mean path loss w.r.t. the heights
of transceivers. Please note that x represents the distance between the phase center of
antennas and the bottom of the cavity, which is the antenna height, h, being biased with
a constant. The mean path loss at a certain height is calculated by averaging the con-
tinuous wave over all recorded frequencies as

1 N
PL=+ ;PL(J%), (18)
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Figure 10. Measured and theoretical path loss curves for LoS link (a) in free-space (b) inside

the metal cavity with antenna over the motherboard varies from 0 cm to 2.4 cm.

where N=801 is the number of sampled points over the frequency band. The theoret-
ical path loss is calculated with equation (2), where (PL)? is the traveling loss which can
be calculated by averaging the Friis equation over the measured frequency band and is
equal to 67.87 dB for the LoS link. The term 10log;,(|E|?)~! represents the resonant
based power variation with

M M
B = B + 1By > = 1) Eoml* +1 ) Eyml”, (19)

m=1 m=1

where E,,, and E,,, can be derived from (5) with the cavity height ¢ = 10 cm, and
the wave number in x-direction k;o can be determined using (4), where dyp, = 1.6 mm,

€1 = 4.4ep, and p1 = po. It is calculated that (kzo)m ~ 0.3196 + 55, m € NT. Dur-
ing the measurements, both Tx and Rx were moved simultaneously, hence, the last term
corresponding to the loss due to the radiation pattern is negligible. It can be observed
that the path loss predicted by the model matches well with the measured results ex-
cept the point when antennas are on the motherboard. This is because in our model, moth-
erboard is treated as a homogeneous dielectric slab and the desktop environment is mod-
eled as a partially dielectric-filled resonant cavity which is an abstract of the practical
environment. It is found that the first sixteen TE modes (M = 16) dominate the chan-
nel. The coefficients, A,, and B,, for each mode were found by curve-fitting the inter-
polated measured mean path loss.

The oscillations of path loss measured in free-space are due to the reflections on
the motherboard and between the back-panels of both Tx and Rx antennas. On com-
parison, it is observed that the motherboard desktop measured path loss varies more rapidly
and randomly, which may due to the resonant modes in cavity (Fu et al., 2019b; Fu et
al., 2020). To characterize the shadowing across the frequency as path loss variation over
the band, the gamma mixture model as described in section 4.2 is applied. Figure 12 shows
that Gamma-mixture model described by equation (7) has good fit to the PDF of in-
cavity measured path loss oscillations with antenna height h = 0.3, 1.5, 2.4, 3.3, and
4.5 cm, and the corresponding number of mixed Gamma distributions, k, are chosen to
be 6, 6, 6, 14, and 13, respectively, to achieve the r-squared goodness of fit to be greater
than 97%. Also, it is observed that by increasing the number of Gamma distributions
in the mixture, fitting to the measurements can reach a higher accuracy.

—15—



364

365

366

367

368

369

370

371

372

Cavity

Path Loss (dB)
(=2}
[e¢]

67 o ]
Motherboard
66 k Aperture J
Oﬁr Model Predeiction
65 X Measurements )
X = = ‘Interpolation

5 5.5 6 6.5 7 7.5 8 8.5 9 9.5
x (cm)

Figure 11. Comparison of theoretical and measured path loss with respect to the

transceiver’s height for THz LoS link inside metal cavity.
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Figure 12. Gamma-mixture model for the PDFs of motherboard desktop measured path loss
variation for LoS link with: (a) h = 0.3 cm, k = 6, R-squared: 97.3795%, (b) h = 1.5 cm, k = 6,
R-squared: 97.6825%, (¢) h = 2.4 cm, k = 6, R-squared: 97.787%, (d) h = 3.3 cm, k = 14,
R-squared: 97.4036%, and (e) h = 4.5 cm, k = 13, R-squared: 97.4965%.

Figure 13 presents the PDP files measured in free-space and motherboard desktop
with five different antenna heights h from 0 to 2.4 cm. For the PDP file measured in free-
space, as shown in Fig. 13a, there are two clusters of later arriving peaks with excess de-
lay of 1.918 and 3.92 ns from which the extra distances covered by the signal are calcu-
lated. And the calculated distances are exactly two and four times of the spacing between
the back panels of antennas, which means that these two groups of later arriving peaks
are due to the signal bouncing back and forth between the back panels of the antennas.
Inside the metal cavity, more multipaths can be observed, as shown in Fig. 13b, the PDP
measured inside the metal cavity has five periodic clusters of later arriving peaks with
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Figure 13. Measured PDP files for LoS link (a) in free-space (b) inside the metal cavity with

antenna over the motherboard varies from 0 cm to 2.4 cm.

the period of 1.835 ns, which indicates that the signal inside the cavity bouncing back
and forth between the transceiver sidewalls (side A and C) of the cavity.

To characterize the THz wireless link in such practical desktop environment com-
prehensively, all local PDPs are first linearly averaged to generate the averaged power
delay profile APDP(7) as

APDP(r) = E[PDP(r, h)], (20)

where E[-] represents the ensemble average on all PDP files measured with different an-
tenna heights. The modified S-V model as described in section 4.3 is adopted to char-
acterize the APDP of the THz LoS link in the practical desktop environment. It can be
observed from Fig. 14 that there is a good match between the measured and modeled
results. From the plot, it can be easily identified that there are ten clusters with visual
inspection. The cluster power decay can be modeled with equation (14) with two sub-
functions (n = 2). The model coefficients for the cluster power decay are summarized

in Table. 2. The ray power decay in each cluster can be modeled with equation (15), the

Table 2. Parameters of cluster power decay for LoS link in a desktop environment

n C d e

1 -42.34 0.735 42.34

2 -64.28 0.945 64.47

ray decay exponent n; and bias P, are summarized in Table. 3.

5.3 Characterization and Modeling of RNLoS Propagation

Figure 15 compares the path loss of RLoS link measured in both free-space and the
metal cavity with the Friis prediction. Measurement setup is described in section 3.2 and
shown in Fig.4.Measured path loss curves with both component side and flat side of the
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Table 3. Parameters of cluster power decay for LoS link in a desktop environment

l ny B

1 1.1160 58.4137

2 1.0052 20.0044

3 1.3832 16.7649

4  1.4564 24.6808

5 1.4134 19.2755

6 0.9636 14.6103

7 0.9407 12.0981

8§ 0.6336 9.8471

9 0.3687 7.2212

10 0.3662  5.3088

11 0.0714 4.2113
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Figure 14. Comparison of measured and modeled APDPs for THz LoS link in a practical

desktop environment.

DIMM as reflecting surface are compared. As shown in the plot, the path losses for both
component and flat side of the DIMM are greater than the Friis prediction, which is due
to the reflection losses. Also, since the component side is more rugged than the flat side
of the DIMM, the path loss measured on the component side of the DIMM is greater than
which measured on the flat side. Considering the effects of resonant modes inside the
cavity, the path loss measured inside the cavity is about 1 dB lower than the path loss
measured in free-space with flat side of the DIMM as the reflection surface. Since the
oscillation of path loss over the measured frequency band is mainly due to the multipath
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introduced by the scatterings on the DIMM and the resonant modes inside the cavity.
The fluctuation of the path loss measured on the component side and inside the metal
cavity is stronger than which measured on the flat side and in free-space.
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Figure 15. Measured and Friis predicted path loss curves for RNLoS link with measurements

performed on component and flat side of the DIMM and in both free-space and metal cavity.

The oscillation of path loss measured inside the metal cavity is characterized by
the described Gamma-mixture model as shown in Fig. 16. A good match between the
Gamma-mixture models described by equation (7) and the PDFs of the in-cavity mea-
sured path loss oscillations with component side and flat side as the reflection surface.
The corresponding number of mixed distributions, k, are chosen to be 12 and 6, respec-
tively.

Figure 17 shows the PDP files measured in free-space and the metal cavity with
both component side and flat side of the DIMM as the reflection surfaces. As shown in
the plot, for the PDP files measured in free-space, there are two clusters of later arriv-
ing peaks with excess delay of 1.01 and 1.918 ns which are due to the signal propagat-
ing to the Rx through the reflection on the DIMM with an extra traveling between the
DIMM and the back-panel of Tx or Rx and an extra traveling between the back-panels
of Tx and Rx, respectively. For the PDP files measured inside the metal cavity, more
multipaths can be observed as there are four clusters of later arriving peaks. The first
cluster of later arriving peaks with the excess delay of 0.83 ns indicates an extra trav-
eling of the signal between the DIMM and a transceiver sidewall (sidewall A or D) of the
cavity. Other three later arriving peaks with the period of 1.83 ns are due to the signal
bouncing back and forth between the transceiver sidewalls.

To model the PDP of THz RNLoS link with DIMM as the reflector, the APDP file
is first calculated by averaging the PDP files measured with both sides of the DIMM.
The modified S-V model is applied to characterize the calculated APDP file. As shown
in Fig. 18, a good match between modeled and measured results can be observed. With
the visual inspection, thirteen clusters can be identified from the plot. The cluster power
decay is modeled by equation (14) with four sub-functions (n = 4). The values of model
coeflicients for the cluster power decay is summarized in Table. 4. In each cluster, the
ray power decay is described by the equation (15), the ray decay exponent n; and bias
P, are summarized in Table. 5.
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Table 4. Parameters of cluster power decay for RNLoS link in a desktop environment

n c d e

1 -51.29 0.6298 51.29
2 -83.87 12.06 103.1
3 -64.65 6.544 66.3
4 -52.78  4.225  B2.77
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Table 5. Parameters of cluster power decay for RNLoS link in a desktop environment

l ny i

1 2.2146  53.7255

2 0.3717  13.5386

3 0.5510  22.0297

4 0.2120  11.5867

) 0.9899  13.4107

6 0.2684 15.0330

7 0.9600 15.9388

8 0.9132  13.5593

9 0.7131  11.3728

10 0.2922  9.0637

11 -0.0658  8.7841

12 0.3539  8.2470

13 -0.2434 8.9768
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Figure 18. Comparison of measured and modeled APDPs fro THz RNLoS link in a practical

desktop environment.

5.4 Characterization and Modeling of OLoS Propagation

The measurement setup for the characterization of OLoS propagation over the moth-
erboard in free-space and metal desktop case is described in Section 3.3 and shown in
Fig. 5. A similar trend on the transition of path loss measured in free-space and inside
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Figure 19. Measured and theoretical path loss curves for OLoS link (a) in free-space (b)

inside the metal cavity with the distance between parallel DIMMs varies from 2 cm to 6 cm.

the metal cavity w.r.t. the variation of distance between the parallel DIMMs, w, can be
observed from Fig. 19a and Fig. 19b. Comparing with the Friis prediction, destructive
and constructive effects can be seen when w = 2 and 3 cm, respectively. The destruc-

tive and constructive effects indicates the scattering and multipaths inside the corridor
created by the parallel DIMMs. And the these effects die out when w > 4 cm where
path loss follows the Friis prediction very well. The differences between the path loss curves
measured in free-space and inside the metal cavity are also very obvious. As shown in

the plots, the path loss curves measured in free-space when w = 2 and 3 cm are greater
than which measured inside the metal cavity. Also, the oscillations of the path loss curves
measured in free-space are stronger in terms of the amplitude, while the path loss mea-
sured inside the cavity varies more rapidly and randomly over the measured band. These
oscillations are due to the multipath introduced by the scatterings between the Paral-

lel DIMMSs, the reflections on the motherboard, and reflections between back-panels of
equipped antennas for path loss measured in free-space, and resonant modes for path loss
measured inside the metal cavity.

The Gamma-mixture model described in section 4.2 is applied to characterize the
oscillations of path losses measured in the practical desktop environment. As shown in
Fig 21, a great agreement between the Gamma-mixture model described by equation (7)
and the PDFs of oscillations of path losses measured with w = 3 and 5 cm. The cor-
responding number of Gamma-distributions applied for each channel response, k, are cho-
sen to be 8 and 20.

The PDP files of OLoS link measured in free-space and inside the metal cavity with
distance between DIMMs w = 2,3,4,5, and 6 cm are shown in Fig. 21. For the PDP
files measured in free-space, as shown in Fig. 13a, there are three clusters of later arriv-
ing peaks with the delay of 1.918, 3.92, and 6 ns, which are due to the signal bouncing
between the back-panels of the equipped antennas while for the PDP files measured in-
side the metal cavity shown in Fig. 21b, five periodic clusters of later peaks with the 1.83
ns period can be observed, which are due to the signal bouncing back and forth between
the transceiver sidewalls of the cavity.

The averaged power delay profile APDP for the OLoS link inside the practical desk-
top is first calculated by averaging the local PDPs measured with different distances be-
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tween the parallel DIMMs. The modified S-V model is used to characterize the calcu-
lated APDP file. As shown in Fig. 22, a good agreement between the Gamma-mixture
model and the measured result can be observed. Ten clusters can be identified with the
visual inspection from the plot. The cluster power decay can be described with equa-
tion (14) with two sub-functions (n = 2). The parameter values are summarized in Ta~
ble. 6 for the cluster power decay. Also, the ray power decay can be described with the

Table 6. Parameters of cluster power decay for OLoS link in a desktop environment

n C d e

1 -43.38 0.9769 43.39

2 -60.2 4949 60.22

equation (15), the ray decay exponent n; and the bias P, are summarized in Table. 7.

Table 7. Parameters of cluster power decay for OLoS link in a desktop environment

l ny B

1 1.0456  57.2337

2 1.0749 20.7884

3 1.4130 16.4080

4 14096 17.3007

5 1.1173 15.8399

6  0.9047 11.3656

7 0.5777  9.5487

8 0.3258  8.6060

9 0.4507 8.2769

10 0.1474  6.0833

5.5 Characterization and Modeling of NLoS Propagation

NLoS propagation measurements has been performed on the motherboard with heat
sink as the obstruction in both free-space and metal cavity as described in section 3.4
and the measurement setup is shown in Fig. 6. Figure 23 compares the measured path
loss with different horizontal movements of the heat sink, y, with the Friis prediction.
The destructive effects of the heat sink can be clearly observed from the plot. For the
path loss measured in free-space as shown in Fig. 23a, all measured curves oscillate around
80 dB which is about 12 dB greater than the Friis prediction. And for the in-cavity mea-
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Figure 22. Comparison of measured and modeled APDPs for THz OLoS link in a desktop

environment.
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Figure 23. Measured and theoretical path loss curves for NLoS link (a) in free-space (b)

inside the metal cavity with horizontal movement of the heat sink from 0 to 1 cm.

surements as shown in Fig. 23b, the path loss curves measured with y = 0.25 and 0.75
cm are around 75 dB, while other three curves are around 80 dB. Also, due to the scat-
terings on the fins of the heat sink, and the reflections on the motherboard, strong os-
cillations of the path loss curves can be observed from both Fig. 21a and Fig. 21b. How-
ever, due to the resonant modes inside the metal cavity, the in-cavity measured path loss
varies more rapidly and oscillates more strongly for some certain values of .

The oscillations of the path losses measured inside the metal cavity can be described
by the mixture of several Gamma distributions as mentioned in section 4.2. Figure 24
compares the PDFs of the Gamma-mixture model described by equation (7) and the path
loss measured with y = 0.5 and 1 cm. The number of mixed Gamma-distributions for
each channel response, k, are chosen to be 15 and 9.
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Figure 24. Gamma-mixture model for the PDFs of motherboard desktop measured path loss
oscillations for NLoS link with horizontal movements of the heat sink (a) y = 0.5 cm, k = 15,
R-squared: 97.1670% (b) w =1 cm, k = 9, R-squared: 97.3274%.

The PDP files of NLoS propagation measured in free-space and inside the metal
cavity with different horizontal movements of the heat sink as the obstacle are shown
in Fig. 25a and Fig. 25b, respectively. For the PDP files measured in free-space, there
are three clusters of later arriving peaks with the excess delay of 0.9174, 1.918, and 2.585
ns. The first and second cluster of later arriving peaks are due to the extra traveling of
the signal between fins of the heat sink and the back panel of Tx or Rx, and extra trav-
eling between the back panels of equipped antennas, respectively. And the third clus-
ter of later arriving peaks indicates that the signal not only traveled an extra distance
between the back panels of equipped antennas, but also an extra distance between the
fins and the back panel of the Tx or Rx antenna. For the PDP files measured inside the
metal cavity, there are seven clusters of later arriving peaks. The second, fourth, and sixth
cluster of later arriving peaks with the excess delay of 1.835, 3.837, and 5.671 ns (1, 2,
and 3 x1.835 cm) are due to the signal bouncing back and forth between the transceiver
sidewall of the cavity. And the first, third, fifth, and seventh cluster of later arriving peaks
with the excess delay of 0.834, 2.669, 4.587, and 6.422 ns indicate that besides rebound-
ing between the transceiver sidewalls of the cavity, signal also bounces around the transceiver
sidewall (A or C) and fins of the heat sink.

The APDP file for the NLoS link inside the cavity is first calculated by averaging
all local PDPs measured with different horizontal movements of the heat sink. The cal-
culated APDP is then characterized by the modified S-V model. As shown in Fig. 26,
a good match between the modified S-V model and the APDP can be observed. From
the plot, 16 clusters can be identified with visual inspection. The cluster power decay
can be modeled with equation (14) with three sub-functions (n = 3). The break points
i1 and Typo are 4, and 13 ns, respectively. The model coefficients of the cluster power
decay are summarized in Table. 8. Also, the ray power decay in each cluster can be de-
scribed with equation (15). The ray decay exponent n; and the bias P; are summarized
in Table. 9.
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Figure 25. Measured PDP files for NLoS link (a) in free-space (b) inside the metal cavity

with horizontal movements of the heat sink varying from 0 cm to 1 cm.

Table 8. Parameters of cluster power decay for NLoS link in a desktop environment

n C d e
1 -37.22 0.6561 37.29
2 -54.04 5.073 54.04

3 —5.467 x 107 0.8058 51.9292
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Figure 26. Comparison of measured and modeled APDPs for THz NLoS link in a desktop

environment.
515 5.6 Characterization and Modeling of CPU-PCI Link
516 On the densely populated motherboard, CPU-PCI connection is a commonly used
517 link. Measurements of the CPU-PCI link were performed as described in section 3.5 and
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Table 9. Parameters of cluster power decay for NLoS link in a desktop environment

l ny i

1 1.9499  47.5852

2 1.0973  22.4998

3 1.0685  14.3989

4 0.9128 12.4622

) 0.9326  10.0692

6 0.8716  17.6068

7 1.7561  19.7556

8 0.7303  14.2553

9 0.5127  10.7850

10 0.6559  10.3208

11 03066  7.2974

12 -0.0680  4.8463

13 -0.1428  5.6486

14 0.2937  8.4393

15 -0.1786  3.5601

16 -0.0794 4.2471

the setup is shown in Fig. 7. Figure 27 compares the path loss measured in free-space
and the metal cavity with different distances between the transceivers with the corre-
sponding Friis predictions. For the path loss measured in Free-space, as shown in Fig.
27a, all measured path loss curves are around 86 dB which is about 20 dB greater than
the Friis predictions. No clear hierarchy can be observed from the measured path loss
even though the T-R separation was gradually increased with the step of 1 cm. The high
path loss is due to the obstruction of components on the mother board like the heat sink
and the 3 cm vertical misalignment between the Tx and Rx. Because of the scatterings
on the densely populated motherboard and the reflections between the back-panels of
the antennas, strong ripples with the maximum of ~15 dB can be observed on the mea-
sured path loss curves. For the in-cavity measurements, the measured path losses still
oscillates around approximate 86 dB as shown in Fig. 27b. However, different with the
path loss measured in free-space, the in-cavity measured path loss oscillates more ran-
domly and rapidly due to the resonant modes inside the cavity.

Oscillations of the in-cavity measured path losses are considered as random pro-
cesses and modeled by the described Gamma-mixture model. Figure 28a and 28b com-
pare the PDFs of the Gamma-mixture model described by equation (7) and the path loss
measured with the T-R separation, d = 20.3 and 22.3 cm, respectively. The number
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Figure 27. Measured and theoretical path loss curves for CPU-PCI link (a) in free-space (b)
inside the metal cavity with the T-R separation varying from 19.3 cm to 23.3 cm, while keeping
the height difference to be 3 cm.

of mixed distributions for each channel response, k, are chosen to be 6 and 2, respectively.

Figure 29a shows the PDP files measured in free-space with T-R separation d =
19.3, 21.3, and 23.3 cm. Considering the number of multipaths introduced by the scat-
terings on the densely populated motherboard, the measured PDP are disordered. How-
ever, it can be observed from the plot that all these PDP files shared two clusters of later
arriving peaks with the excess delay of 0.334 ns and 0.834 ns, which indicates the extra
traveling of the signal between the heat sink and the accelerated graphics port (the green
socket as shown in Fig. 7) and between the heat sink and the back-panel of the Tx an-
tenna, respectively. Figure 29b shows the in-cavity measured PDPs. Seven clusters of
later arriving peaks can be observed from the plot. The second, fourth, and sixed clus-
ter of later arriving peaks with the excess delay of 1.835, 3.67, and 5.588 ns are due to
the signal bouncing back and forth between the transceiver sidewalls of the cavity. The
first, third, fifth, and seventh cluster of later arriving peaks with the excess delay of 0.75,
2.669, 0.4504, and 6.339 ns suggest that besides the bouncing between the transceiver
sidewalls, signal also bounces between the heat sink and the Tx sidewall.

To model the CPU-PCI link on the motherboard inside the desktop case, the APDP
file is first calculated by averaging the local PDPs with different T-R separations. Fig.
30 compares the calculated APDP file and the modified S-V model. As shown in the plot,
a good match between the measured and modeled results can be observed. Ten clusters
can be easily identified from the plot with visual inspection. Equation (14) models the
cluster power decay with four sub-functions, and the break points T4p1, Tth2, and 7,3 are
2.2, 4.2, and 6 ns. Table. 10 summarizes the coefficients of the cluster decay. Inside each
cluster, the ray power decay can be modeled with equation (15). The decay exponent
n; and bias P, for each cluster are summarized in Table. 11.

6 Conclusions

This paper presented the THz channel characterization and modeling for a prac-
tical desktop environment. Measurements were performed on a motherboard both in free-
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with the T-R separation varying from 19.3 cm to 23.3 cm, while keeping the height difference to

be 3 cm.

7307



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

Table 10. Parameters of cluster power decay for CPU-PCI link in a desktop environment

n C d e

1 -224 02013 224

2 -105.7 2165 50.1

3 -44.04 3.719 40.2

4 -106.7 3.261 422

Table 11. Parameters of cluster power decay for CPU-PCI link in a desktop environment

1 ny B

1 0.1954 35.9348

2 1.6014 18.8449

3 1.4081 22.0788

4 1.7885 27.9377

5 1.1900 14.7129

6 1.1396 17.4574

7 14631 20.9202

8§ 0.9116 17.0405

9 0.4252 11.5354

10 0.3102  9.4628

space and inside a desktop size metal cavity with the consideration of several potential
scenarios. Path loss and PDPs measured in different environments are compared. The
results show that mean path loss measured inside the motherboard desktop changes in

the same manner as which measured in free-space. However, the path loss measured in-
side the motherboard desktop oscillates more rapidly and randomly due to the resonant
modes inside the cavity. Also, because of the resonant modes, more multipath compo-
nents can be observed from the in-cavity measured PDP plots. The periodic clusters of
later arriving peaks with 1.835 ns period indicate the signal bouncing back and forth be-
tween the transceiver sidewalls. The large scaling fading of the path loss can be char-
acterized with our mean path loss model as a function of antenna height, h. The model
expression is derived by simplifying the environment as a partially dielectric filled metal
cavity. The modified mean path loss model has a good agreement with the measured mean
path loss except the first point where antennas were on the motherboard. Considering

the ultra-wide bandwidth and rapid changes of the signal at THz frequency, Gamma-
mixture model is applied to characterize the random process of the oscillations of in-cavity
measured path loss. Results show that with proper choice of the number of mixed Gamma
distributions k, the goodness of fit between the model and the PDF of path loss oscil-
lations can reach more than 97%. Also, with larger k, the accuracy can be better. Mul-
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Figure 30. Comparison of measured and modeled APDPs for CPU-PCI link in a practical

desktop environment.

tipath components are characterized by cluster-based channel modeling. To better fit

the measured results, modifications were made on the conventional S-V model by express-
ing the cluster power decay with step-wise functions and each sub-function is expressed
exponentially in dB, and the ray power decay with power law approach. A good match
between the model and the measurements was observed, which verifies the correctness

of our modified S-V model.

Appendix A Derivation of Resonant Modes Distribution in a Prac-
tical Desktop Environment

Here, we attempt to find the TM to z modes in the cavity. The field equations in

homogeneous regions can be constructed through the general solutions to the scalar Helmholtz

equation which is (Harrington, 2001)

Py Py Py,
@+87y2+@+k1/)—0. (Al)

The general solution to the Helmholtz equation is (Harrington, 2001)
Urakyke = f(Ra) f(Ryy) f(R:2), (A2)

where the parameters satisfy k2 + k2 + k2 = k* and f(k;z) is so called harmonic func-
tion which can be chosen as (Harrington, 2001)

f(k;x) ~ sin(k;z), cos(k;x), exp(jkix), exp(—jk;x). (A3)

The parameters k., k,, and k. are wave numbers in z, y, and z directions. For the ge-
ometry shown in Fig. 8, to satisfy the boundary conditions at the conduction wall, we
choose v in each region as

Y1 = Aq cos(kzox) sin(%) sin(zﬂ%
c
Yo = {Ag cos(kz1x) + Basin(k,1x)} sin(%) sin(p%z)’
g3 = —Aj cos[kyo(z — a)] sin(%) sin(w% (A4)
c
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where n and p are positive integers, Ay, As, and By are coefficients. The parameters kg
and k,1 in region 1, 3 and region 2 satisfy

nm T
Ko+ (507 + (5)? = wPeona,
nm s
K+ (57 + (B2 = v, (45)

where €y and p are permittivity and permeability of air in region 1 and 3, while €; and
p1 are which of FR4 material in region 2. For TM to z modes, we choose the vector po-
tential A = &, then

.7 27
E:VV A—f—kA
jwe
H=V x A, (A6)

which can be expanded in rectangular coordinates as

2
E, zﬁ(%+k2)¢ H, =0

2 _ o
1, 9% H, = —%’”
EZ = jwe = Ozdz v

From equations (A4) and (A7), E, in each region can be calculated as

_ keo nm (NTY\ . (D72
E, = Gwes b Aj sin(kgox) cos (—b ) sin (—c )
ka1 nmw . nwy\ . (PTZ
2= e T{Bz cos(kz1x) — Ao sin(kz12)} cos (T) sin (T)
kg0 nm . nmy\ . T2
Ey s = Gweo b Ai sin[kgo(a — z)] cos ( 5 ) sin ( - ) . (A8)

Similarly, H, in each region can be calculated as

_om i (7TYY gin (P72
Hy, = . Alcos(k:mox)sm( A )sm( - )

_ T " gn (VYN G (P72
Hy, = - {A; cos(ks1z) + Bz sin(ky1z)} sin ( ) sin ( . )

b
__br _ i (MTYN g (P72
Hys = . A1 coslkgo(a — )] sm( b )sm( . ) . (A9)
Continuity of E, and Hy at & = h,, requires Eyi(hy,) = Eya(hy,) and Hyi(hy,) =
Hyo(hpm). Hence,
—Aikso sin(kzohm) = @{Bg cos(kz1hm) — Az sin(kg1hm)} (A10)
€0 €1
Ay COS(kxohm) = A, Cos(kxlhm) + B> Sin(kxlhm). (All)

Also, the continuity of E, and H, at = hy,+d,, requires Ey3(hm+dn) = Eyo(hm~+
dp) and Hys(hy, + dy) = Hy2(hy, + dy,). Therefore,

ZAR G eno(a — hon — din)] = FEL LBy cos(athm) — As sin(kat )} (A12)
€0 €1
— Aj coslkzo(a — hm — dm)] = Az cos[kz1 (hm + dm)] + Bz sinfkz1 (hm + dm)]. (A13)

The summation of equation (A0) and (A12) provides

_Alka:O . a — dm a — th — dm
————sin | kgzo cos | kpg——m8m8Mm | =
€0 2 2

@ [32 cos (kﬂM) — Ay sin (kzlw)} cos (M) ) (A14)
€1 2 2 2
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The subtraction of equation (A11) from (A13) gives

Aj cos (kmo ¢ ;dm) cos (%0%) _

|:B2 oS (;%MM) _ Aysin (;mM)} sin (kﬂdm> . (A15)
2 2 2
By dividing equation (A15) from (A14), the characteristic equation can be derived as
kmO a — dm kacl kwldm
—t k. = —cot | —— ). Al6
€0 an ( 0 2 ) €1 €0 ( 2 ( )

By combining equations (A15) and (A16), we can derive a equation of ko as

_ /1.2 2 /1.2 2
@tan (k:xoa 2dm> _ Vky+C cot(dm k;0+c ) (A17)

€0 €1

where C? = w?(u1e1—po€o). Also, from equation (A7), the E, and E, in region 3 are
calculated as

(Ex)mnp = —(w?po€o — (kz0)a) A1 cos[(kzo)m(a — x)] sin (@) sin (&) ’

Jjweo b c
_ = Ar(Ka0)m YN gin (PTE
(ByJmnp = =2 222 55 sl (kso)m (@ = )] cos( : )sm( ; ) (A18)
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