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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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Abstract13

In this paper, THz channel propagation characterization and modeling for a desktop en-14

vironment is presented. Path loss and PDPs measured on the motherboard in both free-15

space and desktop resemble metal cavity are compared. To characterize the large scale16

fading of the channel, mean path loss model as a function of antenna height is proposed17

by treating the motherboard desktop environment as a partially dielectric filled resonant18

cavity. Good match between the measured and modeled path loss proves the model va-19

lidity. For the shadowing across the frequency, Gamma-mixture model is applied to char-20

acterize the oscillations of in-cavity measured path loss. Results show that with proper21

choice of the number of mixed Gamma distributions k, the goodness of fit between the22

model and the probability density function (PDF) of path loss oscillations can reach more23

than 97%. Multipath components are characterized by cluster-based channel modeling.24

Modifications were made on the conventional S-V model to accurately characterize the25

channel by rewriting the cluster power decay with step-wise functions and each sub-function26

is expressed exponentially in dB, and the ray power decay with power law approach. A27

good agreement can be observed between the model and the measurements.28

1 Introduction29

The deployment of 5G cellular network and the application of WIFI 6 make the30

wireless networks’ data rate reach several tens of gigabits per second. The high-speed31

and low latency communications foster the growth of IoT applications such as home au-32

tomation, wearable technology, smart healthcare, vehicular communication systems, and33

inter-chip communications. In the past three years, the number of active IoT devices in-34

creased from 7.7 to 10 billion, and this number will surpass 25 billion by 2030 from the35

estimation (Statista, 2021). The explosive growth of IoT requires significant increase in36

data transfer and storage. The data volume of IoT is about 13.6 zettabytes in 2019 and37

expected to reach 79.4 zettabytes by 2025 (Statista, 2019). This large amount of data38

requires better rack-to-rack, device-to-device, and chip-to-chip communications which39

increasing the demand for more bandwidth. As there is no available bandwidth wider40

than 10 GHz below 100 GHz (Tekbıyık et al., 2019), the frequency limits was pushed to41

terahertz band, which is between 0.1 THz to 10 THz (Tekbıyık et al., 2021).42

For chip-to-chip communication, THz wireless communication has been considered43

as a future solution. With wireless communication, the pain of cable management and44

the complex system design can be alleviated. At THz frequency, larger available band-45

width can help shrink the gap of the data rate between wired and wireless communications(Kürner,46

2018), also, smaller antenna and antenna spacing are required, which means that more47

antennas can be integrated on a single chip to provide additional links.48

To design a THz wireless chip-to-chip communication system, the wireless chan-49

nel should be proper characterized and modeled first, then, other parts can be designed50

accordingly. A large number of THz indoor measurements have been performed to char-51

acterize line-of-sight (LoS) and non-LoS (NLoS) propagation, the effects of shadowing52

and angles of departure and arrival, and the reflection and diffraction from different ma-53

terials (Khalid & Akan, 2016; Kim & Zajić, 2015, 2016; Priebe et al., 2011, 2010; Jacob54

et al., 2012; Kleine-Ostmann et al., 2012; Fricke et al., 2013, 2015; Cheng et al., 2018;55

Cheng & Zajić, 2018; Cheng et al., 2020). Also, the characterization of wave-guide struc-56

ture with different dimensions has been done at 60 and 300 GHz (Kürner et al., 2015).57

Moreover, THz measurements have been conducted on the motherboard in free-space58

with the consideration of LoS, NLoS, reflected-NLoS (RNLoS), and obstructed-LoS (OLoS)59

propagation (Kim & Zajić, 2016). Furthermore, the wireless channel characterizations60

at 300 GHz have been performed inside a desktop metal cavity and a nettop size metal61

case (Fu et al., 2019a, 2019b; Fu et al., 2021).62
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According to the characterized propagation mechanisms, some THz path loss mod-63

els have been proposed as the combination of propagation loss and the attenuation of64

molecular absorption (Jornet & Akyildiz, 2011; Schneider et al., 2012). Considering the65

attenuation and scattering effect of air and leaves, the path loss through the vegetation66

has been modeled in (Afsharinejad et al., 2015). Also, the performance of several large67

scale path loss models has been tested at 30, 140, and 300 GHz (Cheng et al., 2017). For68

in-cavity scenarios, path loss model has been proposed as the summation of spreading69

loss, resonant-based power variation, and the loss due to the radiation pattern of antenna70

in (Fu et al., 2020, 2021). Similarly, several stochastic THz wireless channel models have71

been raised for indoor scenarios to capture the multipath fading (He et al., 2017; Priebe72

& Kürner, 2013; Priebe et al., 2014; Kim & Zajić, 2015, 2016; Piesiewicz et al., 2007; Fricke73

et al., 2017; Priebe et al., 2011). Considering the ultra-wide bandwidth and rapid change74

of THz wireless channel, the Gamma-mixture model has been proposed in (Tekbıyık et75

al., 2021; Al-Hmood, 2017). In addition, S-V model has been applied to model the THz76

wireless channel in a data center (Cheng et al., 2020). Furthermore, the geometry based77

statistical THz channel models inside a desktop size and a nettop size metal cavity have78

been proposed in (Fu et al., 2021, 2020).79

Channel characterization and modeling is the first step to build the inter-chip com-80

munication network inside a computing system. Even though channel measurements and81

modelings have been performed in free-space on the motherboard (Kim & Zajić, 2016;82

Kim & Zajić, 2016) and inside a desktop size metal cavity and a nettop size metal en-83

closure with components measured separately (Fu et al., 2019b; Fu et al., 2020, 2021),84

the on-board THz channel characterization and modeling in a desktop environment have85

not been done yet. This paper is trying to fill the gap. We fixed a motherboard inside86

a desktop size metal enclosure to simulate a practical desktop environment and performed87

measurements on the motherboard in both free-space and the metal cavity with the con-88

sideration of several potential propagation scenarios: LoS over the motherboard, RN-89

LoS propagation with vertical plugged dual in-line memory module (DIMM) as the re-90

flector, OLoS with the obstruction of parallel plugged DIMMs, NLoS propagation with91

the signal being blocked by a heat sink, and a practical CPU-PCI link. The contribu-92

tions of this paper are:93

1. The THz channel measurements have been conducted in the novel motherboard94

desktop environment. The finding of channel characteristics can be applied for the95

design of on-board chip-to-chip communication system.96

2. A comprehensive THz wireless channel model for the motherboard desktop en-97

vironment is first proposed. We modeled the path loss and PDP of the channel,98

respectively. For the path loss, A new mean path loss model for the novel desk-99

top environment is proposed. By treating the complex motherboard as dielectric100

slab, we modeled the environment as a partially dielectric filled cavity and thereby101

extracted the path loss parameters using the resonant mode analysis. Also, Gamma-102

mixture model is proposed to describe the shadowing across the frequency by mod-103

eling the probability density function (PDF) of path loss oscillations over the mea-104

sured band. Sensitive and Vulnerable THz signal performs differently on differ-105

ent sections of the ultra-wide band. Hence, mixture model is necessary. These pro-106

posed models explain the propagation loss of THz channel in the motherboard desk-107

top environment. For the PDP, a modified cluster based S-V model is introduced108

to describe the multipath components of the channel. Unlike the conventional Saleh-109

Valenzuela (S-V) model, neither the cluster power nor the ray power follows the110

assumed exponential decay in our measurements. To better characterize the chan-111

nel and more accurately describe the results, we modified the cluster power de-112

cay with step-wise functions with each sub-function expressed exponentially in dB,113

and the ray power decay with the power law-approach.114

3. The path loss and PDPs measured in free-space and inside the metal cavity are115

compared. Similar trend of mean path loss behavior can be observed in free-space116
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and inside the cavity. Strong oscillations of the path loss over the THz band can117

be seen in both scenarios due to the scatterings on the components. Because of118

the effects of resonant modes, signal oscillates more rapidly and randomly inside119

the motherboard desktop environment, and more multipath components can be120

observed from the in-cavity measured PDP plots.121

The rest of this paper is organized as follows. Section 2 describes the equipment122

and the measurements setup. Section 3 introduces the details of the investigated poten-123

tial scenarios. The channel modeling is presented in Section 4. The result analysis and124

model verification are shown in Section 5. Finally, Section 6 draws the concluding mark.125

2 Measurement Setup126

The Measurement setup includes a Keysight N5224A PNA vector network analyzer127

(VNA), a Virginia Diodes, Inc. (VDI) transmitter (Tx210) and a VDI receiver (Rx148)(Virginia Diodes,128

n.d.-a). The VNA generates the input signal in the range of 10 MHz to 12 GHz with the129

power level (Pin) of 0 dBm and feeds it in to the VDI Tx210. In the VDI Tx210 trans-130

mitter, a 25 GHz signal is generated by a Herley-CTI phase-locked dielectric resonator131

oscillator (DPRO with 100 MHz reference crystal oscillator)(Communications, n.d.). It132

is amplified and frequency doubled by Norden N08-1975(Millimeter, n.d.), and then tripled133

by VDI WR6.5X3(Virginia Diodes, n.d.-c). This signal is then fed into a sub-harmonic134

mixer (WR2.8SHM)(Virginia Diodes, n.d.-b) which doubles the carrier frequency and135

mixes it with the VNA generated baseband signal. This terahertz-range signal is then136

transmitted by a horn antenna in the range of 280-320 GHz. Same components are used137

to down-convert the signal, except that the DPRO is tuned to 24.2 GHz. The received138

signal is then down-converted to an intermediate frequency (IF) of 9.6 GHz. The VNA139

then samples the upper sideband of the down converted signal in the range of 9.61-29.6140

GHz with 801 points. The block diagram of the measurement system is shown in Fig.141

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

N5224A PNA
vector network 

analyzer
[10 MHz – 12 GHz]

Channel 
280 – 320 GHz

Dielectric resonator oscillator [25 GHz]

Tx Rx

Figure 1. Block diagram of the measurement system.

142

Pyramid horns with the gain varies in the range of 22 to 23 dBi over the observed143

frequency band from 300 to 312 GHz were used in the measurements. The theoretical144

half power beam-width (HPBW) of the horn is about 12◦in azimuth and elevation. The145

physical dimension of the horn aperture is 8.91 mm, which limits the far-field boundary146

to be 15.88 cm at 300 GHz according to the Fraunhofer distance.147
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Table 1. Measurement Parameters

Parameter Symbol Value

Measurement points N 801

Intermediate frequency bandwidth ∆fIF 20 kHz

Average noise floor PN -90 dBm

Input signal power Pin 0 dBm

Start frequency fstart 10 MHz

Stop frequency fstop 12 GHz

Bandwidth B 11.99 GHz

Time domain resolution ∆t 0.083 ns

Maximum excess delay τm 33.4 ns

3 Measurement Scenarios inside Desktop in Comparison with Free-148

Space149

To simulate the desktop environment, an aluminum metal cavity with the size of150

27.5×27.5×10 cm was fabricated. As shown in Fig. 2a, two square aluminum plates151

with the length of 27.5 cm were spaced by eight 5 cm long Nylon hex standoffs (Electronics,152

n.d.-b) with two piled up at each corner and fixed by eight 2 cm long Nylong standoffs153

(Electronics, n.d.-a), which formed as the top and bottom walls of the cavity. The other154

four sides of the metal cavity were wrapped by aluminum foils and labeled as A, B, C,155

and D, as shown in Fig. 2a. The fabricated cavity approximates a computer desktop cas-156

ing. Inside the fabricated case, as shown in Fig. 2b, a motherboard was supported on157

the bottom wall of the cavity by four groups of brass 14 mm+6 mm male hex standoffs158

(Inc., n.d.) with each group formed by 3 standoffs piled up and was fixed by other four159

brass standoffs and four screws on the other side of the bottom wall and the motherboard,160

respectively. For all the scenarios addressed in this paper, measurements were performed161

on the motherboard inside the fabricated metal cavity and in free-space as comparison.162

163

3.1 LoS Link164

To develop a complete THz wireless communication scheme for computing system,165

it is necessary to understand the propagation mechanisms under the specific environment.166

LoS propagation is the first scenario being considered. Different with other LoS links in167

free-space where antennas are elevated high enough so that ground has little effect to168

the link, for the wireless communication in computing system, antennas are always mounted169

on chips which are very close to the motherboard. Apart from the ground effects due to170

the motherboard, the resonant modes effects inside casing (Fu et al., 2019b; Fu et al.,171

2020, 2021) cannot be avoided. During the measurements, as shown in Fig. 3, the fab-172

ricated cavity with motherboard fixed inside was put in between the transmitter (Tx)173

and receiver (Rx) with antennas aligned horizontally. Two square openings with the horn174

size were drilled align the middle lines on the transceiver sidewalls (side A and C) of the175

cavity according to the antennas’ heights. To simulate the communication inside desk-176
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10 cm

C

A

B

D

(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 the177

equipped horns is about 42.08 mm, which implies that the distance between two horns,178

d, is about 19.1 cm. To characterize the ground effect of the motherboard and the res-179

onant modes inside the cavity, measurements were performed by vertically moving the180

transceivers simultaneously with the antenna height, h, varying from 0 cm to 4.5 cm, while181

keeping the distance d = 19.1 cm. To separate the influence of the motherboard from182

the effect of other components on the mother board, the backside of the motherboard183

was used for investigation. Please note that the parameter h indicates the distance be-184

tween the bottom edge of horn to the motherboard, and h = 0 cm indicates that the185

horn touches the surface of the motherboard. The distance between the phase center and186

bottom edge of the horn is about 4.46 mm.

(a) (b)

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

187
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3.2 RNLoS Link188

Owing to the high density of the components, clear LoS propagation path on the189

motherboard has a low probability. As one of the possible major obstruction, DIMM was190

investigated as a reflector to connect the Tx and Rx which are orthogonal to each other191

as it was vertically plugged on the mother board. As shown in Fig. 4a, the DIMM was192

vertically put on the center of the motherboard and diagonally aligned with transceivers.193

The distance from the DIMM to each of the transceiver is equal to d/2 = 9.55 cm. Mea-194

surements have been performed both in free-space and inside the metal cavity on the back-195

side of the motherboard with the antenna height h = 1.8 cm. For the cavity measure-196

ment, antennas were inserted into the cavity through two horn-size square holes drilled197

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

nent side of the DIMM were measured.

(a) (b)

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

199

3.3 OLoS Link200

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

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

To investigate the effects of parallel-plate structure on the motherboard , we performed203

measurements with two DIMMs being put in parallel on the center of the motherboard’s204

backside as shown in Fig 5. During the measurements, the distance between parallel DIMMs,205

w, was varied from 2 cm to 7 cm while keeping the antenna height h = 1.8 cm to see206

how path loss changes with the variation of w.207

3.4 OLoS Link208

On the motherboard. some big components like the heatsink which transfers the209

heat generated by electronic devices can block most LoS signals. However, some small210

openings on the components like the gaps between fins of the heatsink can still make the211

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

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

ments. As shown in Fig. 6, a heatsink with the size of 3.5 × 3.1 × 2.3 cmwere put on214

the center of motherboard’s backside. The distance from the heatsink to each of the transceiver215

is about 8.1 cm. To fully understand how wireless link is affected by the gaps between216
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𝑤 ൌ 2, 3, 4, 5, 6 cm

(a) (b)

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

fins of the heatsink, measurements were performed by horizontally moving the heatsink217

away from the transceiver towards the side D of the cavity with step increment of 0.25218

cm. The antenna height was kept at 1.8 cm same as the setup in previous measurements.219

𝑦 ൌ 0: 0.25: 1 cm

2.3 cm

3.5 cm

3.1 cm

Figure 6. NLoS measurement scenario.

220

3.5 CPU-PCI Link221

After the investigation of several possible scenarios on the motherboard separately,222

a practical link on the densely populated front side of the motherboard was measured.223

As shown in Fig. 7, the potential CPU-PCI (Peripheral Component Interconnects) link224

was measured in both free-space and metal cavity with the setup shown in the Fig. 7,225

where the Tx was mounted on the top of the CPU and Rx was hung over the PCI slots226

with 19.3 cm T-R separation. Since other hardware components like network cards, sound227

cards, disk controllers are always vertically plugged on the PCI slots, we set a 3 cm T-228

–8–
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R vertical misalignment to approximate the height difference between the CPU and the229

chip on the peripheral components. It can be observed from the figure that there are sev-230

eral PCI slots on the mother board with different distances to the CPU. Hence, measure-231

ments were performed by gradually increasing the T-R separation to 23.3 cm with the232

step increment of 1 cm while keeping the T-R vertical misalignment of 3 cm.

19.3 cm

3 cm

Figure 7. CPU-API link scenario.

233

4 Channel Modeling234

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(τ) = A

N∑
n=1

cne
jφnδ(τ − τn), (1)

where the N is the number of propagation paths, cn is the normalized amplitude asso-235

ciate with the nth propagation path, φn is the phase delay of the nth component and236

can be modeled as a random variable uniformly distributed in [−π, π), and τn is the time237

delay of the multipath component. The envelope power of the channel response A2 =238

|h(τ)|2 = PtGtGr/PL follows the mixed Gamma distribution, where Pt,Gt,Gr, and PL239

are the transmit power, Tx antenna gain, Rx antenna gain, and the path loss, respec-240

tively. The path loss includes the mean path loss over the measured band which is mod-241

eled by the proposed mean path loss model as a function of antenna height for the large242

scale fading of the channel, and the shadowing across the frequency which is described243

by the Gamma-mixture model by capturing the PDF of path loss variations. The PDP244

is referred as the squared amplitude of the channel response and can be modeled by the245

modified S-V model for THz wireless channel in motherboard desktop environment.246

4.1 Mean Path Loss Model for Averaged Path Loss Variations w.r.t the247

Antenna Height248

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

–9–
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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)dB = (PL)tdB + 10 log10(|E|2)−1 + 10 log10([g(αt)g(αr)]
2)−1, (2)

where (PL)tdB , 10 log10(|E|2)−1, and 10 log10([g(αt)g(αr)]
2)−1 represent the traveling249

loss, resonant modes based power variation, and the loss due to the radiation pattern250

of the equipped horn, respectively. However, in this paper, we considered a more prac-251

tical environment where a motherboard separates the cavity space into three parts (space252

below the motherboard, the motherboard, and space above the motherboard) with dif-253

ferent dimensions as shown in Fig. 8. As compared to empty cavity, mother board desk-254

top cavity has different resonant modes distribution. Hence, to adapt the new environ-255

ment, in equation (2), we modified the factor corresponding to the resonant modes.

b

a

X

Y

d୫

𝜖଴

𝜖ଵ

𝜖଴h୫

2

1

3

Z

c

Figure 8. Simplified model for a practical desktop environment

256

To calculate the distribution of the resonant modes in this environment, we assumed257

the motherboard as a homogeneous dielectric material (FR4) and model the environment258

as a partially dielectric-filled resonant cavity. As shown in Fig. 8, geometry of the desk-259

top environment is simplified as a rectangular metal cavity with the length, width, and260

height of c, b, and a filled by a dielectric slab with the thickness of dm at x = hm. The261

dielectric slab separates the cavity space into three homogeneous regions which are 0 <262

x < hm, hm < x < hm + dm, and hm + dm < x < a. The resonant modes inside the263

cavity can be determined by finding the solution in each region such that tangential com-264

ponents of E and H fields are continuous across the common boundary.265

For all the scenarios described in this paper, measurements were performed in re-

gion 3 with diagonal horn. Hence, we only cares about the Ex and Ey (TE modes) in

region 3, which are calculated as

(Ex)mnp =
−(ω2µ0ε0 − (kx0)2m)A1

jωε0
cos[(kx0)m(a− x)] sin

(nπy
b

)
sin

(pπz
c

)
(Ey)mnp =

−A1(kx0)m
jωε0

nπ

b
sin[(kx0)m(a− x)] cos

(nπy
b

)
sin

(pπz
c

)
, (3)
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where ω is the radian frequency, m,n, and p are positive integers, kx0 is the wave num-
ber along the x direction in region 1 and 3 filled by air and can be calculated with

kx0

ε0
tan

(
kx0

a− dm
2

)
=

√
k2
x0 + C2

ε1
cot

(
dm
√
k2
x0 + C2

2

)
, (4)

where C2 = ω2(µ1ε1 − µ0ε0), µ0, ε0, and µ1, ε1 are permittivity and permeability of266

air and FR4 material, respectively. Equation (4) has multiple solutions as kx0 = (kx0)m.267

The derivations of equations (3) and (4) are shown in the Appendix Appendix A.268

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

(Ex)m = Am cos[(kx0)m(a− x)]

(Ey)m = Bm sin[(kx0)m(a− x)]. (5)

4.2 Gamma-Mixture Model for Shadowing across the Frequency Band269

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 (Stüber & Steuber, 1996):

f(x,m,Ω) =
( m

2Ω

)m xm−1

Γ(m)
exp

(
−mx

2Ω

)
=

1

βαΓ(α)
xα−1 exp

(
−x
β

)
= f(x;α, β), (6)

where α = m > 0 is the shape factor, Ω is the average envelope power, β = 2Ω/m,270

and Γ(·) is the Gamma function. Hence, the PDF (probability density function) of the271

path loss variation (corresponding to the variation of the received power with constant272

transmitted power) over the frequency can be modeled with Gamma distribution.273

Unlike the wireless channel at low frequency, THz signal which is very sensitive and274

vulnerable even to the molecule in the air performs differently on different sections of275

the much wider frequency band. Hence, it is not sufficient to model the extremely wide276

band with just a single Gamma distribution (Tekbıyık et al., 2021). To fit the actual THz277

wireless channel, the Gamma-mixture model which covers the characteristics of each sub-278

channel is applied.279

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

fG(x) =

L∑
l=1

ρlfl(x, αl, βl), l = 1, 2, · · · , L, x > 0, ρl > 0, (7)

where fl(x, αl, βl) follows the Gamma distribution as shown in equation (6), ρl denotes280

the mixture proportion or weight of the lth component which satisfy the conditions that281

0 < ρl < 1,∀l = 1, 2, · · · , L, and
∑L
l=1 ρl = 1.282

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
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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 ρl, αl, and βl. That is ∀n, l,

φn,l =
ρlfl(xn|αl, βl)∑L
l=1 ρlfl(xn|αl, βl)

, (8)

where φn,l is a membership coefficient, it represents the probability that the nth input
value xn is generated by the lth component with the the distribution fl(·). The second
step is the maximization (M)-step in which the calculated membership coefficients are
used to update the parameters ρl, αl, and βl by maximizing the expectations calculated
in E-step. That is ∀l,

ρ̂l =

∑N
n=1 φn,l
N

, (9)

µ̂l =

∑N
n=1 φn,lxn∑N

n=1 φ
= α̂lβ̂l, (10)

σ̂2
l =

∑N
n=1 φn,l(xn − µ̂l)2∑N

n=1 φn,l
= α̂lβ̂l

2
, (11)

where N is the number of input values, ρl, µ̂l, σ̂2
l , α̂l, and β̂l are the updated weight, mean,283

variance, and scale parameters of the lth component, respectively. Before the iterations,284

the parameters should be assigned reasonable values based on the input data through285

an initial step. One common way is applied here as(Brilliant.org, n.d.):286

1. Randomly assign samples from the input data set X = x1, x2, · · · , xN to the com-287

ponent mean estimates µ1, µ2, · · · , µL.288

2. Set all component variance estimates σ2
1 , σ

2
2 , · · · , σ2

L = 1
N

∑N
n=1(xn−x̄)2, where289

x̄ is the sample mean and x̄ = 1
N

∑N
n=1 xn.290

3. Calculate αl and βl from the component mean and variance estimates µl and σ2
l291

for l = 1, 2, · · ·L.292

4. Set all component weights to the uniform distribution ρ1, ρ2, · · · , ρL = 1
L .293

4.3 Modified Saleh-Valenzuela Model For PDP294

In this section, a cluster-based channel model is introduced to simulate the mul-295

tipath components of THz wireless channel in a practical desktop environment. Here,296

cluster is defined as a group of multi-path components which have close excess delays.297

Clusters are always introduced from interacting with scatters (Cheng et al., 2020) such298

as the motherboard, components on the motherboard, and the sidewalls of the cavity.299

There is no standards to identify clusters. Here, the visual inspection is used by find-300

ing the local maximum and evident peaks in received power.301

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)

h(τ) =

L∑
l=1

Kl∑
k=1

gkle
jθklδ(τ − Tl − τkl) =

L∑
l=1

Kl∑
k=1

(g2
11e

−Tl/Γe−τkl/γ)
1
2 ejθklδ(τ − Tl − τkl),

(12)

where L is the number of clusters, Kl is the number of multi-path components in the lth

cluster, gkl and θkl are the gain and phase of the kth component in the lth cluster, re-
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spectively. Tl is the excess delay of the lth component and τkl is the delay of the kth com-
ponent relative to Tl. From the impulse response, the PDP of the S-V model in dB can
be expressed as (Ai et al., 2015)

PDP (τ) =

L∑
l=1

Kl∑
k=1

[10 log10 g
2
11 −

Tl
Γ

(10 log10 e)︸ ︷︷ ︸
P(Tl)[dB]

− τkl
γ

(10 log10 e)︸ ︷︷ ︸
P(τkl)[dB]

] · δ(τ − Tl − τkl), (13)

where the first term is a constant, P(Tl) and P(τkl) represent the cluster and ray decay,302

respectively.303

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

P(Tl)[dB] =



c1 exp
(
− Tl

d1

)
+ e1, 0 < τ < τth1,

c2 exp
(
− Tl

d2

)
+ e2, τth1 < τ < τth2,

...,

cn exp
(
− Tl

dn

)
+ en, τth(n−1) < τ < τMax,

(14)

where c1,2,···n, d1,2,···n, and e1,2,···n are model constants, τth(1,2,···n−1) are delay thresh-
olds severing as break points for the cluster decay P(Tl), and can be determined with
visual inspection for different scenarios. Similarly, we modified the ray decay with power
law approach as

P(τkl)[dB] = 10nl log10(τkl) + Pl, (15)

where nl is the ray decay exponent of the lth cluster, and Pl is the bias. Both nl and Pl304

can be determined with the least square fit to the PDP in dB for each cluster. A schematic305

illustration of our modified S-V model is shown in Fig. 9.

⋯
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Figure 9. Schematic illustration of the proposed clustering model.

306

5 Result Analysis and Model Verification307

In this section, we compared the path loss and PDP measured in free-space and308

the metal cavity for the scenarios described in section 3. Also, to model the THz chan-309

nel in a practical desktop environment, we analyzed and modeled the motherboard desk-310

top measured path loss with proposed mean path loss model and Gamma-mixture model311
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for the shadowing of the path loss across the frequency, and measured PDP with the mod-312

ified S-V model. For the Gamma-mixture model applied in each scenario, the number313

of mixed Gamma distributions, k, is chosen to achieve more than 97% of r-squared good-314

ness of fit. Also, the parameters of cluster and ray power decay in modified S-V model315

are summarized in tables.316

5.1 Path Loss and Multipath Characterization317

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:

PL =
PtGtGr
Pr

, (16)

where Pt, Pr, Gt and Gr are refer to the transmitted power, received power, transmit gain,
and receive gain, respectively. With the S21 (Pr/Pt) 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 P̃L defined as:

P̃L = (
4πd

λ
)2, (17)

where d and λ represent the signal traveling distance and the wave length in free space,318

respectively.319

PDP provides the intensity of a signal received through a multipath channel as a320

function of time delay. Also, some other important parameters such as mean excess de-321

lay, RMS delay spread, and coherence bandwidth are calculated from the PDP. The mea-322

sured PDP file can be derived by squaring the normalized channel impulse response which323

can be estimated through inverse discrete Fourier transform (IDFT) of the measured fre-324

quency response.325

5.2 Characterization and Modeling of LoS Propagation326

Section 3.1, Fig. 3 describes the measurement scenario for LoS link over the moth-327

erboard in free-space and the metal case. Figure 10 compares the measured and Friis pre-328

dicted path loss for antenna height varies from 0 to 2.4 cm with the step of 0.6 cm. As329

shown in Fig. 10a and Fig. 10b, a similar trend of the path loss variation w.r.t. the an-330

tenna height can be observed in both free-space and desktop metal cavity scenarios. We331

observe destructive effects when h = 0 cm, and 1.2 cm with the measured path loss of332

3 dB and 2 dB greater than Friis predicted value, respectively, for both scenarios. In con-333

trast, when antenna height is 0.6 cm, the interference with the reflection on the moth-334

erboard and the effect of resonant modes inside the cavity provide constructive effects335

to the wireless channel, which results in the path loss measured in free-space and moth-336

erboard desktop to be 2 and 2.5 dB lower than the Friis value, respectively. And when337

h is greater or equal to 1.8 cm, the measured path loss follows the Friis line very well in338

both scenarios.339

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

PL =
1

N

N∑
i=1

PL(fi), (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)t 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 10 log10(|E|2)−1 represents the resonant
based power variation with

|E|2 = |Ex|2 + |Ey|2 = |
M∑
m=1

Exm|2 + |
M∑
m=1

Eym|2, (19)

where Exm and Eym can be derived from (5) with the cavity height a = 10 cm, and340

the wave number in x-direction kx0 can be determined using (4), where dm = 1.6 mm,341

ε1 = 4.4ε0, and µ1 ≈ µ0. It is calculated that (kx0)m ≈ 0.3196 + mπ
4.92 , m ∈ N

+. Dur-342

ing the measurements, both Tx and Rx were moved simultaneously, hence, the last term343

corresponding to the loss due to the radiation pattern is negligible. It can be observed344

that the path loss predicted by the model matches well with the measured results ex-345

cept the point when antennas are on the motherboard. This is because in our model, moth-346

erboard is treated as a homogeneous dielectric slab and the desktop environment is mod-347

eled as a partially dielectric-filled resonant cavity which is an abstract of the practical348

environment. It is found that the first sixteen TE modes (M = 16) dominate the chan-349

nel. The coefficients, Am and Bm for each mode were found by curve-fitting the inter-350

polated measured mean path loss.351

The oscillations of path loss measured in free-space are due to the reflections on352

the motherboard and between the back-panels of both Tx and Rx antennas. On com-353

parison, it is observed that the motherboard desktop measured path loss varies more rapidly354

and randomly, which may due to the resonant modes in cavity (Fu et al., 2019b; Fu et355

al., 2020). To characterize the shadowing across the frequency as path loss variation over356

the band, the gamma mixture model as described in section 4.2 is applied. Figure 12 shows357

that Gamma-mixture model described by equation (7) has good fit to the PDF of in-358

cavity measured path loss oscillations with antenna height h = 0.3, 1.5, 2.4, 3.3, and359

4.5 cm, and the corresponding number of mixed Gamma distributions, k, are chosen to360

be 6, 6, 6, 14, and 13, respectively, to achieve the r-squared goodness of fit to be greater361

than 97%. Also, it is observed that by increasing the number of Gamma distributions362

in the mixture, fitting to the measurements can reach a higher accuracy.363
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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%, (c) 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 desktop364

with five different antenna heights h from 0 to 2.4 cm. For the PDP file measured in free-365

space, as shown in Fig. 13a, there are two clusters of later arriving peaks with excess de-366

lay of 1.918 and 3.92 ns from which the extra distances covered by the signal are calcu-367

lated. And the calculated distances are exactly two and four times of the spacing between368

the back panels of antennas, which means that these two groups of later arriving peaks369

are due to the signal bouncing back and forth between the back panels of the antennas.370

Inside the metal cavity, more multipaths can be observed, as shown in Fig. 13b, the PDP371

measured inside the metal cavity has five periodic clusters of later arriving peaks with372
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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 back373

and forth between the transceiver sidewalls (side A and C) of the cavity.374

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(τ) as

APDP(τ) = E[PDP(τ, h)], (20)

where E[·] represents the ensemble average on all PDP files measured with different an-375

tenna heights. The modified S-V model as described in section 4.3 is adopted to char-376

acterize the APDP of the THz LoS link in the practical desktop environment. It can be377

observed from Fig. 14 that there is a good match between the measured and modeled378

results. From the plot, it can be easily identified that there are ten clusters with visual379

inspection. The cluster power decay can be modeled with equation (14) with two sub-380

functions (n = 2). The model coefficients for the cluster power decay are summarized381

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

382

ray decay exponent nl and bias Pl are summarized in Table. 3.383

5.3 Characterization and Modeling of RNLoS Propagation384

Figure 15 compares the path loss of RLoS link measured in both free-space and the385

metal cavity with the Friis prediction. Measurement setup is described in section 3.2 and386

shown in Fig.4.Measured path loss curves with both component side and flat side of the387
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Table 3. Parameters of cluster power decay for LoS link in a desktop environment

l nl Pl

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 both388

component and flat side of the DIMM are greater than the Friis prediction, which is due389

to the reflection losses. Also, since the component side is more rugged than the flat side390

of the DIMM, the path loss measured on the component side of the DIMM is greater than391

which measured on the flat side. Considering the effects of resonant modes inside the392

cavity, the path loss measured inside the cavity is about 1 dB lower than the path loss393

measured in free-space with flat side of the DIMM as the reflection surface. Since the394

oscillation of path loss over the measured frequency band is mainly due to the multipath395
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introduced by the scatterings on the DIMM and the resonant modes inside the cavity.396

The fluctuation of the path loss measured on the component side and inside the metal397

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.

398

The oscillation of path loss measured inside the metal cavity is characterized by399

the described Gamma-mixture model as shown in Fig. 16. A good match between the400

Gamma-mixture models described by equation (7) and the PDFs of the in-cavity mea-401

sured path loss oscillations with component side and flat side as the reflection surface.402

The corresponding number of mixed distributions, k, are chosen to be 12 and 6, respec-403

tively.404

Figure 17 shows the PDP files measured in free-space and the metal cavity with405

both component side and flat side of the DIMM as the reflection surfaces. As shown in406

the plot, for the PDP files measured in free-space, there are two clusters of later arriv-407

ing peaks with excess delay of 1.01 and 1.918 ns which are due to the signal propagat-408

ing to the Rx through the reflection on the DIMM with an extra traveling between the409

DIMM and the back-panel of Tx or Rx and an extra traveling between the back-panels410

of Tx and Rx, respectively. For the PDP files measured inside the metal cavity, more411

multipaths can be observed as there are four clusters of later arriving peaks. The first412

cluster of later arriving peaks with the excess delay of 0.83 ns indicates an extra trav-413

eling of the signal between the DIMM and a transceiver sidewall (sidewall A or D) of the414

cavity. Other three later arriving peaks with the period of 1.83 ns are due to the signal415

bouncing back and forth between the transceiver sidewalls.416

To model the PDP of THz RNLoS link with DIMM as the reflector, the APDP file417

is first calculated by averaging the PDP files measured with both sides of the DIMM.418

The modified S-V model is applied to characterize the calculated APDP file. As shown419

in Fig. 18, a good match between modeled and measured results can be observed. With420

the visual inspection, thirteen clusters can be identified from the plot. The cluster power421

decay is modeled by equation (14) with four sub-functions (n = 4). The values of model422

coefficients for the cluster power decay is summarized in Table. 4. In each cluster, the423

ray power decay is described by the equation (15), the ray decay exponent nl and bias424

Pl are summarized in Table. 5.425
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Figure 16. Gamma-mixture model for the PDFs of motherboard desktop measured path loss

oscillations for RNLoS link with (a) component side as the reflection surface, k = 12, R-squared:

97.4036% (b) flat side as the reflection surface, k = 6, R-squared: 97.7893%.
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Figure 17. Measured PDP files for RNLoS link with measurements performed on component

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

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 52.77
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Table 5. Parameters of cluster power decay for RNLoS link in a desktop environment

l nl Pl

1 2.2146 53.7255

2 0.3717 13.5386

3 0.5510 22.0297

4 0.2120 11.5867

5 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 Propagation426

The measurement setup for the characterization of OLoS propagation over the moth-427

erboard in free-space and metal desktop case is described in Section 3.3 and shown in428

Fig. 5. A similar trend on the transition of path loss measured in free-space and inside429
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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 be430

observed from Fig. 19a and Fig. 19b. Comparing with the Friis prediction, destructive431

and constructive effects can be seen when w = 2 and 3 cm, respectively. The destruc-432

tive and constructive effects indicates the scattering and multipaths inside the corridor433

created by the parallel DIMMs. And the these effects die out when w ≥ 4 cm where434

path loss follows the Friis prediction very well. The differences between the path loss curves435

measured in free-space and inside the metal cavity are also very obvious. As shown in436

the plots, the path loss curves measured in free-space when w = 2 and 3 cm are greater437

than which measured inside the metal cavity. Also, the oscillations of the path loss curves438

measured in free-space are stronger in terms of the amplitude, while the path loss mea-439

sured inside the cavity varies more rapidly and randomly over the measured band. These440

oscillations are due to the multipath introduced by the scatterings between the Paral-441

lel DIMMs, the reflections on the motherboard, and reflections between back-panels of442

equipped antennas for path loss measured in free-space, and resonant modes for path loss443

measured inside the metal cavity.444

The Gamma-mixture model described in section 4.2 is applied to characterize the445

oscillations of path losses measured in the practical desktop environment. As shown in446

Fig 21, a great agreement between the Gamma-mixture model described by equation (7)447

and the PDFs of oscillations of path losses measured with w = 3 and 5 cm. The cor-448

responding number of Gamma-distributions applied for each channel response, k, are cho-449

sen to be 8 and 20.450

The PDP files of OLoS link measured in free-space and inside the metal cavity with451

distance between DIMMs w = 2, 3, 4, 5, and 6 cm are shown in Fig. 21. For the PDP452

files measured in free-space, as shown in Fig. 13a, there are three clusters of later arriv-453

ing peaks with the delay of 1.918, 3.92, and 6 ns, which are due to the signal bouncing454

between the back-panels of the equipped antennas while for the PDP files measured in-455

side the metal cavity shown in Fig. 21b, five periodic clusters of later peaks with the 1.83456

ns period can be observed, which are due to the signal bouncing back and forth between457

the transceiver sidewalls of the cavity.458

The averaged power delay profile APDP for the OLoS link inside the practical desk-459

top is first calculated by averaging the local PDPs measured with different distances be-460
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Figure 20. Gamma-mixture model for the PDFs of motherboard desktop measured path loss

oscillations for OLoS link with the distance between the parallel DIMMs (a) w = 3 cm, k = 8,

R-squared: 97.6146% (b) w = 5 cm, k = 20, R-squared: 97.1241%.
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Figure 21. Measured PDP files for OLoS link (a) in free-space (b) inside the metal cavity

with distance between the parallel DIMMs varying from 2 cm to 6 cm.
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tween the parallel DIMMs. The modified S-V model is used to characterize the calcu-461

lated APDP file. As shown in Fig. 22, a good agreement between the Gamma-mixture462

model and the measured result can be observed. Ten clusters can be identified with the463

visual inspection from the plot. The cluster power decay can be described with equa-464

tion (14) with two sub-functions (n = 2). The parameter values are summarized in Ta-465

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 4.949 60.22

466

equation (15), the ray decay exponent nl and the bias Pl are summarized in Table. 7.467

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

l nl Pl

1 1.0456 57.2337

2 1.0749 20.7884

3 1.4130 16.4080

4 1.4096 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

468

5.5 Characterization and Modeling of NLoS Propagation469

NLoS propagation measurements has been performed on the motherboard with heat470

sink as the obstruction in both free-space and metal cavity as described in section 3.4471

and the measurement setup is shown in Fig. 6. Figure 23 compares the measured path472

loss with different horizontal movements of the heat sink, y, with the Friis prediction.473

The destructive effects of the heat sink can be clearly observed from the plot. For the474

path loss measured in free-space as shown in Fig. 23a, all measured curves oscillate around475

80 dB which is about 12 dB greater than the Friis prediction. And for the in-cavity mea-476
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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 0.75477

cm are around 75 dB, while other three curves are around 80 dB. Also, due to the scat-478

terings on the fins of the heat sink, and the reflections on the motherboard, strong os-479

cillations of the path loss curves can be observed from both Fig. 21a and Fig. 21b. How-480

ever, due to the resonant modes inside the metal cavity, the in-cavity measured path loss481

varies more rapidly and oscillates more strongly for some certain values of y.482

The oscillations of the path losses measured inside the metal cavity can be described483

by the mixture of several Gamma distributions as mentioned in section 4.2. Figure 24484

compares the PDFs of the Gamma-mixture model described by equation (7) and the path485

loss measured with y = 0.5 and 1 cm. The number of mixed Gamma-distributions for486

each channel response, k, are chosen to be 15 and 9.487
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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 metal488

cavity with different horizontal movements of the heat sink as the obstacle are shown489

in Fig. 25a and Fig. 25b, respectively. For the PDP files measured in free-space, there490

are three clusters of later arriving peaks with the excess delay of 0.9174, 1.918, and 2.585491

ns. The first and second cluster of later arriving peaks are due to the extra traveling of492

the signal between fins of the heat sink and the back panel of Tx or Rx, and extra trav-493

eling between the back panels of equipped antennas, respectively. And the third clus-494

ter of later arriving peaks indicates that the signal not only traveled an extra distance495

between the back panels of equipped antennas, but also an extra distance between the496

fins and the back panel of the Tx or Rx antenna. For the PDP files measured inside the497

metal cavity, there are seven clusters of later arriving peaks. The second, fourth, and sixth498

cluster of later arriving peaks with the excess delay of 1.835, 3.837, and 5.671 ns (1, 2,499

and 3 ×1.835 cm) are due to the signal bouncing back and forth between the transceiver500

sidewall of the cavity. And the first, third, fifth, and seventh cluster of later arriving peaks501

with the excess delay of 0.834, 2.669, 4.587, and 6.422 ns indicate that besides rebound-502

ing between the transceiver sidewalls of the cavity, signal also bounces around the transceiver503

sidewall (A or C) and fins of the heat sink.504

The APDP file for the NLoS link inside the cavity is first calculated by averaging505

all local PDPs measured with different horizontal movements of the heat sink. The cal-506

culated APDP is then characterized by the modified S-V model. As shown in Fig. 26,507

a good match between the modified S-V model and the APDP can be observed. From508

the plot, 16 clusters can be identified with visual inspection. The cluster power decay509

can be modeled with equation (14) with three sub-functions (n = 3). The break points510

τth1 and τth2 are 4, and 13 ns, respectively. The model coefficients of the cluster power511

decay are summarized in Table. 8. Also, the ray power decay in each cluster can be de-512

scribed with equation (15). The ray decay exponent nl and the bias Pl are summarized513

in Table. 9.514
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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× 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.

5.6 Characterization and Modeling of CPU-PCI Link515

On the densely populated motherboard, CPU-PCI connection is a commonly used516

link. Measurements of the CPU-PCI link were performed as described in section 3.5 and517
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Table 9. Parameters of cluster power decay for NLoS link in a desktop environment

l nl Pl

1 1.9499 47.5852

2 1.0973 22.4998

3 1.0685 14.3989

4 0.9128 12.4622

5 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 0.3066 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-space518

and the metal cavity with different distances between the transceivers with the corre-519

sponding Friis predictions. For the path loss measured in Free-space, as shown in Fig.520

27a, all measured path loss curves are around 86 dB which is about 20 dB greater than521

the Friis predictions. No clear hierarchy can be observed from the measured path loss522

even though the T-R separation was gradually increased with the step of 1 cm. The high523

path loss is due to the obstruction of components on the mother board like the heat sink524

and the 3 cm vertical misalignment between the Tx and Rx. Because of the scatterings525

on the densely populated motherboard and the reflections between the back-panels of526

the antennas, strong ripples with the maximum of ∼15 dB can be observed on the mea-527

sured path loss curves. For the in-cavity measurements, the measured path losses still528

oscillates around approximate 86 dB as shown in Fig. 27b. However, different with the529

path loss measured in free-space, the in-cavity measured path loss oscillates more ran-530

domly and rapidly due to the resonant modes inside the cavity.531

Oscillations of the in-cavity measured path losses are considered as random pro-532

cesses and modeled by the described Gamma-mixture model. Figure 28a and 28b com-533

pare the PDFs of the Gamma-mixture model described by equation (7) and the path loss534

measured with the T-R separation, d = 20.3 and 22.3 cm, respectively. The number535
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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.536

537

Figure 29a shows the PDP files measured in free-space with T-R separation d =538

19.3, 21.3, and 23.3 cm. Considering the number of multipaths introduced by the scat-539

terings on the densely populated motherboard, the measured PDP are disordered. How-540

ever, it can be observed from the plot that all these PDP files shared two clusters of later541

arriving peaks with the excess delay of 0.334 ns and 0.834 ns, which indicates the extra542

traveling of the signal between the heat sink and the accelerated graphics port (the green543

socket as shown in Fig. 7) and between the heat sink and the back-panel of the Tx an-544

tenna, respectively. Figure 29b shows the in-cavity measured PDPs. Seven clusters of545

later arriving peaks can be observed from the plot. The second, fourth, and sixed clus-546

ter of later arriving peaks with the excess delay of 1.835, 3.67, and 5.588 ns are due to547

the signal bouncing back and forth between the transceiver sidewalls of the cavity. The548

first, third, fifth, and seventh cluster of later arriving peaks with the excess delay of 0.75,549

2.669, 0.4504, and 6.339 ns suggest that besides the bouncing between the transceiver550

sidewalls, signal also bounces between the heat sink and the Tx sidewall.551

To model the CPU-PCI link on the motherboard inside the desktop case, the APDP552

file is first calculated by averaging the local PDPs with different T-R separations. Fig.553

30 compares the calculated APDP file and the modified S-V model. As shown in the plot,554

a good match between the measured and modeled results can be observed. Ten clusters555

can be easily identified from the plot with visual inspection. Equation (14) models the556

cluster power decay with four sub-functions, and the break points τth1, τth2, and τth3 are557

2.2, 4.2, and 6 ns. Table. 10 summarizes the coefficients of the cluster decay. Inside each558

cluster, the ray power decay can be modeled with equation (15). The decay exponent559

nl and bias Pl for each cluster are summarized in Table. 11.560

6 Conclusions561

This paper presented the THz channel characterization and modeling for a prac-562

tical desktop environment. Measurements were performed on a motherboard both in free-563
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Figure 28. Gamma-mixture model for the PDFs of in-cavity measured path loss oscilla-

tions for CPU-PCI link with T-R separation (a) d = 20.3 cm, k = 6, R-squared: 99.3121% (b)

d = 22.3 cm, k = 2, R-squared: 99.2881%.
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Figure 29. Measured PDP files 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.
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Table 10. Parameters of cluster power decay for CPU-PCI link in a desktop environment

n c d e

1 -22.4 0.2013 22.4

2 -105.7 2.165 50.1

3 -44.04 3.719 40.2

4 -106.7 3.261 42.2

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

l nl Pl

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 1.4631 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 potential564

scenarios. Path loss and PDPs measured in different environments are compared. The565

results show that mean path loss measured inside the motherboard desktop changes in566

the same manner as which measured in free-space. However, the path loss measured in-567

side the motherboard desktop oscillates more rapidly and randomly due to the resonant568

modes inside the cavity. Also, because of the resonant modes, more multipath compo-569

nents can be observed from the in-cavity measured PDP plots. The periodic clusters of570

later arriving peaks with 1.835 ns period indicate the signal bouncing back and forth be-571

tween the transceiver sidewalls. The large scaling fading of the path loss can be char-572

acterized with our mean path loss model as a function of antenna height, h. The model573

expression is derived by simplifying the environment as a partially dielectric filled metal574

cavity. The modified mean path loss model has a good agreement with the measured mean575

path loss except the first point where antennas were on the motherboard. Considering576

the ultra-wide bandwidth and rapid changes of the signal at THz frequency, Gamma-577

mixture model is applied to characterize the random process of the oscillations of in-cavity578

measured path loss. Results show that with proper choice of the number of mixed Gamma579

distributions k, the goodness of fit between the model and the PDF of path loss oscil-580

lations can reach more than 97%. Also, with larger k, the accuracy can be better. Mul-581
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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 fit582

the measured results, modifications were made on the conventional S-V model by express-583

ing the cluster power decay with step-wise functions and each sub-function is expressed584

exponentially in dB, and the ray power decay with power law approach. A good match585

between the model and the measurements was observed, which verifies the correctness586

of our modified S-V model.587

Appendix A Derivation of Resonant Modes Distribution in a Prac-588

tical Desktop Environment589

Here, we attempt to find the TM to x 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)

∂2ψ

∂x2
+
∂2ψ

∂y2
+
∂2ψ

∂z2
+ k2ψ = 0. (A1)

The general solution to the Helmholtz equation is (Harrington, 2001)

ψkxkykz = f(kxx)f(kyy)f(kzz), (A2)

where the parameters satisfy k2
x+k2

y+k2
z = k2 and f(kix) is so called harmonic func-

tion which can be chosen as (Harrington, 2001)

f(kix) ∼ sin(kix), cos(kix), exp(jkix), exp(−jkix). (A3)

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

ψ1 = A1 cos(kx0x) sin(
nπy

b
) sin(

pπz

c
),

ψ2 = {A2 cos(kx1x) +B2 sin(kx1x)} sin(
nπy

b
) sin(

pπz

c
),

ψ3 = −A1 cos[kx0(x− a)] sin(
nπy

b
) sin(

pπz

c
), (A4)
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where n and p are positive integers, A1, A2, and B2 are coefficients. The parameters kx0

and kx1 in region 1, 3 and region 2 satisfy

k2
x0 + (

nπ

b
)2 + (

pπ

c
)2 = ω2ε0µ0,

k2
x1 + (

nπ

b
)2 + (

pπ

c
)2 = ω2ε1µ1, (A5)

where ε0 and µ0 are permittivity and permeability of air in region 1 and 3, while ε1 and
µ1 are which of FR4 material in region 2. For TM to x modes, we choose the vector po-
tential Ā = x̂ψ, then

Ē =
∇∇ · Ā+ k2Ā

jωε
,

H̄ = ∇× Ā, (A6)

which can be expanded in rectangular coordinates as
Ex = 1

jωε

(
∂2

∂x2 + k2
)
ψ

Ey = 1
jωε ·

∂2ψ
∂x∂y

Ez = 1
jωε ·

∂2ψ
∂x∂z

,


Hx = 0

Hy = ∂ψ
∂z

Hz = −∂ψ∂y
. (A7)

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

Ey1 = − kx0
jωε0

nπ

b
A1 sin(kx0x) cos

(nπy
b

)
sin

(pπz
c

)
Ey2 =

kx1
jωε0

nπ

b
{B2 cos(kx1x)−A2 sin(kx1x)} cos

(nπy
b

)
sin

(pπz
c

)
Ey3 = − kx0

jωε0

nπ

b
A1 sin[kx0(a− x)] cos

(nπy
b

)
sin

(pπz
c

)
. (A8)

Similarly, Hy in each region can be calculated as

Hy1 =
pπ

c
A1 cos(kx0x) sin

(nπy
b

)
sin

(pπz
c

)
Hy2 =

pπ

c
{A2 cos(kx1x) +B2 sin(kx1x)} sin

(nπy
b

)
sin

(pπz
c

)
Hy3 = −pπ

c
A1 cos[kx0(a− x)] sin

(nπy
b

)
sin

(pπz
c

)
. (A9)

Continuity of Ey and Hy at x = hm requires Ey1(hm) = Ey2(hm) and Hy1(hm) =

Hy2(hm). Hence,

−A1kx0
ε0

sin(kx0hm) =
kx1
ε1
{B2 cos(kx1hm)−A2 sin(kx1hm)} (A10)

A1 cos(kx0hm) = A2 cos(kx1hm) +B2 sin(kx1hm). (A11)

Also, the continuity of Ey and Hy at x = hm+dm requires Ey3(hm+dm) = Ey2(hm+

dm) and Hy3(hm + dm) = Hy2(hm + dm). Therefore,

−A1kx0
ε0

sin[kx0(a− hm − dm)] =
kx1
ε1
{B2 cos(kx1hm)−A2 sin(kx1hm)} (A12)

−A1 cos[kx0(a− hm − dm)] = A2 cos[kx1(hm + dm)] +B2 sin[kx1(hm + dm)]. (A13)

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

−A1kx0
ε0

sin

(
kx0

a− dm
2

)
cos

(
kx0

a− 2hm − dm
2

)
=

kx1
ε1

[
B2 cos

(
kx1

2hm + dm
2

)
−A2 sin

(
kx1

2hm + dm
2

)]
cos

(
kx1dm

2

)
. (A14)
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The subtraction of equation (A11) from (A13) gives

A1 cos

(
kx0

a− dm
2

)
cos

(
kx0

a− 2hm − dm
2

)
=[

B2 cos

(
kx1

2hm + dm
2

)
−A2 sin

(
kx1

2hm + dm
2

)]
sin

(
kx1dm

2

)
. (A15)

By dividing equation (A15) from (A14), the characteristic equation can be derived as

kx0

ε0
tan

(
kx0

a− dm
2

)
=
kx1

ε1
cot

(
kx1dm

2

)
. (A16)

By combining equations (A15) and (A16), we can derive a equation of kx0 as

kx0

ε0
tan

(
kx0

a− dm
2

)
=

√
k2
x0 + C2

ε1
cot

(
dm
√
k2
x0 + C2

2

)
, (A17)

where C2 = ω2(µ1ε1−µ0ε0). Also, from equation (A7), the Ex and Ey in region 3 are

calculated as

(Ex)mnp =
−(ω2µ0ε0 − (kx0)2m)A1

jωε0
cos[(kx0)m(a− x)] sin

(nπy
b

)
sin

(pπz
c

)
,

(Ey)mnp =
−A1(kx0)m

jωε0

nπ

b
sin[(kx0)m(a− x)] cos

(nπy
b

)
sin

(pπz
c

)
. (A18)
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