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Channel Sounding for D-Band Measurements

Samantha M. Frietchen

(ABSTRACT)

With the advent of new technologies introduced with each cellular generation, there is need

to characterize a variety of different communications links. Areas, such as software defined

radios, have been explored to fill flexibility needs for dynamic sounding. Also of heavy inter-

est is exploring the terahertz frequency band for communication potential in 6G. However,

numerous channel sounding measurements must be collected to properly support channel

models for this region. The work detailed in this thesis aims to address this current research

areas, with three main contributions: (1) detailing a flexible software define radio channel

sounding architecture for easy, configurable channel sounding, (2) a comparison of sounding

waveforms within a software defined radio framework, and (3) a detailed D-Band channel

sounding framework and short-range path loss measurements. In the first contribution, a low

cost radio (Ettus B210) is used as the channel sounding transmitter with a frequency retuning

software to overcome the small instantaneous bandwidth of the low cost transmitter. In the

second contribution, an upgraded version of the SDR channel sounder transmitter from the

first contribution is used to compare different sounding waveforms. Each of the waveforms

were tested within the same channel sounder architecture and the results were compared to

make recommendations about which waveform to use in a variety of circumstance. In the

third contribution, a new channel sounder, with sub-THz up and down conversion, was used

to collect path loss measurements at D-Band. In these contributions, we target address-

ing two prominent areas of channel sounding research: use of low-cost radios for channel

sounding and (sub-)terahetz frequency channel characterization.
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Samantha M. Frietchen

(GENERAL AUDIENCE ABSTRACT)

In communications, sending information is done by modulating information bits in a signal

that can be sent from the sender to the receiver. The environment, or channel, in between the

sender and receiver plays a significant role in whether the information is successfully received.

Thus, in developing of communications links, it is important to have an understanding of

how the channel behaves and affects the information signal. Channel sounding is a process

of collecting measurements that characterize the behavior of the channel. In recent years,

more devices are being connected, creating new environments to be characterized, which

require flexibility in channel sounder design. Additionally, with new devices, there is interest

in leveraging higher portions of the RF spectrum. Moving up in frequency introduces new

challenges in successfully communicating, but higher frequencies offer the reward of accessing

greater bandwidth and thereby data throughput. In this work, we (1) detail the design of

a channel sounder using low-cost hardware, (2) analyze the performance achieved using

different waveforms for sounding on low-cost hardware, and (3) collect measurements using

a live hardware system capable of measuring at high frequencies, 120-130 GHz.
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An understanding of how the wireless channel interacts with a emitted signal is crucial for

successful deployment of a communication system. Channel sounding is the technique of

collecting measurements that aim to characterize the wireless channel, particularly in differ-

ent environments and at different frequency ranges. Fig. 1.1 shows the general progression

or pipeline that leads from channel measurements to actual system deployment. One caveat

is that this progression does not show dynamic adjustments to system constraints made

after deployment. Thus, the driving motivation behind collecting channel measurements

is to gauge limitations of operating within a specific environment or frequency range, ulti-

mately constructing predictive models, so that system deployment is successful. An excellent

case study in the relationship channel sounding has on communication system infrastruc-

ture is from Rappaport’s group on mmWave for 5G communications [62]. In this work,

measurements made within an urban environment inform recommendations of base station

separation. Sounding campaigns can aim to characterize a variety of phenomena associated

with the channel that need to be accommodated for in a communication system, such as,

path loss, delay spread, angle of arrival, and Doppler spread. Thus, channel sounding covers

a wide breadth of environments and scenarios to characterize, from diffraction off a person

[55] to real-time, directional vehicle-to-vehicle (V2V) characterization [15]. Each specific
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Figure 1.1: Flow from channel measurements to systems implementation

measurement campaign has different requirements needed from the channel sounder based

on assumptions from the channel behavior and what is targeted to measure.

Software Defined Radios (SDRs) have been explored heavily in their applicability to channel

sounding. While imposing some limitations, namely low instantaneous bandwidth, dynamic

range, and accessible frequency range [79], SDRs are significantly more accessible and flexible

compared to more custom architectures [65]. Operating within Dynamic Spectrum Access

(DSA) environments, a spectrum efficiency technique allowing a secondary user to select

unused bands to transmit over, is a specific case where the flexibility of SDRs is appealing.

In [12], a channel sounder is used as a secondary user and requires the channel sounding to

dynamically adjust power based on the primary users presence within the band.

With channel sounding being such a broad field, there are several scenarios that aim to mea-

sure different phenomenon of the channel. For example, in [55], an analog sliding correlator

was used for coverage analysis because this architecture compresses the receive bandwidth

and eases ADC sampling rate requirements. However, this architecture sacrifices Doppler

resolution and thus a different hardware architecture was used for measuring the Doppler

spectrum. While this example specifically illustrates the impact of hardware architecture

on various performance metrics, the selection of sounding waveform and post processing

technique also plays a role on performance constraints. Common waveforms that are used

to stimulate the channel include frequency-modulated continuous wave (FMCW), binary
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pseudo-random noise (PN), Orthogonal Frequency-Division Multiplexing (OFDM), Zadoff-

Chu, and Direct Pulse. There exists some comparisons of the waveforms [52], [71], [72], but

these comparisons do not offer contextualization for different channel sounding scenarios.

Emergence of new, data-rate intensive technologies, like holographic communications and

extended reality applications, motivates exploring potential use of the terahetz (THz) band

(0.1-10 THz) for communications [75]. As mentioned previously and illustrated by 1.1, an

important first step is characterizing the channel environment. One band of interest for

communications within the THz band is D-Band ranging from 110 to 170 GHz [4]. D-Band

measurement campaigns have been conducted to measure path loss [68], penetration losses

[44], and foliage losses [75], to name a few. Despite these campaigns, sub-THz channel

measurements remains an active area of research because a large body of measurements

from different organizations is required for accurate statistical models [4].

The work presented in this thesis aims to address some of these active research areas in

channel sounding. Fig. 1.2 shows the high level operational concept graphic of the sounding

architectures described in this thesis. Note that different sounding architectures are detailed,

a low-cost frequency-limited SDR based channel sounder and a custom FPGA-based hard-

ware D-Band channel sounder. Through the following chapters of this thesis the following

contributions will be addressed:

• Design of a flexible, low-cost channel sounding transmitter with the ability to aggregate

intermediate transmissions to achieve a larger bandwidth across any frequency range

within the operational constraints of the SDR.

• Comparison of sounding performance when using FMCW, Zadoff-Chu, OFDM, PN,

and direct pulse waveforms on an SDR using qualitative analysis of performance metrics

and observation of over the air performance.
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Figure 1.2: Flow from channel measurements to systems implementation

• Details on a flexible D-Band channel sounder capable of selecting sounding waveforms,

bandwidths, and measured frequency ranges. THe realized system used to collect

short-range path loss measurements with Zadoff-Chu stimulus.

The work detailed in this thesis pertains to practical implementations for channel sounding

research that are tailored towards emerging channel sounding applications. The main body

chapters are supported with hardware development on various platforms, including software

defined radios, digital signal recorders, and D-Band hardware conditioning. Chapter 2 details

relevant background knowledge regarding propagation mechanics, measurement systems, and

current channel sounding directions applicable to this work.

Chapter 3 details the design of a flexible, low-cost channel sounding transmitter that is

implemented on an Ettus USRP B210. The channel sounder uses a frequency-modulated
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continuous wave signal to stimulate the channel and is equipped with retuning software

to obtain a larger bandwidth than the relatively narrow instantaneous bandwidth of the

B210. The channel sounder has the ability of making flexible selections of start frequency,

full transmission bandwidth, and sweep duration. This chapter is adapted from the below

publication cited as [28].

• Samantha Frietchen, Daniel J. Jakubisin, and Alan J. Michaels. Semi-Automation

of Wideband Channel Sounding Transmitter. In 2024 IEEE International Sympo-

sium on Dynamic Spectrum Access Networks (DySPAN), pages 145–150, 2024. doi:

10.1109/DySPAN60163.2024.10632753.

Chapter 4 performs a comparison of the channel sounding performance using different wave-

forms within the context of a software defined radio. A flexible channel sounding architecture

was detailed, modified from the version listed in Chapter 3, that allows for dynamic selection

of channel sounding waveform. With this setup, an indoor channel was measured using a

direct pulse, Zadoff-Chu, FMCW, OFDM, and PN sequence for comparison. This chapter

is adapted from the below publication cited as [30].

• Samantha Frietchen, Daniel J. Jakubisin, and Alan J. Michaels. Channel Sounding

Waveform Comparison using Software Defined Radios. In 2025 the 5th European

Conference on Communication Systems (ECCS 2025), 2025. [Accepted].

Chapter 5 contains path loss measurements collected at D-Band from a short range in a

laboratory setting. The full channel sounding setup is detailed, including hardware archi-

tecture for D-Band up and down conversion, transmission coordination, channel sounding

packet structure, FPGA mechanics as an IF source, and post processing software for path

loss extraction. The architecture is capable of measuring the channel across D-Band, but
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this chapter focuses on the range 120-130 GHz. Due to constraints on the current hardware

architecture setup, the distance capable of being measured was limited to less than 0.5m.

Thus, measurements were collected across 120-130 GHz at distances of 36 cm, 45 cm, and

66 cm. This chapter is adapted from the below publication cited as [29].

• Samantha Frietchen, Michael J. Fletcher Daniel J. Jakubisin, and Alan J. Michaels. D-

Band Path Loss Measurements and Frequency Stability Characterization. In 2025 the

5th European Conference on Communication Systems (ECCS 2025), 2025. [Accepted].

Chapter 6 consolidates the findings made throughout each of the previous chapters to make

overall conclusions. Also detailed within this chapter are recommendations for future work

based upon the current findings from this thesis.



Communication requires transport of a signal encoded with information through some kind of

medium from one point to another. Oftentimes, the characteristics of the transport medium

affect the ability for the desired signal to successful reach the intended receiver. In wireless

communications, obstacles present within the physical environment between emitters interact

with radiated signals leading to consequences within the received signal. Thus, it is important

to develop an understanding of the wireless channel to ensure successful communications.

Fading is degradation in signal strength from interactions with the channel and can be

categorized into large-scale or small-scale fading [61]. Large-scale fading represents trends

in signal strength that are steady across distance. The main phenomena that contribute

to large-scale fading are path loss and shadowing [47]. Path loss encompasses the average

decrease in signal strength observed by the receiver as distance between transmitter and

receiver increases. Free space path loss is defined by Eqn 2.1.1 and is influenced by transmit

power (Pt), transmit antenna gain (Gt), receive antenna gain (Gr), signal wavelength (�),

and distance between TX and RX (d) [61]. Shadowing is the results of a major physical

7
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Figure 2.1: Visualization of small-scale and large-scale fading

object, such as a mountain, that obstructs the signal’s path, resulting in deviations in signal

strength consistent across a relatively large distance.

FSPL =
GtGr�

2

(4�)2d2
(2.1)

Small-scale fading represents how minor differences in placement (in space) and time can

results in fluctuations in signal strength. There are often several paths between the trans-

mitter and receiver, due to phenomena such as reflection, diffraction, and scattering [61].

Reflection occurs when a wave meets an object with dimensions much larger than the wave-

length of the signal. Shown in Fig. 2.2a. a reflection will redirect the RF signal to a new

angle depending upon the reflection coefficient of the material. Diffraction occurs when the

RF signal encounters a sharp edge from a surface and the signal energy will be redirected
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as shown in Fig. 2.2b. Scattering occurs when the signal wavelength is comparable to the

surface roughness of the object being met. Observe from Fig. 2.2c, scattering results in

several new signal paths with weakened signal strength. The non-Line of Sight (LOS) paths

reaching the receiver are termed multi-path components (MPCs) and can lead to signal

degradation. Small variations in distance adjustments can lead to drastic changes in signal

strength depending upon how the MPCs constructively or destructively interfere with each

other.

The wireless channel may be treated as a time varying linear filter [8], relating TX and

RX signals by Eqn. 2.1.2 with the addition of noise. In Eqn, 2.1.2, x(t) is the transmitted

signal, y(t) is the received signal, and h(t,�) is the time-varying channel impulse response.

This representation follows the assumption that the channel is wide-sense stationary with

uncorrelated scatters, or behaves wide-sense stationary over a period of time and frequency

that is significantly larger than the time and frequencies of interest. With uncorrelated

scatters, the received signal can be represented as a summation of time-shifted, phase-shifted

and frequency shifted replicas (or echos) of the original transmitted signal. It is beneficial to

quantize the delay axis into discrete excess delay bins for the arrival of multipath components

[61]. The equation for the complex channel impulse response for a multipath channel (with

quantized delay bins) is detailed in 2.1.2.

y(t) = h(t; � ) � x(t) + n(t) (2.2)
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Figure 2.2: Graphics illustrating various propagation phenomena
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h(�; t) =
NX

k=1

�k(t)ej�k(t)�(� � �k(t)); (2.3)

The Power Delay Profile (PDP) characterizes the power at a given delay bin and is calculated

by normalizing the time dependence from the CIR. Eqn. 2.1.3 shows how to obtain the PDP

from the time varying channel impulse response [42].

pd(t) =
1

K

KX
k=1

jh(tk; �)j2 (2.4)

Fig. 2.3. shows an example of a communication link that would result in multipath compo-

nents affecting the received signal. In Fig. 2.3a, a transmitter and receiver are set up within

an urban environment with building obstructions between the emitters. Communications

within this environment results in multiple paths between the transmitter and receiver with

each path corresponding to a specific time delay and power. Fig. 2.3b is the power delay

profile corresponding to this scenario representing the received power strengths at specific

delays. Speaking generally, an increase in path length will result in a increased time delay

and a decrease in signal strength as illustrated in this example.
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Figure 2.3: Visualization of a communication scenario and the resulting PDP



13

In order to characterize the wireless channel, measurements must be collected with a process

called channel sounding. Channel sounding involves simulating the channel through various

means and observing the response at the receiver. In the following section, three common

channel sounding approaches will be outlined with details on approach as well as strengths

and weaknesses.

The (periodic) direct pulse method involves observing the channel when stimulated a pulse

that resembles the Dirac Delta function. In this approach, the CIR snapshot can be di-

rectly observed from synchronization with the received signal. In THz channel sounding this

method is termed THz Time Domain Spectroscopy (THz-TDS), typically achieved by using

a femtosecond laser for emitting the short duration pulse. In several campaigns, THz-TDS

is used to characterize THz propagation phenomena like atmospheric effects and scattering

[54, 59].

The frequency response of the channel is directly observed in the vector network analyzer

(VNA) method of channel sounding [61]. In this approach, a VNA is used with the wireless

channel as the device under test (DUT). The VNA will stimulate the channel by stepping

through specific carrier frequencies over the desired range and recording the magnitude and

phase offsets. From these measurements, the frequency response of the channel is noted

by aggregating the response from these discrete carrier steps. Some limitations of these
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systems include requiring a direct connection between transmitter and receiver, thus limiting

distance, and often require significant time for measurement collection. With use of frequency

extenders, the VNA approach can be used characterize the sub-THz channel [14, 84].

Another channel sounding approach involves transmitting a pulse that has an autocorrelation

function that approximates the Dirac Delta function. Any multipath components present in

the received signal can be extracted from correlation with the transmitted signal. The CIR

is estimated by taking the cross correlation between the received signal and the transmitted

pulse. This channel sounding approach can require more complex synchronization methods,

but can measure the farthest distances compared to the other two approaches [31]. One

campaign using the pulse compressed method was able to achieve a TX-RX separation of

117.4 m at 142 GHz sounding frequency [82].

The fifth cellular generation has introduced sidelink communications, allowing for devices to

directly communicate with each other [58]. Sidelink communication is useful in the context

of Internet of Things (IoT), allowing for sensors and embedded devices to wirelessly com-

municate to each other [32]. Further, these devices communicating directly with each other

brings about new wireless channel environments to characterize. One prominent example

is vehicle-to-vehicle (V2V) communications, which has application in autonomous driving

research and development. Several sounding campaigns have been tailored to characterize

V2V environment, such as [15, 43], with identified sounding nuances such as needing to han-
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�Ç �h�2�K�T�Q�`���H �_�2�b�Q�H�m�i�B�Q�M
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�Ç �*�Q�K�T�m�i���i�B�Q�M �*�Q�K�T�H�2�t�B�i�v

�Ç �1���b�2 �Q�7 �A�K�T�H�2�K�2�M�i���i�B�Q�M
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�Q�7 �2���+�? �r���p�2�7�Q�`�K �#�2�B�M�; �+�Q�M�b�B�/�2�`�2�/ ���M�/ �T�2�`�7�Q�`�K���M�+�2 �K�2�i�`�B�+�b �i�?���i ���`�2 �/�2�`�B�p�2�/ �7�`�Q�K �i�?�2 �+�Q�M�@

�b�i�`�m�+�i�B�Q�M ���M�/ �T�`�Q�+�2�b�b�B�M�; �B�K�T�H�2�K�2�M�i���i�B�Q�M �7�`�Q�K �2���+�? �r���p�2�7�Q�`�K�X �a�2�+�i�B�Q�M �A�A�A �T�`�Q�p�B�/�2�b �/�2�i���B�H�b �Q�M
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�T���+�F�2�i �i�?���i �B�b �+�Q�K�T�H�2�i�2�H�v �+�Q�K�T�Q�b�2�/ �Q�7 �F�M�Q�r�M �T�B�H�Q�i �i�Q�M�2�b�X �h�?�2 �i�B�K�2�@�/�Q�K���B�M �`�2�T�`�2�b�2�M�i���i�B�Q�M

�Q�7 �i�?�2 �P�6�.�J �K�m�H�i�B�@�i�Q�M�2 �b�B�;�M���H �B�b �b�?�Q�r �B�M �1�[�m���i�B�Q�M�9�X�8�(�8�)�,

x[n] =

�M�6�6�h
2 � 1X

k= � �M�6�6�h
2

X [k] �2�t�T
�

j 2�kn
�M�6�6�h

�
�U�9�X�8�V

�B�M �r�?�B�+�? �s�(�F�) �B�b �K�Q�/�m�H���i�2�/ �F�M�Q�r�M �b�v�K�#�Q�H�b ���M�/ ���T�T�`�Q�T�`�B���i�2�H�v �b�2�i �i�Q �x�2�`�Q �Q�M �i�?�2 �Q�m�i�2�` �#���M�/�b

�i�Q �K���B�M�i���B�M �i�?�2 �#���M�/�r�B�/�i�? �Q�7 �i�?�2 �b�B�;�M���H�X
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�9�X�j�X�k �S�`�Q�+�2�b�b�B�M�; �h�2�+�?�M�B�[�m�2�b

�h�?�2 �i�?�`�2�2 �;�2�M�2�`���H �+���i�2�;�Q�`�B�2�b �r�2 �r�B�H�H �#�2 �+�Q�M�b�B�/�2�`�B�M�; �7�Q�` �Q�#�i���B�M�B�M�; �i�?�2 �+�?���M�M�2�H �2�b�i�B�K���i�B�Q�M

�7�`�Q�K �i�?�2 �`�2�+�2�B�p�2�/ �b�B�;�M���H �#���b�2�/ �Q�M �i�?�2 �r���p�2�7�Q�`�K �+�?�Q�b�2�M �B�M�+�H�m�/�2�, �/�B�`�2�+�i�- �+�Q�`�`�2�H���i�B�p�2�- ���M�/

�7�`�2�[�m�2�M�+�v�@�/�Q�K���B�M�X

�.�B�`�2�+�i

�P�M�2 �Q�7 �i�?�2 �b�B�K�T�H�2�b�i �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �/�2�b�B�;�M�b �B�M �+�Q�M�+�2�T�i �B�b �i�Q �i�`���M�b�K�B�i �� �T�m�H�b�2 �i�?���i �b�m�7�7�B�+�B�2�M�i�H�v

�`�2�b�2�K�#�H�2�b �i�?�2 �.�B�`���+ �.�2�H�i�� �7�m�M�+�i�B�Q�M�X �h�?�2 �Q�M�H�v �2�t�+�B�i���i�B�Q�M �b�B�;�M���H �i�?���i �+���M �#�2 �m�b�2�/ �7�Q�` �i�?�B�b

�T�`�Q�+�2�b�b�B�M�; �i�2�+�?�M�B�[�m�2 �B�b �i�?�2 �/�B�`�2�+�i �T�m�H�b�2 �i�`���B�M�X �h�?�2 �/�B�`�2�+�i ���T�T�`�Q���+�? �B�b �b�B�K�T�H�v �i�Q �i���F�2 �i�?�2

�`�2�+�2�B�p�2�/ �b�B�;�M���H ���b �� �b�+���H�2�/ �p�2�`�b�B�Q�M �Q�7 �i�?�2 �+�?���M�M�2�H �`�2�b�T�Q�M�b�2 �m�b�2�/ �B�M �i�?�2 �/�B�`�2�+�i �T�m�H�b�2 �K�2�i�?�Q�/�X

�J���i�?�2�K���i�B�+���H�H�v�- �i�?�B�b �B�b �b�B�K�T�H�vx(t) � � (t)�- �i�?�m�by(t) = ( x � h)(t) � h(t)�X

�*�Q�`�`�2�H���i�B�p�2

�� �+�Q�`�`�2�H���i�B�p�2 �`�2�+�2�B�p�2�` �+���M �#�2 �m�b�2�/ �7�Q�` �T�`�Q�+�2�b�b�B�M�; �`�2�+�2�B�p�2�/ �T�m�H�b�2 �+�Q�K�T�`�2�b�b�2�/ �b�B�;�M���H�b�- �r�?�Q�b�2

���m�i�Q�+�Q�`�`�2�H���i�B�Q�M �7�m�M�+�i�B�Q�M �`�2�b�2�K�#�H�2 �� �.�B�`���+ �.�2�H�i�� �7�m�M�+�i�B�Q�M�X �A�M �i�?�B�b ���T�T�`�Q���+�?�- �i�?�2 �+�?���M�M�2�H

�`�2�b�T�Q�M�b�2 �+���M �#�2 �2�b�i�B�K���i�2�/ �#�v �+�Q�`�`�2�H���i�B�M�; �i�?�2 �b�2�M�i �T�m�H�b�2 �r�B�i�? �i�?�2 �`�2�+�2�B�p�2�/ �T�m�H�b�2�- ���b �b�?�Q�r�M

�#�2�H�Q�r�X

y(� ) = ( x � h)( � ) =
NX

k=1

� kej� k x(� � � k)

�7�`�Q�K �1�[�M �U�k�V ���M�/ �r�B�i�?x ? x � � (� )�- �r�B�i�?? �#�2�B�M�; �i�?�2 �M�Q�i���i�B�Q�M �7�Q�` �+�Q�`�`�2�H���i�B�Q�M

x ? y = x ?
NX

k=1

� kej� k x(� � � k)
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�
NX

k=1

� kej� k � (� � � k)

� h(� )

�B�M �r�?�B�+�?? �/�2�M�Q�i�2�b �+�Q�`�`�2�H���i�B�Q�M�-� �/�2�M�Q�i�2�b �+�Q�M�p�Q�H�m�i�B�Q�M�- ���M�/x?x � � (� )�X �h�?�2 �T�m�H�b�2 �+�Q�K�T�`�2�b�b�2�/

�r���p�2�7�Q�`�K�b �i�?���i �r�2 �r�B�H�H �#�2 �2�t�T�H�Q�`�B�M�; �B�M �i�?�B�b �T���T�2�` �B�b �i�?�2 �6�J�*�q�- �S�L �b�B�;�M���H�- ���M�/ �w���/�Q�7�7�@�*�?�m

�b�B�;�M���H�X

�6�`�2�[�m�2�M�+�v �_�2�b�T�Q�M�b�2

�A�M �i�?�2 �P�6�.�J �T���+�F�2�i �b�i�`�m�+�i�m�`�2�- �i�?�2�`�2 ���`�2 �/�2�b�B�;�M���i�2�/ �T�B�H�Q�i �i�Q�M�2�b �i�?���i ���`�2 �i�`���M�b�K�B�i�i�2�/ �i�Q

�;���m�;�2 �i�?�2 �+�?���M�M�2�H �B�M �`�2���H�@�i�B�K�2�X �h�?�2 �T�`�Q�+�2�b�b�B�M�; �Q�7 �i�?�2�b�2 �F�M�Q�r�M �T�B�H�Q�i�b �B�M�p�Q�H�p�2�b �H�2�p�2�`���;�B�M�;

�i�?�2 �`�2�H���i�B�Q�M�b�?�B�T �#�2�i�r�2�2�M �i�?�2 �7�`�2�[�m�2�M�+�v �/�Q�K���B�M �Q�7 �i�?�2 �`�2�+�2�B�p�2�/ �b�B�;�M���H ���M�/ �i�`���M�b�K�B�i �b�B�;�M���H

�i�Q �Q�#�i���B�M �i�?�2 �+�?���M�M�2�H �`�2�b�T�Q�M�b�2�X �J���i�?�2�K���i�B�+���H�H�v�- �i�?�B�b �B�b �b�B�K�T�H�vH = Y/ X �- �r�?�2�`�2 �> �B�b �i�?�2

�+�?���M�M�2�H �i�`���M�b�7�2�` �7�m�M�+�i�B�Q�M ���M�/ �u ���M�/ �s ���`�2 �i�?�2 �6�6�h �Q�7 �i�?�2 �`�2�+�2�B�p�2 ���M�/ �i�`���M�b�K�B�i �b�B�;�M���H�b�-

�`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �`�2�b�m�H�i�b �Q�7 �i�?�2 �2�[�m���H�B�x���i�B�Q�M �i�2�`�K�b �+���H�+�m�H���i�2�/ �7�`�Q�K �i�?�2 �T�B�H�Q�i �i�Q�M�2�b �B�b �i�?�2�M

�2�t�i�`���T�Q�H���i�2�/ �i�Q �i�?�2 �+�Q�K�K�m�M�B�+���i�B�Q�M�b �b�m�#�+���`�`�B�2�`�b �r�B�i�?�B�M �i�?�2 �+�Q�M�i�2�t�i �Q�7 �� �+�Q�K�K�m�M�B�+���i�B�Q�M�b

�b�v�b�i�2�K�X �h�?�2 �7�`�2�[�m�2�M�+�v�@�/�Q�K���B�M �K�2�i�?�Q�/ �Q�7 �/�2�i�2�`�K�B�M�B�M�; �i�?�2 �6�6�h �Q�7 �i�?�2 �`�2�+�2�B�p�2�/ �b�B�;�M���H ���M�/

�/�B�p�B�/�B�M�; �#�v �i�?�2 �7�`�2�[�m�2�M�+�v �`�2�b�T�Q�M�b�2 �B�b �M�Q�i �2�t�+�H�m�b�B�p�2 �i�Q �i�?�2 �P�6�.�J �K�2�i�?�Q�/ �Q�7 �b�Q�m�M�/�B�M�; ���M�/

�?���b �#�2�2�M �m�b�2�/ �B�M �(�8�8�) ���M�/ �(�9�R�)�X
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�9�X�j�X�j �*�?���M�M�2�H �1�b�i�B�K���i�B�Q�M �h�2�+�?�M�B�[�m�2 �S�2�`�7�Q�`�K���M�+�2

�h�2�K�T�Q�`���H �_�2�b�Q�H�m�i�B�Q�M

�h�?�2 �i�2�K�T�Q�`���H �`�2�b�Q�H�m�i�B�Q�M �K�2���b�m�`�2 �/�2�7�B�M�2�b �i�?�2 �b�K���H�H�2�b�i �b�2�T���`���#�H�2 �i�B�K�2 �/�2�H���v �#�2�i�r�2�2�M �J�S�*�b�X

�A�M ���H�H �+���b�2�b�- �i�?�2 �i�2�K�T�Q�`���H �`�2�b�Q�H�m�i�B�Q�M �B�b �`�2�H���i�2�/ �i�Q �i�?�2 �#���M�/�r�B�/�i�? �Q�7 �i�?�2 �i�`���M�b�K�B�i�i�2�/ �b�B�;�M���H�X

�6�Q�` �i�?�2 �/�B�`�2�+�i �K�2�i�?�Q�/ �Q�7 �+�?���M�M�2�H �2�b�i�B�K���i�B�Q�M�- �i�?�2 �i�2�K�T�Q�`���H �`�2�b�Q�H�m�i�B�Q�M �B�b �b�B�K�T�H�v �i�?�2 �/�m�`���i�B�Q�M

�Q�7 �i�?�2 �i�`���M�b�K�B�i �b�B�;�M���H�X �A�M �#�Q�i�? �i�?�2 �+�Q�`�`�2�H���i�B�p�2 ���M�/ �i�?�2 �7�`�2�[�m�2�M�+�v �/�Q�K���B�M �+���b�2�b�- �i�?�2 �i�2�K�T�Q�`���H

�`�2�b�Q�H�m�i�B�Q�M�ö�b �/�2�T�2�M�/�2�M�+�2 �Q�M �#���M�/�r�B�/�i�? �+�Q�K�2�b �7�`�Q�K �i�?�2 �`�2�H���i�B�Q�M�b�?�B�T �#�2�i�r�2�2�M �i�?�2 �7�`�2�[�m�2�M�+�v

�b�T�2�+�i�`�m�K ���M�/ �i�?�2 ���m�i�Q�+�Q�`�`�2�H���i�B�Q�M �7�m�M�+�i�B�Q�M�X �*�?���M�M�2�H �b�Q�m�M�/�B�M�; �b�B�;�M���H�b �i�?���i ���`�2 �+�Q�K�T�H�2�t�@

�p���H�m�2�/ �?���p�2 �� �i�2�K�T�Q�`���H �`�2�b�Q�H�m�i�B�Q�M �Q�71
BW �- �r�?�B�H�2 �`�2���H �p���H�m�2 �b�Q�m�M�/�B�M�; �b�B�;�M���H�b �?���p�2 �� �i�2�K�T�Q�`���H

�`�2�b�Q�H�m�i�B�Q�M �Q�72
BW �X �h�?�m�b�- �i�?�2 �6�J�*�q�- �w���/�Q�7�7 �*�?�m�- ���M�/ �P�6�.�J �b�B�;�M���H�b �?���p�2 �� �i�2�K�T�Q�`���H

�`�2�b�Q�H�m�i�B�Q�M �Q�71
BW ���M�/ �i�?�2 �S�L �b�B�;�M���H �?���b �� �i�2�K�T�Q�`���H �`�2�b�Q�H�m�i�B�Q�M �Q�72

BW = 1
f c

�- �r�B�i�?f c �#�2�B�M�; �i�?�2

�+�?�B�T �`���i�2�X

�J���t�B�K�m�K �_�2�+�Q�p�2�`���#�H�2 �1�t�+�2�b�b �.�2�H���v

�J���t�B�K�m�K �`�2�+�Q�p�2�`���#�H�2 �2�t�+�2�b�b �/�2�H���v �B�b �� �K�2���b�m�`�2 �Q�7 �i�?�2 �H���`�;�2�b�i �/�2�H���v �i�?���i �+���M �#�2 �K�2���b�m�`�2�/

�7�`�Q�K �� �b�Q�m�M�/�B�M�; �b�v�b�i�2�K�X �_�2�;���`�/�H�2�b�b �Q�7 �i�?�2 �i�`���M�b�K�B�i �r���p�2�7�Q�`�K �+���b�2�- �i�?�B�b �K�2�i�`�B�+ �r�B�H�H �/�2�T�2�M�/ �Q�M

�i�?�2 �T�2�`�B�Q�/ �Q�7 �i�?�2 �r���p�2�7�Q�`�K �#�2�B�M�; �2�K�B�i�i�2�/�X �h�?�m�b�- �i�?�B�b �K�2�i�`�B�+ �B�b �H�2�b�b �Q�7 �� �T�Q�B�M�i �7�Q�` �+�Q�K�T���`�B�b�Q�M

���M�/ �K�Q�`�2 �b�Q �� �M�Q�i�2�r�Q�`�i�?�v �T�2�`�7�Q�`�K���M�+�2 �K�2�i�`�B�+ �i�?���i �r�Q�m�H�/ �M�2�2�/ �i�Q �#�2 ���+�+�Q�m�M�i�2�/ �7�Q�` �B�M ��

�b�Q�m�M�/�B�M�; �/�2�b�B�;�M�X �A�M �K�Q�b�i �+���b�2�b�- �i�?�2 �T�2�`�B�Q�/ �Q�7 �i�?�2 �r���p�2�7�Q�`�K �B�b �i�?�2 �/�m�`���i�B�Q�M �Q�7 �i�?�2 �b�B�;�M���H�-

���b�b�m�K�B�M�; �i�?�2�`�2 �B�b �M�Q �`�2�i�`���M�b�K�B�b�b�B�Q�M �i�B�K�B�M�; �;���T�b�X
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�.�Q�T�T�H�2�` �_�2�b�Q�H�m�i�B�Q�M

�h�?�2 �K���t�B�K�m�K �.�Q�T�T�H�2�` �b�?�B�7�i �i�?���i �b�Q�m�M�/�B�M�; �K�2���b�m�`�2�K�2�M�i�b �+���M ���+�?�B�2�p�2 �B�b �/�2�T�2�M�/�2�M�i �Q�M �i�?�2

�`���i�2 ���i �r�?�B�+�? �i�?�2 �+�?���M�M�2�H �B�b �K�2���b�m�`�2�/ �#�v �i�?�2 �L�v�[�m�B�b�i �i�?�2�Q�`�2�K�X �h�?�2 �`���i�2 ���i �r�?�B�+�? �i�?�2�b�2

�b�M���T�b�?�Q�i�b �+���M �#�2 �i���F�2�M �B�b �/�2�T�2�M�/�2�M�i �m�T�Q�M �i�?�2 �?���`�/�r���`�2 ���`�+�?�B�i�2�+�i�m�`�2 �m�b�2�/ �7�Q�` �i�?�2 �b�Q�m�M�/�B�M�;

�+���K�T���B�;�M ���M�/ �M�Q�i �M�2�+�2�b�b���`�B�H�v �i�?�2 �r���p�2�7�Q�`�K �Q�` �T�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K�X �L�Q�i�2 �i�?���i �B�M�+�`�2���b�B�M�;
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�l�a�_�S�- �i�?�2 �7�`�2�[�m�2�M�+�v �`�2�i�m�M�B�M�; ���H�;�Q�`�B�i�?�K �(�k�3�) ���/�D�m�b�i�b �i�?�2 �+�2�M�i�2�` �7�`�2�[�m�2�M�+�v �i�?���i �i�?�2 �l�a�_�S

�B�b �i�`���M�b�K�B�i�i�B�M�; �Q�M�X �A�M �Q�m�` �+���b�2�- �i�?�B�b �r���b �� �i�Q�i���H �Q�7 �i�?�`�2�2 �`�2�i�`���M�b�K�B�i�b �i�Q ���+�?�B�2�p�2 �� �+�Q�K�#�B�M�2�/

�#���M�/�r�B�/�i�? �Q�7 �R�k�y �J�>�x�X �q�B�i�? �i�?�B�b �b�2�i�m�T�- �i�?�2 �/�2�T�2�M�/�2�M�+�v �Q�M �:�L�l �_���/�B�Q �U���M�/ �m�b�B�M�; �i�?�2

�+�m�b�i�Q�K �K�Q�/�m�H�2�V �B�b �`�2�T�H���+�2�/ �#�v �m�i�B�H�B�x�B�M�; �S�v�i�?�Q�M�ö�b �l�>�. �H�B�#�`���`�v�X �q�B�i�? �i�?�B�b �K�2�i�?�Q�/�- �i�?�2 �/�r�2�H�H

�i�B�K�2 �#�2�i�r�2�2�M �B�M�i�2�`�K�2�/�B���i�2 �i�`���M�b�K�B�b�b�B�Q�M �B�b �/�2�T�2�M�/�2�M�i �Q�M�H�v �Q�M �i�?�2 �/�r�2�H�H �i�B�K�2 �7�Q�` �7�`�2�[�m�2�M�+�v

�`�2�i�m�M�B�M�; �i�?�2 �"�k�R�y �B�M�b�i�2���/ �Q�7 ���H�b�Q �B�M�+�H�m�/�B�M�; ���M ���/�/�B�i�B�Q�M���H �/�2�H���v�X

�P�M �i�?�2 �`�2�+�2�B�p�2 �b�B�/�2�- �i�?�2 �_�6 �B�b �/�B�`�2�+�i�H�v �b���K�T�H�2�/ �Q�7�7 �B�M�i�Q �� �`���r �/���i�� �7�B�H�2 �7�Q�` �`�2�+�2�B�p�B�M�; ���M�/

�T�Q�b�i �T�`�Q�+�2�b�b�B�M�; �B�M �b�Q�7�i�r���`�2 �Q�7�7�H�B�M�2�X �h�?�2 �`�2�+�2�B�p�2 ���M�i�2�M�M�� �B�b �/�B�`�2�+�i�H�v �+�Q�M�M�2�+�i�2�/ �i�Q ���M �A�Z
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�_�2�+�Q�`�/�2�` �U�o�B�i�`�2�F �1�P�L �*�a�1�R�k�j�:�k �a�B�;�M���H �_�2�+�Q�`�/�B�M�; �a�v�b�i�2�K �(�d�d�)�V�- �r�?�B�+�? �+�Q�M�i���B�M�b �� �:���:�2

�*�a�1�R�k�j�:�k �R�k�@�#�B�i �/�B�;�B�i�x�2�` �r�B�i�? �� �b���K�T�H�2 �`���i�2 �Q�7 �m�T �i�Q �j �:�a�f�b�- �� �b�T�2�+�i�`�m�K �`�2�+�Q�`�/�B�M�; �b�Q�7�i�r���`�2

�U�a�T�2�+�i�`���a�+�Q�T�2�_�h�V�- ���M�/ �j�3�X�9 �h�" �B�M �_���A�. �b�i�Q�`���;�2�X �q�B�i�? �M�Q ���/�/�B�i�B�Q�M���H �_�6 �T�`�Q�+�2�b�b�B�M�;�- �i�?�2

�/�B�;�B�i�B�x�2�`�ö�b �b���K�T�H�2 �`���i�2 �H�B�K�B�i�b �K���t�B�K�m�K �7�`�2�[�m�2�M�+�v �i�?���i �+���M �#�2 �`�2�+�Q�`�/�2�/ �i�Q �R�X�8 �:�>�x�X ��

�`�2�+�Q�`�/�B�M�; �Q�7 �i�?�2 �+�?���M�M�2�H �+���M �#�2 �K���/�2 �r�B�i�?�Q�m�i �b�v�M�+�?�`�Q�M�B�x���i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �i�`���M�b�K�B�i�i�2�` ���M�/

�`�2�+�2�B�p�2�` �/�m�2 �i�Q �� �K���M�m���H �7�B�H�2 �i�`�B�K�K�B�M�; �b�i�2�T �K���/�2 �B�M �b�Q�7�i�r���`�2�X �h�?�2 �`�2�+�Q�`�/�2�/ �/���i�� �7�B�H�2�b ���`�2

�i�`���M�b�7�2�`�`�2�/ �#���+�F �i�Q �i�?�2 �S�* �i�?���i �?�Q�m�b�2�b �i�?�2 �i�`���M�b�K�B�i�i�2�` �7�Q�` �T�`�Q�+�2�b�b�B�M�; ���M�/ �+�?���M�M�2�H �B�K�T�m�H�b�2

�`�2�b�T�Q�M�b�2 �2�b�i�B�K���i�B�Q�M�X �G�B�F�2 �i�?�2 �i�`���M�b�K�B�i�i�2�`�- �i�?�2 �`�2�+�2�B�p�2�` �?���b �� �7�H�2�t�B�#�H�2 �/�2�b�B�;�M �B�M �r�?�B�+�? �i�?�2

�+�2�M�i�2�` �7�`�2�[�m�2�M�+�v�- �#���M�/�r�B�/�i�? �Q�7 �b�B�;�M���H�- ���M�/ �M�m�K�#�2�` �Q�7 �+�?���M�M�2�H�b �+���M �#�2 �b�T�2�+�B�7�B�2�/ �Q�M �`�2�+�2�T�i�B�Q�M

�#���b�2�/ �Q�M �r�?���i �r���b �i�`���M�b�K�B�i�i�2�/�X ���M �2�t���K�T�H�2 �`�2�+�2�B�p�2�/ �b�T�2�+�i�`�Q�;�`���K �B�b �b�?�Q�r�M �B�M �6�B�;�X�9�X�8�- �r�?�B�+�?

�b�?�Q�r�b �i�?�2 �B�M�i�2�`�K�2�/�B���i�2 �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �#�H�Q�+�F�b �Q�M �i�?�`�2�2 �/�B�7�7�2�`�2�M�i �+�?���M�M�2�H�b�X �h�?�2 �`�2�+�2�B�p�2�`

�b�Q�7�i�r���`�2 �r�B�H�H �/�Q�r�M�+�Q�M�p�2�`�i �i�?�2 �`���r �`�2�+�Q�`�/�2�/ �b���K�T�H�2�b �#���b�2�/ �Q�M �i�?�2 �+�2�M�i�2�` �7�`�2�[�m�2�M�+�v�- �7�B�H�i�2�` ���M�/

�/�2�+�B�K���i�2 �i�?�2 �b�B�;�M���H �#���b�2�/ �Q�M �7�m�H�H �#���M�/�r�B�/�i�?�- ���M�/ �H���b�i�H�v ���T�T�H�v �� �+�?���M�M�2�H�B�x�2�` �i�Q �B�b�Q�H���i�2 �2���+�?

�B�M�i�2�`�K�2�/�B���i�2 �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �#�H�Q�+�F�X �J���M�m���H �7�B�H�2 �U�+�Q�m�`�b�2�V �i�`�B�K�K�B�M�; �B�b �i�?�2�M ���T�T�H�B�2�/ �i�Q �2���+�?

�Q�7 �i�?�2 �+�?���M�M�2�H�B�x�2�/ �7�B�H�2�b �b�m�+�? �i�?�2 �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �#�H�Q�+�F�b ���`�2 �B�b�Q�H���i�2�/�X ���M ���/�/�B�i�B�Q�M���H �K�Q�/�2

�Q�7 �Q�T�2�`���i�B�Q�M �/�Q�2�b �M�Q�i �`�2�[�m�B�`�2 �i�?�2 �K���M�m���H �7�B�H�2 �i�`�B�K�K�B�M�; �r�B�i�? �+�Q�m�`�b�2 �b�v�M�+�?�`�Q�M�B�x���i�B�Q�M �7�`�Q�K ��

�r�B�`�2�/ �1�i�?�2�`�M�2�i �+�Q�M�M�2�+�i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �i�`���M�b�K�B�i�i�2�` ���M�/ �`�2�+�2�B�p�2�`�X �h�?�2 �`�2�b�m�H�i�B�M�; �Q�m�i�T�m�i �Q�7 �i�?�2

�`�2�+�2�B�p�2�` �B�b �� �+�Q�K�T�H�2�t �#���b�2�#���M�/ �/���i�� �7�B�H�2 �7�Q�` �2���+�? �Q�7 �i�?�2 �#���M�/�b �+�Q�M�7�B�;�m�`�2�/ �#�v �i�?�2 �i�`���M�b�K�B�i�i�2�`

�+�Q�M�i���B�M�B�M�; �`�2�+�2�B�p�2�/ �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �#�H�Q�+�F�b �7�Q�` �T�Q�b�i �T�`�Q�+�2�b�b�B�M�;�X

CIR =
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h(t1; � 1) h(t1; � 2) : : : h(t1; � N )

h(t2; � 1) h(t2; � 2) : : : h(t2; � N )
�X�X�X

�X�X�X
�X�X�X

�X�X�X

h(tNR � 1; � 1) h(tNR � 1; � 2) : : : h(tNR � 1; � N )

h(tNR ; � 1) h(tNR ; � 2) : : : h(tNR ; � N )
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�:�Y�:�Y �2�,�ÿ�¶���Ô�è�¶�é���ž�ã �b�¶�����ÿ �9�N

�6�B�;�m�`�2 �9�X�e�, �S�Q�b�i �S�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K �#�v �q���p�2�7�Q�`�K �"�H�Q�+�F �.�B���;�`���K

�h�?�2 �;�Q���H �Q�7 �i�?�2 �T�Q�b�i �T�`�Q�+�2�b�b�B�M�;�- �`�2�;���`�/�H�2�b�b �Q�7 �i�?�2 �r���p�2�7�Q�`�K�- �B�b �i�Q �i���F�2 �i�?�2 �`�2�+�2�B�p�2�/ �+�?���M�M�2�H�B�x�2�/

�/���i�� �7�B�H�2 �i�?���i �+�Q�M�i���B�M�b �i�?�2 �`�2�+�2�B�p�2�/ �+�?���M�M�2�H �#�H�Q�+�F�b ���M�/ �;�2�M�2�`���i�2 �� �+�?���M�M�2�H �B�K�T�m�H�b�2 �`�2�b�T�Q�M�b�2

�2�b�i�B�K���i�2 �#�H�Q�+�F�X �h�?�2 �*�A�_ �`�2�b�T�Q�M�b�2 �i���F�2�b �i�?�2 �7�Q�`�K �Q�7 �i�?�2 �K���i�`�B�t �b�?�Q�r�M �B�M �1�[�M�X�9�X�e�- �r�?�2�`�2

N �B�b �i�?�2 �M�m�K�#�2�` �Q�7 �b���K�T�H�2�b �r�B�i�?�B�M �� �T�2�`�B�Q�/ �Q�7 �i�?�2 �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �r���p�2�7�Q�`�K�- ���M�/NR �B�b

�i�?�2 �M�m�K�#�2�` �Q�7 �`�2�T�2�i�B�i�B�Q�M�b �r�B�i�?�B�M �Q�M�2 �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �#�H�Q�+�F �UNR = 100 �7�Q�` �i�?�B�b �b�2�i�m�T�V�X

�A�M �i�?�B�b �`�2�T�`�2�b�2�M�i���i�B�Q�M�- �i�?�2 �`�Q�r�b �Q�7 �i�?�2 �+�?���M�M�2�H �B�K�T�m�H�b�2 �`�2�b�T�Q�M�b�2 �#�H�Q�+�F �`�2�T�`�2�b�2�M�i �i�?�2 �*�A�_

�2�b�i�B�K���i�2�/ ���i �� �b�T�2�+�B�7�B�+ �i�B�K�2�- �r�?�2�`�2���b �i�?�2 �+�Q�H�m�K�M�b �`�2�T�`�2�b�2�M�i �i�?�2 �/�2�H���v�b�X �L�Q�i�2 �i�?���i �B�M �Q�m�`

�`�2�+�2�B�p�2�` ���`�+�?�B�i�2�+�i�m�`�2 �Q�M�2 �T���b�b �i�?�`�Q�m�;�? �i�?�2 �`�2�+�2�B�p�2�` ���M�/ �T�Q�b�i �T�`�Q�+�2�b�b�Q�` �+���M �;�2�M�2�`���i�2 �K�m�H�i�B�T�H�2

�*�A�_ �#�H�Q�+�F�b �7�Q�` �2���+�? �+�?���M�M�2�H �/�2�T�2�M�/�B�M�; �m�T�Q�M �i�?�2 �K���M�m���H �7�B�H�2 �i�`�B�K�K�B�M�;�X

�6�B�;�X�9�X�e�T�`�Q�p�B�/�2�b �� �?�B�;�?�@�H�2�p�2�H �/�B���;�`���K �Q�7 �i�?�2 �T�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K�b �i�?���i �2���+�? �Q�7 �r���p�2�7�Q�`�K�b

�m�M�/�2�`�;�Q �i�Q �Q�#�i���B�M �i�?�2 �+�?���M�M�2�H �B�K�T�m�H�b�2 �`�2�b�T�Q�M�b�2 �#�H�Q�+�F�X �6�Q�` �2���+�? �r���p�2�7�Q�`�K�- �2���+�? �Q�7 �i�?�2

�+�?���M�M�2�H�B�x�2�/ �/���i�� �7�B�H�2�b ���`�2 �`�2���/ �B�M ���b �b�2�`�B���H �`�2�+�2�B�p�2 �/���i�� ���M�/ ���`�2 �b�v�M�+�?�`�Q�M�B�x�2�/ �i�Q �i�?�2 �b�i���`�i �Q�7

�i�?�2 �`�2�+�2�B�p�2�/ �+�?���M�M�2�H �b�Q�m�M�/�B�M�; �#�H�Q�+�F �r�B�i�? �i�?�2 �m�i�B�H�B�x���i�B�Q�M �Q�7 ���M �2�M�2�`�;�v �/�2�i�2�+�i�Q�` �r�B�i�? �� �K���M�m���H

�b�2�i �7�Q�` �i�?�2 �2�M�2�`�;�v �i�?�`�2�b�?�Q�H�/�X �6�Q�` �i�?�2 �+�Q�`�`�2�H���i�B�p�2 �T�Q�b�i �T�`�Q�+�2�b�b�B�M�; �K�2�i�?�Q�/�- �m�b�2�/ �7�Q�` �i�?�2 �6�J�*�q�-

�S�L ���M�/ �w���/�Q�7�7�@�*�?�m �r���p�2�7�Q�`�K�b�- �i�?�2 �b�2�`�B���H �`�2�+�2�B�p�2�/ �/���i�� �B�b �+�Q�`�`�2�H���i�2�/ �r�B�i�? �i�?�2 �i�`���M�b�K�B�i�i�2�/

�`�2�+�2�B�p�2 �/���i�� �i�Q �/�B�`�2�+�i�H�v �v�B�2�H�/ �i�?�2 �b�2�`�B���H �*�A�_ �2�b�i�B�K���i�2 ���M�/ �i�?�2�M �7�2�2�/ �B�M�i�Q �i�?�2 �2�M�2�`�;�v �/�2�i�2�+�i�Q�`

�7�Q�` �/�2�i�2�+�i�B�Q�M�X �P�M�+�2 �i�?�2 �b�i���`�i �Q�7 �i�?�2 �b�2�`�B���H �*�A�_ �B�b �/�2�i�2�+�i�2�/�- �B�i �B�b �b�B�K�T�H�v �`�2�7�Q�`�K���i�i�2�/ �B�M�i�Q �i�?�2
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�+�?���M�M�2�H �B�K�T�m�H�b�2 �`�2�b�T�Q�M�b�2 �#�H�Q�+�F �7�Q�`�K�X �6�Q�` �i�?�2 �/�B�`�2�+�i �T�Q�b�i�@�T�`�Q�+�2�b�b�B�M�; �K�2�i�?�Q�/�- �i�?�2 ���T�T�`�Q���+�? �Q�7

�i�?�2 �T�`�Q�+�2�b�b�B�M�; ���H�;�Q�`�B�i�?�K �B�b �b�B�K�B�H���`�- �D�m�b�i �r�B�i�?�Q�m�i �i�?�2 �+�Q�`�`�2�H���i�Q�`�X �h�?�2 �b�2�`�B���H �`�2�+�2�B�p�2�/ �/���i�� �7�Q�`
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pared with algorithms with perfect CSI and no instantaneous CSI. Despite the imperfect

CSI algorithms not performing as well as the perfect CSI case, algorithms with imperfect

CSI performed substantially better than cases without any instantaneous CSI. In massive-

MIMO (mMIMO) cases, CSI is necessary for both resource allocation and beamforming, but

gauging the channel with CSI measurements from each antenna leads to significant overhead

[17]. SRA efficiency and mMIMO overhead reduction motivate the ability to appropriately

leverage CSI corresponding to a specific subband to multiple subbands.

There are two main contributions of our work summarized as follows: (1) a detailed full

system THz-TDC D-Band channel sounder architecture design and implementation and (2)

path loss measurements across different distances and frequencies within D-Band. In con-

tribution (1), we describe the D-Band channel sounding architecture developed equipped

with frequency retuning and dynamic channel sounding waveform selection. In-depth de-

tails of the system components including RF front end processing, channel sounding packet

structure, Field-Programmable Gate Array (FPGA) programming, software to coordinate

transmissions, and post processing algorithms. In contribution (2), we provide path loss mea-

surements various distances and frequencies using the realized sounding architecture. Indoor

measurements collected at distances of 3 cm, 13 cm, and 36 cm and frequencies across 120

GHz - 130 GHz in 184.32 MHz increments. These contributions add to a ever-growing body

of work to collect sub-THz channel measurements needed to create predictive models. The

structure of the rest of this paper is as follows: Section 5.3 describes the full D-Band channel

sounding system architecture, Section 5.4 details the collected path loss measurements across

varying distances and frequencies, and Section 5.5 offers conclusions drawn from our work

as well as potential future research directions.
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In this section, we discuss the full composition of the channel sounding architecture, which

has the capabilities of sweeping across any configurable range(s) within D-Band with a dy-

namic channel sounding waveform selection. For the purposes of this work, we swept 120

- 130 GHz. This architecture is able to achieve wideband channel characterization by re-

tuning the center frequency after every channel packet transmission. The general system

architecture is detailed in Fig. 5.1 and is composed of analog RF conditioning and software

processing for transmission coordination and post-processing for path loss measurement ex-

traction. On the transmit side, an FPGA operates as the Intermediate Frequency (IF) input

into the sub-THz hardware architecture by generating channel sounding packet at a clock

rate of 500 MHz. The received signal gets converted down to IF and recorded for post

processing.

The hardware architecture contains the RF front end elements that upconverts an input IF

channel sounding signal to D-Band and downconverts the received signal back to IF. The

elements of the hardware architecture can be seen in Fig. 5.1, specifically from the IF stage

on the transmit side to the IF stage on the receive side. The transmit mixing stage to

upconvert the IF signal to D-Band is driven by a local oscillator (LO) that is composed of a

frequency synthesizer [22] and active frequency 12x multiplier [21] to reach D-Band frequency

ranges. Although the frequency synthesizer is capable of generating frequencies anywhere

between 0.2-20 GHz with a resolution of 0.1 Hz, we only considered the range of 10-11.67

GHz to achieve the desired range of 120-130 GHz with the active frequency multiplier. After

the mixing stage, the signal goes through a D-Band bandpass filter to remove images. The
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Figure 5.1: Full System Architecture

RF signal is then amplified with an Power Amplifier [20] and radiated into the environment

with a D-Band Dual-Polarized Horn antenna [23].

The analog receive chain resembles the transmit chain, with the exception of substituting a

Low Noise Amplifier (LNA) [19] in place of the Power Amplifier to limit noise. The received

signal is captured through the RX D-Band Dual-Polarized Horn antenna and passes through

a D-Band bandpass filter to isolate the signal spectrum of interest. After going through

the amplification stage with the LNA, the signal is brought back down to IF using an LO

composed of a frequency synthesizer and active frequency multiplier. At this stage, the

IF signal is recorded for post processing using an IQ Recorder (Vitrek EON CSE123G2

Signal Recording System) [78], which is composed of a GaGe CSE123G2 12-bit Digitizer

with sample rate up of 3 GS/s, Signal Recording Software (SpectraScopeRT), and 38.4 TB

in RAID storage.
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Figure 5.2: Frame ID Structure

A transmitted frame contains a stimulus of the channel used to characterize the path loss

of a sub-band within the band of interest, mimicking [57]. The channel sounding waveforms

within the packet are framed with a header and a trailer, which provides a low complexity

method for synchronization, frequency offset detection, and communication of information

relating to the transmission. Each of the individual channel sounding bursts can be selected
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from a variety of baseband waveforms, alternating between emphasis on better time or

frequency resolution [30]. The header is composed of an effective Continuous Wave (CW)

signal at f , a two-tone FSK-modulated Frame ID with f to encode the 1s and f to

encode the 0s, and shorter CW signal at f . Next in the packet is the channel sounding

bursts with dynamic channel sounding waveform selection and number of burst repetitions,

configured through the frame ID. The trailer consists of a CW at f and the FSK-modulated

Frame ID, but with f to encode the 1s and f to encode the 0s.

The modulated Frame ID serves the purpose of conveying pertinent information regarding

the packet transmission. The breakdown of the Frame ID, including the specific information

at specific bit values, is shown in Fig. 5.2. Note that each information bit is repeated eight

times at the 184.32 MHz sample rate to ease acquisition. Thus, the data word 0 is eight

consecutive 0 bits and the data word 1 is eight consecutive 1 bits. The Frame ID contains

256 information bits, each repeated eight times to form a total length of 2048 bits = 256

words. In the subsequent subsection, we will break down each of the Frame ID fields with

what information about the transmission they convey.

The first four words of the Frame ID are all 0 to represent the start of the Frame ID. In the

header, these data bits are modulated to flow to distinguish from the CW High tone. For

the trailer, these data bits are modulated to fhigh to distinguish from the CW Low tone.

Following the Start Indicator, ate data words representing the Barker-13 sequence. The

Barker-13 sequence has strong autocorrelation properties that assists in time synchronization,
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if necessary.

The next eight data words are used to document any environmental characteristics relevant

to the location and/or measurement setup.

The pulse selection field in the packet facilitates the ability for dynamic selection of channel

sounding waveform in the packet. The FPGA that generates the packet waveform has a

table/array of (Read-Only Memory) ROM addresses corresponding to memory locations of

samples of various sounding waveforms. The value of this field corresponds to the index

that designates which memory location the FPGA looks at to read samples for the sounding

waveform. More details on the implementation of this on the FPGA is provided in Section

5.3.4, FPGA Mechanics.

The number of pulses field represents the number of repetitions of the selected channel sound-

ing waveform within the packet. These data words get passed to the FPGA for dynamically

setting the repetitions of the channels sounding burst as detailed in Section 5.3.4, FPGA

Mechanics.
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The time stamp field represents a count in seconds since January 1st, 2024. With 32 data

word for this field, approximately 139 years can be represented.

The purpose of the current frequency step field is to document the center frequency the

packet was transmitted over. This field is determined by representing the center frequency

in units of kHz in binary. With 32 bits allocated to this field, frequencies within the range

0 - 4.29 THz can be represented, with 1 kHz resolution.

A 16-word Cyclic Redundancy Check (CRC) is added to the frame ID for the purposes of

error detection. The CRC is calculated in this paper by using the CRC16-CCITT polynomial

[6].

The transmission (TX) manager is responsible for the coordination of continuously sending

a channel sounding packet on the appropriate sub-band through interfacing with the FPGA

and frequency synthesizer. Fig. 5.3 shows the block diagram for the TX manager created

using Python and Fig. 5.4 illustrates communications between devices. The class will first

accept user input to initialize state variables that will direct the transmission run. For

instance, the user can control the start frequency, total sweep bandwidth, channel sounding

waveform, and repetitions of the channel sounding waveform. Next, the TX manager will
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Figure 5.3: TX Manager Block Diagram
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Figure 5.4: TX manager communications between host machine, frequency synthesizer, and
FPGA

establish a connection the FPGA over UART by sending a connection request message and

proceeding upon a received confirmation message. The last initialization step is turning the

frequency synthesizer on using the synthesizer’s UART command message protocol. Upon

establishing hardware connections, the transmission manager will enter a loop that will

continuously repeat the transmission process until the last center frequency is reached.

Upon reading in the start center frequency, the TX manager retunes the frequency synthe-

sizer to the appropriate starting frequency by sending a UART request. After successful
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retuning of the synthesizers to the new sub-band, a Frame ID is generated according to the

specifications detailed under Frame ID within Section 5.3.2. The generation of this Frame ID

will depend on initialization elements like current frequency and distance. The TX manager

will send commands over UART to the FPGA that load registers with relevant transmission

information including the generated Frame ID, pulse selection, and number of pulses. The

loading register commands are split into two separate commands to the FPGA, where af-

ter the second is sent, the FPGA starts the transmission by setting a control register. The

transmission manager continuously polls a scratch pad register on the FPGA that will switch

when the transmission is over. Once the manager gets the message that the transmission

of a packet is over, it will calculate the next center frequency. This would mark the end of

one transmission run, as the transmission manager would loop back to retuning each of the

frequency synthesizers to the new center frequencies.

The channel sounder was implemented on a Zynq UltraScale+ RFSoC ZCU111 Evaluation

Kit, which features eight 12-bit 4.096 GSPS ADCs and eight 14-bit 6.554 GSPS DACs

as a rapid hardware prototyping platform. There are three main components to the FPGA

implementation: (1) an FSK modulator, (2) the channel sounding signal playback file reader,

and (3) a state machine to control the transmission sequence. Modulation of the FSK signal

is accomplished by incrementing or decrementing a 10-bit phase word based on the current bit

in the channel sounding packet, where a ‘1’ corresponds to an increment and a ‘0’ corresponds

to a decrement that occurs each clock cycle for the symbol duration. This instantaneous

phase word is then taken as an address for the I/Q sample look-up table to provide 14-bit

samples to the DAC (in each of I and Q).
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The playback file reader is even more straightforward; when it is time to begin reading out

the channel sounding signal(s), the FPGA is configured to sequentially read out the samples

from a read-only memory (ROM) that is initialized when the design is synthesized. There

are several different playback files stored in a ROM to choose from, and this information

is passed to the FPGA as the “pulse selection” parameter. Additionally, the “number of

pulses” parameter is also considered to determine how many times the selected ROM is to

be repeated.

The state machine was constructed to monitor the FPGA registers to determine whether a

new FSK packet is available for transmission, then enter the FSK modulation phase before

reading out the channel sounding signal from the playback file ROM for a set number of

repetitions. Transmission concludes with the inverted FSK bits and a CW low tone. To

conclude the transmission, the state machine requires the control register bit to be de-

asserted before allowing a new transmission to begin.

The received 500 MHz IF channel sounding signal is captured using the IQ Recorder, which

is the terminating stage of the receive chain. The IQ Recorder collects the observed IQ

samples into a raw data file that contains the received IF signal measured at all center

frequency within the 120-130 GHz sweep. Using Python, the recorded received samples

are digitally converted to complex baseband with digital filtering, and downconverter and

decimated to the FPGA clock rate (184.32 MHz). The complex baseband samples are

correlated with the selected channel sounding waveform for time alignment and path loss

measurements. An example of the output at the correlation stage is shown in Fig. 5.5.

The different packet elements can be extracted based on knowledge of the start index of
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Figure 5.5: Two received packets correlated with transmitted pulse to illustrate time align-
ment for packet decomposition and analysis
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Figure 5.6: Hardware Setup

the channel sounding waveforms and, of course, knowledge of the packet structure. Upon

isolating each of the packet elements, the FSK frame ID section is demodulated and average

peak correlation power information is extracted and stored within an Excel file entry. The

process of isolating packet elements and recording information pertaining to path loss occurs

until each detectable packet has been processed.
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In our setup, we collect path loss measurements by determining the additional loss with

reference to a direct waveguide connection. We accomplish this by comparing the observed

average peak correlation power at a particular distance to that of the system connected

by waveguide. Fig. 5.6. is a picture of the hardware system with boxes labeling relevant

subsystems, including the transmitter sub-THZ front end, receiver sub-THz front end, trans-

mitter FPGA, and receiver IQ Recorder. The transmitter is stationed at a fixed point on

a laboratory desk and the receiver is positioned on a cart to test at various distances. The

measurement collection environment is an indoor, laboratory environment at a very short

range.

Table 5.1: Link Budget of Example -13.2 dBm Sinusoidal

Transmitter
Mixer -13.2 dBm -13 dB

Attenuator -26.2 dBm -3 dB
Bandpass Filter -29.2 dBm -3 dB

Coupler -32.2 dBm -3 dB
Power Amplifier -35.2 dBm 25 dB

Receiver
Bandpass Filter -10.2 dBm -3 dB

LNA -13.2 dBm 13 dB
Coupler -0.8 dBm -3 dB
Mixer -3.2 dBm -13 dB

Before collecting channel sounding measurements, a -13.2 dBm tone was propagated through
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the sub-THz transceiver with waveguides connecting the transmitter and receiver. In our

system, we are constrained to have a maximum TX IF power of -12 dBm motivated from the

maximum power allowed into the IF port of the mixer. For this example the expected gain

from going through each component of the system is highlighted in Table. 5.1. From Table

5.1, the expected received power of the system is -16.2 dBm with waveguide connection

and the measured received power was -23.3 dBm. Thus, about 7.1 dB of loss currently

unaccounted for in the transceiver design, which could be explained from losses due to

waveguide connections or insertion losses of the components.

Measurement collections are limited to less than 0.5 m between the transmit antenna and

receive antenna due to the current hardware architecture. With this distance limitation, we

have measured collected signal strength and path loss measurements at distances of 3 cm, 13

cm, and 36 cm. For measurements collected at each of the distances, the frequency range 120

- 130 GHz is measured by adjusting the center frequency of each channel sounding packet,

starting at 120 GHz and incrementing by the bandwidth of the channel sounding bursts

until the center frequency reaches 130 GHz. Fig. 5.7 shows the observed signal strength

from each of the collections at distances of 3 cm, 13 cm, and 36 cm. In the 36 cm case,

the channel sounding packets become undetectable at 125 GHz and thus no signal strength

measurements are recorded past this point. Packets become undetectable when the signal

power, even after de-spreading gain, cannot surpass the noise floor, in our case being close

to -81 dBm.

Looking at the raw received signal strength data, without normalizing any system responses,

provides insights into specific link performance areas relevant to the realized system. From
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Figure 5.7: Received signal strength across D-Band frequencies and short range distances

Fig. 5.7, the frequency ranges 120-120.5 GHz, 122.5-123.5 GHz, and 127.5-128 GHz experi-

enced the highest received signal strength. The frequency ranges 120.5-122 GHz, 126.5-127.5

GHz, and 128-129 GHz experienced the next highest received signal strength. Lastly, the

frequency ranges 124-126.5 GHz and 129-130 GHz experienced the lowest received signal

strength. Notably, we are able to categorize frequency ranges into bins of similar observed

signal strength. Leveraging the knowledge of which bands behavior similarly within our

system can allow us later to make conclusions about one band given real time information

of another within a similar range.

Path loss measurements are determined from recording the signal strength experiences at

these theses varying distances relative to a waveguide strength measurement. The impor-

tance of normalizing to the waveguide measurements is that our signal strength measure-

ments represent not only losses experienced from the channel, but also losses introduced from

our sub-THz channel sounder. By subtracting the losses experienced at each frequency with
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Figure 5.8: Received signal strength across D-Band frequencies and short range distances
relative to waveguide measurements
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Figure 5.9: Path loss measurements from 120 - 130 GHz normalized to waveguide measure-
ments

the waveguide connection, the losses due to the physical channel can be more accurately

estimated. Fig. 5.9 illustrates the path loss experienced relative to waveguide measurements

across the frequency sweep and at varying distances. From Fig. 5.9, there appears to be a

favorable channel environment present across distance around 127 GHz due to the drop in

path loss. Note that normalizing from the signal strength from the waveguides removes the

dip in receive signal strength around 121 GHz for the path loss measurements introducing a

more steadily increasing path loss as frequency increases (for the range of 120-126 GHz).

Also from Fig. 5.9, the increase in path loss between the 3 cm distance and the 13 cm distance

is about 5 dB and the increase in path loss between the 3 cm distance and the 37 cm path is

about 10 dB. The authors of [14] measured path loss across D-Band at different short range

distances using a VNA channel sounder. With this setup, the measured approximately a

3 dB increase in path loss from 36 cm to 45 cm and an 10 dB loss from 36 cm to 66 cm.
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While these results are at a slightly higher distance than our measurements, the results seem

consistent in path loss differences across distance.

In this paper, we detailed a D-Band channel sounding architecture capable of dynamic re-

tuning, waveform selection, and pulse repetitions. With current post-processing architecture

and hardware constraints, the system is capable of measuring path loss at distances up to

36 cm. Preliminary path loss measurements were collected to contribute growing effort for

D-Band channel characterization as well as validate realized system architecture. Path loss

measurements were collected at distances of 3 cm, 13 cm, and 36 cm with an increase in

path loss of about 5 dB going from the 3 cm path to the 13 cm path and about a 12 dB

increase going from the 3 cm path to the 36 cm path.

In the future, our group will focus on extending the distance capability to collect path loss

measurements across 120-130 GHz at larger distances by incorporating an additional gain

stage. Additional efforts will/can be placed in using the estimated CIR response to derive

more channel parameters including delay spread, angle spread, and doppler spread. Other

future directions include employing the realized channel sounding architecture in various

environments to observe difference in channel behavior in difference scenarios.

Investigating path loss variation across different frequencies within D-Band would be useful

information in defining 6G PHY layer standards. Additionally, observations regarding devi-

ations between path loss observed at different frequencies could be useful in SRA algorithms.

Specifically, in making conclusions about the CSI about one band given the CSI at another

if these bands have similar path loss. Incorporation of frequency selective path loss could be

beneficial in SRA algorithms to ease CSI transmission overhead or combine recent CSI from
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other bands with memory of CSI. For example, outdated information is one of the drivers of

having imperfect channel knowledge [73]. Incorporating knowledge of subcarriers that have

similar path loss responses could facilitate keeping multiple carriers with more up-to-date

information with new of one carrier coming in. In these cases, CSI for bands with similar

expected path loss could be predicted as being the same, potentially increasing the accuracy

of the channel estimates in real time.



Overall, the work contained within this thesis offers contributions to flexible channel sound-

ing develop by offering two different system architectures that enable dynamic channel sound-

ing. One of the architectures involves a low-cost SDR based approach and the other uses

custom FPGA-based hardware with D-Band RF conditioning to measure sub-THz frequen-

cies. While each approach differs in implementation, they both fundamentally centered in

offering flexibility to a channel sounding measurement campaign. In both hardware systems,

the user can specific what frequency range to transmit, including start frequency and full

bandwidth, as well as the waveform that is being used to stimulate the channel. The main

limitation with frequency band selection is that the selected range must be within the op-

erational constraints of the hardware being used. However, for the low-cost SDR approach

the achievable bandwidth goes from 56 MHz to just shy of 6 GHz, a substantial increase.

For the D-Band channel sounder, the current achievable sounding bandwidth 40 GHz.

Benefits of utilizing a flexible channel sounder include (1) having the ability to sound more

dynamic environments and (2) utilize the same channel sounder for different scenarios. In

certain channel sounding environments, like operating within a Dynamic Spectrum Access

environment, the allowable bandwidth and frequency band of operation may vary. With

operating under dynamic conditions, it is helpful to have a channel sounder capable of flexi-

86
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bility in adjusting these parameters. Also, there is a non-trivial amount of effort in designing

a channel sounder. Thus, the second benefit of the flexible channel sounder is opportunity

to use the same sounder in a variety of setting, with potentially different sounding needs. As

detailed in Chapter 4, selection of channel sounding waveform impacts system performance

and some sounding waveforms may perform more desirable in differing scenarios. For exam-

ple, the PN signal has a sharp decay in autocorrelation function, but large frequency domain

sidelobes. These characteristics make the PN signal not be the best choice in bandwidth

limited/constrained environments but excellent for scenarios with short expected excess de-

lay, such as the indoor environment. Allowing for flexible selection of sounding waveform,

as well as band of operation, opens up potential use cases for the designed channel sounder.

The first architecture is geared to be more accessible by providing a channel sounding system

that can be implemented with a low cost radio. Among other contributions, this accessibility

can allow more students to engage with the field of channel sounding with a lower cost of

entry. The low cost channel sounding transmitter design contains frequency retuning in

order to aggregate to a larger bandwidth. In this first version of this SDR channel sounding

transmitter, there was an additional polling delay for the transmission manager needed to

check if the intermediate transmission had finished. In version two of the low-cost SDR

channel sounding transmitter, GNU Radio, along with this additional delay were deprecated

in favor of directly interfacing to the UHD Python library.

A complete low-cost SDR based channel sounder architecture was provided, using the up-

dated, verison 2 transmitter design. With this architecture it is possible to configure the

start frequency, full bandwidth, step bandwidth, number of repetitions before a retune, and

channel sounding waveform. This architecture was used to collect channel sounding mea-

surements and graph the power delay profile of the channel for difference channel sounding

waveforms implemented on the low cost software radio: FMCW, Zadoff-Chu, OFDM, PN,
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and Direct pulse. Each of these waveforms were normalized to the same bandwidth and the

same aggregate energy. In this investigation, due to the high Peak to Average power ratio

for the Direct pulse, it seemingly was not able to achieve the same aggregate energy as the

other pulses with getting seemingly getting clipped. The Zadoff-Chu overall performed the

best, offering a high dynamic range and a steeper autocorrelation drop off than the FMCW

signal.

The transition from the low-cost SDR channel sounder to the implementation of the THz-

TDC sounder using hardware capable of D-Band transmission inspired incorporation of many

of the same flexibility features. A significant flexibility feature is the ability to artificially

increase the instantaneous bandwidth to be limited by the operational frequency range of

the hardware. Of the three THz sounding approach, THz-TDC, THz-TDS, and VNA, THz-

TDS and VNA usually achieve higher bandwidths than THz-TDC. Thus, with the retuning

adjustments, we will be able to reap the benefits of the THz-TDC sounder, fast measurement

collection time and ability to collect data from a wider range, and overcome one of the

identified drawbacks of a smaller bandwidth.

The D-Band channel sounder consists of a sub-THz RF conditioning, an FPGA for the IF

source, and software processing to coordinate each transmission and process the received

waveform. The sub-THz TX Hardware consists of the LO to convert the signal to D-Band

with a frequency synthesizer and an active frequency multiple, as well as filtering and am-

plification before being emitted out of a D-Band Horn antenna. The RX Hardware is nearly

identical, replacing a power amplifier for a low noise amplifier. The dynamically selected

channel sounding bursts get framed by a header and trailer that consists of CW tones and an

FSK-modulated frame ID. The frame ID contains information pertaining to a specific chan-

nel sounding run. The FPGA acts as the IF source, performing the FSK-modulation for the

header and trailer and sending out the stored channel sounding waveform samples at an IF
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frequency of 500 MHz. The transmission manager coordinates the details of the transmission

by prompting the FPGA to start sending information on a specific center frequency with

a specific sounding waveform and retunes the frequency synthesizer to the current center

frequency with the UART connection. Finally, post processing is performed after digital

downconversion from IF to baseband by correlating the received signal with the transmitted

signal.

With the described D-Band channel sounding platform, short-range path loss measurements

were collected in an indoor, laboratory environment. Measurements were collected at dis-

tances of 36 cm, 45 cm, and 66 cm. In order to attempt to accommodate for additional losses

introduced to our system, potentially losses that were frequency dependent, the path loss

measurements are reported relative to measurements collected with a waveguide connection.

From the measurements, there was approximately a 3 dB increase in path loss from 36 cm

to 45 cm and a 10 dB increase in path loss from 36 cm to 66 cm.

Initial validation of realized D-Band channel sounder contributes to the current body of

channel measurements research as well as demonstrates the feasibility of using this system

for future campaigns. Throughout characterization of the sub-THz channel is essential for

creating accurate predictive channel models, and thus channel measurements from a vari-

ety of organizations with different channel sounder implementations is crucial for a holistic

understanding of the channel. With this in my, our channel measurements can be used in

conjugation with measurements from other universities and organizations, when appropriate,

in the development of channel models for sub-THz indoor communications. Channel models

can then be used to develop the constraints of an indoor sub-THz communications link,

facilitating the ability to access more bandwidth. Not only did this work provide initial path

loss measurements, but it demonstrates that the sub-THz channel sounder can be utilized

in other scenarios given the flexibility of the sounder design.
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While the work contained within this thesis is primarily experimental in nature, several

result generalizations can be made to pertain to other future work. The collected PDPs

from Chapter 4 are relevant in comparing the performance of each of the channel sounding

waveforms. The performance across several relevant metrics is then synthesized to make gen-

eralized recommendations of sounding waveform based on scenario. In Chapter 5, D-Band

path loss measurements are collected from a LOS connection at varying short range dis-

tances. Sub-THz communications is most feasible with LOS connections and at a relatively

short range, thus these measurements can be generalized and relevant to development com-

munications under these constraints. However, the development of accurate channel model

requires a large body of channel measurements of a variety of channel sounding scenarios,

collected from a variety of organizations.

Detailed below are recommendations on future areas of development based off of the findings

of the work presented in this thesis. Most of the topics presented here for further develop-

ment involve expanding upon the D-Band channel sounder to characterize more meaningful

channel environments.

•

A handshake

would need to get introduced to the system to coordinate the frequency retuning of

the transmitter.

Characterization and analysis could be performed regarding how fast this hand-

shake between the SDR could take place, particularly in reference to the coherence

time of the channel being sounded.
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•

With this additional hardware setup, the

channel sounding performance can be compared to that achieved with the SDRs.

Overall, a similar exploration of channel sounding performance can be carrier out

with opening up the constraint on implementation on the same SDR hardware.

•

With

this setup, the performance of various channel sounding waveforms outside the software

defined radio frame work could be analyzed to see if there are any dramatic performance

differences between hardware architectures.

•

For ex-

ample, incorporating higher gain TX/RX antennas would increase the dynamic range

of the architecture, translating to the ability to transmit over a larger distance. How-

ever, this adjustment would require more directional antennas and potentially require

stricter methods of aligning the antennas.

•

Additionally,

have these plates be able to adjust the angle between the two for additional testing

capabilities (angle of arrival).

•

(one for each TX and RX) and incorporate frequency offset processing to handle any

frequency drift between the oscillators. Incorporation of an additional oscillator may

be more practical and allow for longer TX/RX distances without need for excessively
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long cabling.

•

With this additional area of research, the assumption of a static environment

could be removed to explore less controlled channels that vary with time (poten-

tially outdoor channels).
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