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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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(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

1
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Channel System Communication
> Channel Models »  Constraints > System
Measurements R
Defined Deployment

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:

o 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.

o 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

o 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.

Qo0 LbOooibootbod

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



0ior dooooiobomodd )

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].

o 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].

o 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].

o 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.
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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.

00000 0000000000 000 0O0iiotulo Lobioo

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 (Py), transmit antenna gain (G¢), receive antenna gain (Gy), 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.

GtGr 2

FSPL= 050

(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.

Qoo oooool iOOoot dooboooo

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(® =h(t; ) x(t) +n(t) (2.2)
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Figure 2.2: Graphics illustrating various propagation phenomena
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X :
h( ;)= «(® <O (), (2.3)

k=1

QoD 00000 Oooob Oooooig

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].

X
Pa(®) = o ihCt; )P (2.4

k=1

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
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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.

Qoo Odoboo oo

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].

0oooio  Oooobd Loibood gooiooot bddbooooot goooed

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].

000D O0ibt DoOoboooiog

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].

N o

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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#22M 2 +22/X h?mb- r?2M i?2 L*P K F2biQ MbEIBQBWbQKIi iQ i?2
hs KM ;2° M/BbT bb2/iQi?2a. Xh?2Tm TQb2 Q7 i?Bb MQiB7B+ |
i?72 +2Mi2° 7°2[m2M+v Q7 i?2 "kRy M22/b iQ #2 "2imM2/X

jX9Xj h> MbKBii2>J M ;2> M/ _2imMBM:

h?2i? 22 +QKTQM2Mib Q7 i?2 i  MbKBii2° "2 +QMM2+i2/iQ;2i?2 m
+Q/2X h?2 hs KM ;2" Bb +2 i2/ #v KQ/B7vBM; i?2 ;2M2" i2/ Svi?QI
i?72 ;LI _ /BQ 7HQr;" T?-r?B+? +QMM2+ib i?2 # b2# M/ 6J*q iQ la_
JQ/B7vBM; i?2 Svi?QM +Q/2 /B 2+iHv HHQrb 7Q 2 b2 BMBKTH2K21
T QKTi2/ 7' QK 6J*q PPh JQ/mH2X



kY:Y /] Oié zé2Beyafeqe z Oné k8

6B:m 2 X9, .B ;" KiQ b?Qr +2Mi2 7 2[m2M+v /DmbiK2Mi H;Q Bj

h?2 KQ/B7B+ iBQMb iQ i?2 # b2 Svi?QM "2i?2 //BiBQM Q7 H mM+?I
i?722t2+miBQM Q7 i?27HQr;" T? br2HH b 7mM+iBQMiQ + i+?i?2 m
i?72 mb2  BMi2 7 +2 HHQrb7Q i?2BMTmibiQ #2 +QHH2+i2/ M/ BMB
i° MbKBbbBQM + M /Dmbi iQ i?2 mb2  b2iiBM;bX h?2 mT/ i2 *6 bB;}
PPh KQ/mH2 M/ r?2M i? i bB;M H Bb 2KBii2/- Bi ;2ib + m:?i #v M /
KM ;2 +H bbX h?Bb 7mM+iBQM b2ib i?2 +2Mi2 7 2[m2M+v 7Q" i?:
i?72 #HQ+F i? i +QMi ' QHb i?2 "kRy liimb la_S-# b2/ QM i7X8H;Q Bi?
h?Bb H;Q Bi?K /Dmbib i?2 +2Mi2> 7 2[m2M+v bm+? i? i i?22 br22T r
7°2[m2M+v +?mMF BM i?2 H ;2  # M/rB/i? X

hrQ HBKBi iBQMb 2tBbi BM i?2 BKTH2K2Mi iBQM Q7 i?2 hs K M ;2 X
rB/i? Bb "2bi'B+i2/iQ #2BM; KmMHIiBTH2 Q7 i?2 # b2# M/ br22TX h?2
:2i 7H ;;2/iQ “2b2i ii?2 2M/ Q7 M BMi2 'K2/B i2 br22T M/ i?mb i??2
# M/rB/i? i? i Bb KmHiBTH2 Q7 i?2 BMi2 K2/B i2 br22TX h?2 M2ti H
'Ll _ /BQ +QKK M/ 2t2+miBQM /2H v "2bmHiBM; 7°QK M22/BM; iQ -
bB:M H? b #22M 2KBii2/ QM /Bb+'2i2- +QM7B:m" #H2 BMi2 p HX h
i2br22T Q++m b "B;?i 7i2  TQHHBM: +?2+F-i?2 2 rBHH #2i?2 iBK?2
KM :2 + i+?2b i?2 bB;M H M/ 2imM2b i?2 +2Mi2 7 2[m2M+v Q7 i’
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h #H2 jXk, S~ K2i2'b7Q i?2hsJ M ;2 1772+iBM; i?2 h® Mbk

] *QMi QH 62 im]ZAMTmio Hmz
a KTHBM; _iZ2 jy J>x
AMi2 K2/B i2"g 9y J>x

LI _ /BQ SQHHBM; SRYWWKDb

/[r2HH iBK2 BM #2ir22Mi° MbKBbbBQMb Bb i?2 +QK#BM iBQM Q7 i?2
i?72 /Dmbi 7 2[m2M+v bB;M H M/ i?2 M2ti 2t2+miBQM b r2HH b i?2
iQ +? M;2 Bib +2Mi2 7 2[m2M+vX

j X8 AMBIB Ho HB/ iBQM

i X8XR 1M/@iQ@1M/ h> MbKBbbBQM .2KQMbi  iBQM

AM Q' /2 iQ p HB/ i2i?2 ;2M2  iBQM Q7 i?2 rB/2# M/ +? MM2H bQmN
/B772 2Mi TQbbB#H2 +QM7B;m  iBQMb- i?2 "kRy i~ MbKBii2 r b ii
M ii2Mm iQ X h?2 AZ 2+Q /2 + M/BbTH vp 'BQmb pBbm HBx iB
p HB/ i2i? ii?2 br22T Bb HQ+ i2/ BM i?2 +Q "2+i TiKW2@MN i?2 bT 2+
T > K2i2 b2iiBM;b i? i r2°2 mb2/iQ BM 2 +? 2M/@iQ@2M/ i° MbKBb
2°2 +QM7B;m 2/ BMi?2 hs K M ;2 X

6Q Om  /2KQMbi iBQM-r2 mb2/ R :>x6J*gbB;M H7 QK 8yyJ>xiQ
i?Bb /2bB 2/ # M/rB/i?X h?2 AZ 2+Q /2 r b b2iiQ ? p2 +2Mi2 7°
# M/rB/i? Q7 R :>x- M/ b KTHBM; " i27Q i?2 /B;gB&B?Q #22j :afb
bT2+i mK Q7 i?Bbi° MbKBbbBQM "2 +?BM; i?22M/ Q7 i?2 br22T M/
i?2 #2;BMMBM; Q7 i?2 br22T bp HB/ iBQMX LQi2i? ii?2+Q  2bTQN
7Q  i?Bb br22T "2 /Q+mKJN¥X2/ BM h #H?2



kYoy BeO Ozapzaldz2z Ofié kd

6B;m 2 jX8, AZ 2+Q /2 ri2 7 HHTHQIiQ b?Qr2M/ Q7 R :>x 7 2[m2
M/ i?2bi i Q7 br22T MYR UH27i ? M/V

6B;m 2 jXe, AZ 2+Q /2 ri2 7 HH THQi M/ T2 bBbi2M+2 THQi iQ b

h #H2 jXj, h° MbKBbbBQM b2iiBM;b +Q "2bTQM/BM; iQ ijX®7 2[m2M

| *QMi'QH 62 im"2AMTmi o Hm2
PT2 iBQMJQ/2 | T
ai iBM; 6°2[m2M+8yy J>X
" M/rB/i? R :>x
hBK2 .B772 2MiB R7 mHi
6°2[m2M+v .B772 2MiB HHi
I1[mBTK2Mi| "kRy 1liimb la_S
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h #H2 jX9, h® MbKBbbBQM b2iiBM:b +Q "2bTQM/BM; iQ jRE 7 2[m2N

] *QMi QH 62 iﬁn‘ZAMTmi o] thz
PT2 iBQMJQ/2 .QrM
ai iBM; 6 2[m2M+8yy J>X

" M/rBli? 3y J>x
hBK2 .B772 °2MiB HdMb
6°'2[m2M+v .B772 2MRB>H
1[mBTK2Mi| "kRy liimb la_S

MQi?2 i° MbKBbbBQMr bT2 7Q K2/ i bK HH2 7mHH br22T # M/r
i?72 2MiB 2 br22T rBi? QM2 p HBK &@WbT HQI M BB HKbQmMM/BM; i° Mb
Q7 3y J>x br22TBM; /IQrM BM 7 2[m2M+v r?B+? BHHmbi i2b i?72 #I
7°2[m2M+v iQ +?B2p2 H ;2 # M/rB/i?X h?2 AZ 2+Q /2  b2iiBM;b E
7°2[m2M+v Q7 89y J>x- # M/rB/i? Q7 3y J>x- M/ b KTHR®; " i2 Q
/2i BHb i?2 b2iiBM;b 7Q i?Bb /2KQMbi® iBQM br22TX

JX8Xk Zm MiB7vBM,; .r2HH hBK?2

g2 [m MiB7vi?2 /r2HH iBK2 #v miBHBXxBM; i?2 AZ _2+Q /2 iQ K F2

Q7 i?2i MbBiBQM 7 QK QM2 BMi2 K2/B i2 br22T iQ i?2 M2tiX h?2
i° MbKBbbBQM + M i?2M #2 T Q+2bb2/ BM aT2+i  0B2r_h- i?2 TH v
_2+4Q/2/iQ /2i2°KBM2 i?2 H Th2 #2ir22M i?2 2M/ Q7 M BMi2 K2/B |
Q7 i?2 M2ti QMPX®IP @HR2iBK2 /2H vb bbQ+B i2/ rBi? +QKK M/ 2t2+mi
iBK2 /2H v +Q "2bTQM/BM; iQ i?2 a._ 2imMBM; 7Q  i2biBM; Bi2  iB(

h?2 p2° ;2 Qp2  HH/r2HH iIBK2r b+ H+mH i2/iQ #2 jjX8kR Kb rBi? |
[T2HH iBK2 ii'B#mi2/iQ [/2H v #2ir22M 2KBiiBM: i?2 /Dmbi *6 bB:N\
BMi2 - mTiX Hi?2Qm;? i?2 K tBKmK :LI _ /BQ +QKK M/ 2t2+miBQM /2



KYfY +fié«a Ofié 7é27 1ri & kN

h #H2 jX8, .r2HH iBK2 K2 bm 2K2Mib

‘LI _ /BQ *QKK M/] _2imMBM; | Pp2° HH .2H v
1t2+miBQM .2H v UKDBW v UKbV| UKbV

99X|Nj i XyNO 9dX93d
jeXR8YK iXjkd iNX9dd
RyXK3] i XjRd RjXe

99XjNj Kb-i?2 /2H v +QmH/ #2 b H ;2 bi?2:LI _ /IBQ TQHHBM;: iB
TQHHBM; iBK2 7Q  i?2b2 i2bib r2 2 RyyKb- bQ i?2 Qp2> HH /2H v +Q
Kb THmMb "2imMBM; /2H vX .m2 iQ i?2 > M/QK M im 2 Q7 i?2 +QKK I
[T2HH iBK2 b?QmH/ #2 KQ/2H2/ b ~ M/QKp B #H2rBi? mMB7Q K
"2imMBM; /2H viQ i?2 "2imMBM; /2H v THMDb i?2 iBK2 T2 'BQ/X AM |
FQmMH/t#2n 1(3,103) (Kb) rBi? i?2 2t+2Ti2/ [r2HH iBK2 #2BM; #Qmi ? |
iBK2X

j Xe *QM+HmMbBQMb M/ 6mim 2 gQ F

h?Bb 2b2 “+? BKbiQ+'2 i2 +Qbi2772+iBp2bQHmMiBQMiQ i’ MbKB|
rp27Q KiQ +? ° +i2'Bx2 i?2 rB"'2H2bb +? MM2H mbBM; a._bX rB/:
i MbKBii2 " Bb+'2 i2/ mbBM; "kRy liimbla_Si? iT2 BQ/B+ HHv 2ir
6J*qi° MbKBbbBQM Qmi Q7 BMi2 K2/B i2 bK HH2 # M/rB/i? br22Thb

R :>x br22T Bb +?B2p2/ br22TBM; 7 QK 8yy J>x iQ RX8 :>xX h?
#2 +QM7B;m 2 mbBM; i?2 :IAiQ br22T mT Q  /QrM BM 7 2[m2M+v- |
HQ+ i2/ BMbT2+i mK- br2HH b +? M;2i?2bHQT2Q7i?2br22TX h?
BMi2 K2/B i2i° MbKBbbBQMBb/QKBM i2/#vi?2+QKK M/2t2+miBQI
2tT2+i2/ /r2HH iBK2 Bb #Qmi ? H7 Q7 i?2 :LI _ /BQ TQHHBM; iBK:
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+QKTmiBM;- 1?22 2tT2+i2/ /r2HH iBK2 +QmH/ #2 b HQr b 8 iQ Ry Kb
#2BM; KQ 2 bB;MB7B+ Mi 7 +2i Q7 i?2 Qp2 HH /2H vX h?2 bm++2bhk
bK HH /r2HH iBK2 b?Qrb i? ia. b+ M#2 mb2/iQ #2 T QKBbBM; b(
HQr +QKTH2tBiv rB/2# M/ +? MM2H K2 bm 2K2Mi + KT B;MbX //Bit
iIQ 2 bBHv /Dmbi i?2 7TmHH i° MbKBbbBQM # M/rB/i?- i?Bb i° MbKB
+QKT iB#H2 rBi? bQmM/BM; rBi?BM .a 2MpB QMK2Mib r?2'2 7°2[m2

6mim 2 rQ F rBHH 7Q+mb QM BM+Q TQ" iBM; //BiBQM Ha. b iQ #2
KBiiBM; i?2 rB/2# M/ +? MM2H bQmM/BM; bB;M HX KT+ M#2 +°
BMi2 K2/B i2 br22T # M/rB/i? iQ #2 mb #H2 # M/rB/i? 7Q i?72 +?Qb.
"2BM; #H2 iQ +QM7B;m 2 i?2 a._rQmH/ BM+ 2 b2 i?2 TH2tB#BHBIiv
rBi? p " BQmb TB2+2b Q7 2[mBTK2MiX

MQi?2° KQ/B7B+ iBQM i? i + M #2 BM+Q ' TQ"  i2/ BMiQ i?2 +? MM2H
r 2 Bb iQ +? M;2 i?2 ivT2 Q7 r p27Q K i? i rBHH #2 mb2/ 7Q" +2 M
bim/v- 6J*qbB;M HBb mb2/7Q 2t+BiBM; i?2 +? MM2H-#mi MQi?2
iQ; m:;2i?2 +? MM2H M/ ;H2 M //BiBQM HBM7Q 'K iBQMX 6Q" 2t K
USLV + M #2 mb2/ b i?2 +?2 MM2H bQmM/BM; r p27Q K b SL Bb mb?
+? MM2H bQmM/2 bX h?2 b K2 i2+?MB[m2 2tTHQ 2/ BM i?Bb T T2 +
M2ti 7°2[m2M+v b2+iBQM 7i2 i?2 bQmM/BM; ? b Q++m "2/ BM i?2
++mKmH i2 M/ +?B2p2 H ;2" +? MM2H bQmM/BM; # M/rB/i?X

AM //BiBQMiQ KQ/B7B+ iBQMbiQi?2 +im H+? MM2HbQmM/BM; i
BbiQ TTHvVi?2+? MM2H bQmM/2 i’ MbKBii2  iQ K2 bm 2i?2 +? MM
bQMM/BM: r p27Q K rQmH/ #2 i’ MbKBii2/ Qp2  i?2 B iQ Q#b2 p2 i
TQbi T'Q+2bbBM; iQ 2ti> +i +? MM2H +? ° +i2 'BbiB+bX h?2 "2+2By
bQMM/BM:; r p27Q K + M i?2M #2 mb2/iQ +°2 i2 K2 MBM;7mH K2 b
+? MM2HX



*?2 Ti2 9

g p27Q° K a2H2+iBQM *QKT "BbOQ

OXR #Dbi +i

*QHH2+iBM; K2 bm 2K2Mib Q7 i?2 rB 2H2bb +? MM2H i?2°Qm;? +?2 M
BKTQi Mi bi2T iQ : m:2 QT2 iBQM H +QMbi> BMib QM +QKKmMB
Ip2Mi Q7 ?B;?2 7 2[m2M+v # M/b BM KKq p2 M/ bm#@i2 ?22ix 7Q"
MQHQ;B2b- i?2'2 "2 M 2p2 " @BM+'2 bBM; MmK#2" Q7 /2pB+2b +Q
mM/2° M2r +? MM2H 2MpB QMK2Mib i? i "2[mB 2 +? = +i2 Bx iBQMX
1?72 +? MM2H BM+Hm/2 2Bi?2 miBHBxBM; p2+iQ M2irQ F M Hvx2
TmHb2 "2bTQMb2 /B 2+iHVv 7 QK i?2 T Q+2bbBM; Q7 FMQrM +? MM:
r?2mM 2t+BiBM; i?2 +? MM2H /B 2+iHv7 QK FMQrMbiBKmHmMmbr p27
bQ7ir "2 /27BM2/ " /IBQb Ua._bV 7Q° 7H2tB#BHBiv M/ ++2bbB#BH
i?72r p27Q K 772+ib i?2 bQmM/BM; + T #BHBiB2b Q7 bvbi2K- Bi E
M/ +? > +i2'Bx2i?2i /2@bT +2 Q7 2 +?2 Q7 i?2r p27Q Kb 7Q  bQm]
bQmM/BM; BM /B772 2Mi2MpB QMK2MibX AMi?Bb +? Ti2 -r2 BMp2|
BM; p BQmb biBKmHmMmb bB;M Hb rBi?BM +QMi2ti Q7 mbBM; HQr@ +C
T QpB/2i?°22 +QMi'B#miBQM, URV i?2Q 2iB+ HT2 7Q 'K M+2 M H\
7Q0°K M/ T Q+2bbBM; H;Q Bi?KT QT2 iB2b- UKV bvbi2K /2bB:M 7Q"
rBi? HQr@+Qbi  /BQ i MbKBii2 - M/ UjVp HB/ iBQM Q7 bvbi2K rB
2[mBTT2/ rBi? 7°2[m2M+v "2imMBM; X

iR
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9Xk JQiBp iBQM

*2 MM2H bQmM/BM; Bb i2+?MB[m2 iQ +? ~ +i2 Bx2 i?2 2772+ib i?:
"QMK2Mi? b QM rB 2H2bb +QKKmMB+ iBQM bB;M Hb #v 2t+BiBM; i?
+? MM2H BKTmHb2 "2bTQMb2 U*A_ VX J2 bm 2K2Mi + KT B;Mb + M #
KQ/2Hb Q7 T°QT ; iBQM +? * +i2 'BbiB+b M/ iQ ;2M2  i2 /i iQ p HE
KQ/2HbX M mM/2 bi M/IBM; Q7 i?2 +? MM2H TH vb M BKTQ i Mi "Q}F
7Q0°i?2 QT2 iBQM Q7 +QKKmMB+ iBQMb bvbi2KbX *?2 MM2H bQmM/
KKq p2 UKKgqV M/ bm#@i2° ?2ix7 2[m2M+B2b7Q 8: M/e: +QKKmM
+2bb ?B;?2 /i " i2b7Q  # M/rB/i? BMi2MbBp2 TTHB+ iBQMbX *QK
i?72°2 "2 //IBiBQM H T?vbB+ HT?2MQK2M i? i 772+ii?2 T QT ; iB
KKq bB;M HbX 1t KTH2b Q7 bm+? T?2MQK2M BM+ HnK/QbTTZ2N 2B+ iB C
ii2Mm iBQM M/ ?2mK M #HBQ§¥F 82 (HbQ 2M #H2b i?2 +QMM2+iBpBiv
Q7 h?BM;b /2pB+2b i?°Qm;? bB/2HBMF +QKKmMB+ iBQMb- Q772 B
+?  +i2 Bx2X hrQ bT2+B7B+ + b2b "2 K2 bm'BM; M;H2 Q7 ""Bp2 |
iQ@o2?B+H2 UokoV +OQRK VM B2 HEEQBKZ /QTTH2 b?B7i K2 bm 2K 2N\
MiQK iBOM 2Mp BCQIMKZBWH B BMi2 2bi2/ BM +? MM2H bQmM/BM; ii?
+B2b-i?Bb T T2 b22FbiQ /2p2HQT 7 2[m2M+v@ ;MQDbiB+ 2p Hm il
bQmM/BM; r p27Q KbX

PM2 K2i?Q/ Q7 +QM/m+iBM; +? MM2H bQmM/BM; BMpQHp2b miBHE
UoL ViQ +QHH2+i K2 bm 2K2Mib Q7 i?2 i° Mb72  7TmM+iBQM Q7 i?2
*A_#v TTHVBM;i?2BMp2'b26Qm B2  h" Mbi@XK QIPi?2 KI bR 2R2|
K2 bm 2b i?2 *A_ /B 2+iHv 7 QK i?2 "2+2TiBQM M/ T Q+2bbBM; Q7
T 2bb2/V 2t+Bi iBOWMXbB2MI B2 (2[mB BM; +mbiQK 2[mBTK2Mi M/ T
/B 2+ii° MbKBbbBQM TT Q +? Bb M TT2 HBM; +?2QB+2 7Q  7mim"
+ M +QHH2+i K2 bm 2K2Mib BM "2 HiBK2 #mi /Q2b YapX "2[mB 2 /B



‘YIY Kii 6&2 Oiié Ji

h /BIBQM H+? MM2H bQmM/BM; “+?Bi2+im 2b "2 [mBi2 +mK#2 bQ
bQMmM/BM; 7°2[m2M+VvV8RHK/ 20TANWBRDR “+? ? p2 #22M [2/B+ i2/iQ
i?72b2 Bbbm2b #v 2KTHQVBM; bQ7ir "2 /27BM2/ " /BQb UakdbV BM +7?
@R- MPORX |Ib2 Q7 a. b+ M? p2 "~ M;2Q7 /p Mi ;2b- BM+HmM/BM; K
bQmM/BM; bvbi2K b HB;?ir2B;?2i M/ +QKT +i b TQbbBHH2I@BM 2K#!
+'2 iBM; M 2ti'2K2Hv 7H2tB#H@ X2 MWNBHRHQMKH2IBE#H2 mb2 Q7 a.
"2 bQK2 /" r# +Fb BM mbBM: i?2K 7Q" +? MM2H bQmM/BM; TTHB+

HQr b KTHBM; * i2bi? i H2 / iQ bK HH BMbi Mi M2Qmb # M/rB/i?b-

" M;2b- HBKBi2/ "2+2Bp2 /vM KB+ ~ M;2- M/ ? /r "2 BKT2 72+iBQ]|
iIQ /2pBdX(A7 bQmM/BM; i ?B;?2 7 2[m2M+B2b-i?2 HBKBi2/ _6 7
rQmH/ M2+2bbBi i2i?2mb2 Q7 //IBIBQM H_6 mT+QMp2 bBQM r?B+7
+ HB#  iBM; _6p "B iBQMb #2ir22M i?2a._ M/ _6 +QMp2-i2 bX

AM ;2M2° iBM; 2 +?2 Q7 i?2b2r p27Q Kb br2HH b +QKT 'BM; iQ /B7
+QKBM; mT rBi? mMBp2 b H+QKT "BbQMb #2ir22M i?2 bQmM/BM; -
p "BQmbr p27Q Kb + M #2 /IB77B+mHiX g?BH2 HQQFBM; i T '2pBC
2tTHQ® iBQM /Q2b MQi H2M/ iQ /B '2+i bQm +2 Q7 +QKT "BbQM /m
bmKTiBQMb- M/ 2MpB " QMK2Mib mM/2  r?B+? i?2 T'2pBQmb + KT B
/IB'2+i +QKT 'BbQMbdRi22BMH6, AMIMM/BM; K2i?Q/r b M Hvx2/rBi?/
KQ/mH i2/ b2[m2M+2b BM+HmM/BM;- #BM v Tbh2m/Q@  M/QK MQBb?2
M/ 7QmM/ i? ii?2w /IQ77@*?m b2[m2M+2 HHQr2/ 7Q  i?2 /2i2+iBC(
+QKTQM2Mib UJS*bVX h?°22 bT 2/ bQmM/BM; bB;:M Hb USL- :QH.
mb2/ iQ +QHH2+i K2 bm 2K2Mib8RK/ hQXbr2Z/i@VBK2 /B 2+i + Qbb +
iIBQM Uah.**V K2i?Q/ M/ i?2 P6.J K2i?Q/ r2 &R +@K?Ti?2/ &BM*

K2i?Q/ T2 7Q KBM; #2ii2 - #mi BKT ' Qp2/ T2 '7Q 'K M+2 ii'B#mi2/ /r
iBQMbX >Qr2p2°-i?2b2 + b2b /Q MQi 2t KBM2 /B772 2Mi b+2M "BQ
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+? MM2H bQmM/BM; M22/bX

AMBE- /IB772 2Mi ? /r "2 TQbi T Q+2bbBM; "+?Bi2+im 2b "2 QmiHLI
T'Q+2bb i?2 b K2 r p27Q K ivT2 USLV 7Q" /B772'2Mi bQmM/BM; T2"
Q7 i?2+ b2b Bb i?2 bHB/BM; +Q "2H iQ " +?RiR2+ihB 22 BE TH BARINMQU
i?72 TQbi T'Q+2bbBM; H;Q Bi?K BM i?2 M HQ; /QK BM +Q "2H iBNMN

bHB;?i2"  bHQr2 b2[m2M+2X h?Bb T ' Q+2bbBM; i2+?MB[m2 "2bmH
+? MM2H 2biBK i2i? i2 b2bi?2 .*b KTHBM; " i2 "2[mB 2K2MibX h
Q7 i?2 bHB/BM; +Q "2H iQ  bvbi2K Bb /2+'2 b2/ .QTTH2  "2bQHmiB
+? MM2H K2 bm 2K2Mib #2BM; T'QTQ iRQX H?DRQ/222 D HB/RW . QDT H
"2bQHMIBQM KQiBp i2b b2+QM/ ? "88-BM+?BiR>*iMm22 BMNBp2/ bB;\
/IB°2+iHv b KTH2/ M/ T ' Q+2bb2/BMi?2 /B;Bi H/QK BMX

h?2 +QMi B#miBQMb K /2 BM i?Bb T T2 + M #2 bmKK "Bx2/ BMiQ i
Hvx2 T2'7Q K M+2 +QMbi’ BMib bi2KKBM; 7°QK b2H2+iBQM # b2#
i2+?MB[m2 UkV /2i BH bvbi2K /2bB;M 7Q° +QM/m+iBM; bQmM/BM;
I2KQMbi™ i2i?22T QTQb2/ +? MM2H bQmM/BM; bvbi2K rBi? 7°2[m2M
bm 2K2Mib i N8y J>xX AM +QMi'B#miBQM URV r2 T2 7Q K [m HBi i
+? MM2H bQmM/BM; r p27Q Kb M/ i? 22 /B772 2Mi TQbi T Q+2bbBI
+? MM2H bQmM/BM; rBi? HQr@+Qbi a. bX *QKT 'BbQMb BM i?2Q"
r p27Q K BM7Q 'K "2+QKK2M/ iBQMb 7Q  r p27Q K b2H2+iBQMX AM
?2 /r "2 “+?2Bi2+im'2 M/ bQ7ir "2 T°'Q+2bbBM; 7Q" +QM/m+iBM; rB/
i?2°Qm;? "2imMBM; HQr@+Qbi-M ""Qr# M/ a._i MbKBii2 "X AM +QI
bi> i2i?2 "2 HBx2/ bQmM/BM; bvbi2K rBi? TQr2 /2H v T Q7BH2 K2
Rky J>x # M/rB/i? mbBM; 9y J>x BMi2 K2/B i2i MbKBbbBQMbX 6m"
Q77 2[m2M+v 2imMBM; p HB/ i2bi?2 7TH2tB#BHBiv Q7 i?2 " +?Bi2+i
Qp2 H ;2 # M/IbQ7 QT2 iBQMX
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h?2b2 +QMi ' B#miBQMb B/2 BM +QMbB/2'BM; i?2 i /2@bT +2 Q7 +
r p27Q K- HQM; rBi? +QMbB/2'BM; i?2B° bbQ+B i2//B;Bi HTQbi T
iQ i?Bb T T2  Bb i?2 +QMbB/2" iBQM Q7 2tTHQ 2/ i  /2@bT +2iQ K
QKK2M/ iBQMb # b2/ Q77 Q7 +? MM2H bQmM/BM; b+2M "BQX q?BH?2
"QH2 BM bQMM/BM; T2 ' 7Q K M+2-r2 rBHH #2 7Q+mbBM; QM T2 7Q
i?72 +QMi2ti Q7 mMiBHBXBM; HQr@+Qbia._ i> MbKBii2" M/ /B 2+iH\
+2bbBM; Q77HBM2- H ";2Hv B/2MiB7vBM; M/ QTiBKBxBM; "QmM/
?2 Y/r "2- 0?22 i? M T'QTQbBM; Qi?2  ? “/r "2 “+?Bi2+im 2bX q?2N\
i?72 r p27Q Kb- i?2 7TQHHQIrBM; T2'7Q 'K M+2 K2i'B+b "2 +QMbB/2"
BM; T2'7Q K M+2 7°QK 7 +iQ'b i? i BM7HmM2M+2 #BHBiviQ ++m’ +
T2 ' 7Q K M+2 rBi?BM i?2 +QMi2ti Q7 HQr@+Qbia._ bvbi2Khb,

C h2KTQ  H _2bQHmMiBQM

CJtBKmK 2+Qp2° #H2 1t+2bb .2H v

C.QTTH2 _2bQHmMIiBQM

C*QKTmi iBQM *QKTH2tBiv

C1lb2Q7 AKTH2K2Mi iBQM

CS2 FiQ p2 ;2 _ iBQ

CPp2 i?2 B S2°7Q K M+2
h?2 "2K BM/2 Q7 i?2 T T2 Bb bi'm+im 2/ b 7QHHQrb, a2+iBQM AA
Q72 +?2r p27Q K #2BM; +QMbB/2 2/ M/ T2 7Q K M+2 K2i'B+b i? i

bi'm+iBQM M/ T Q+2bbBM; BKTH2K2Mi iBQM 7 QK2 +?2r1 p27Q KX 3
7H2tB#H2 +? MM2H bQmM/BM; TH i7Q 'K mbBM; M liimbla_S "kRy
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+QKT 'BbQM #2ir22M bQmM/BM; r p27Q KbX a2+iBQM Ao /Bb+mbb2
bm 2K2Mibi F2M i N8y J>x M/ /2i BHbp BQmb +? MM2H bQmM/BM
"2+QKK2M/ iBQMbX a2+iBQM 0 bmKK "Bx2b r p27Q 'K T2 7Q K M+2
b?QrBM; i? ir p27Q 'K b2H2+iBQM Bb bBim iBQM H- v2i H2 Mb iQr °
KQbi TTHB+ iBQMbX

9Xj " b2# M/ g p27Q K a2H2+iBQM M/ *QKT F

h?2 *A_ Q7 iBK2 p 'VBM; KmHIiBT i? +? MM2H + M #2 pB2r2/fKQ/2
/IBb+ 2i2 BKTMHBXRAT iBEPMiBM; +QHH2+iBQM Q7 UFV JIJmHIBT i?°

X
h(;t)= e <O (1) U9XRV
k=1

[22°2 iP22T 2b2Mib i?2 BMbi M+2 Q7 iBK2 i?2 +? MMZIH D Mib?i@2r b
/2H V7 QK i?2GPa +QKT@M2MBbMI2 +QKTH2tbi 2M;i? rBitP KTHBim
M/ T? ht) Q7 iR JS* r?B+? Q++m b {tyXHP#b2'p2 i?2 mb2 Q7 /Bb+"
iBK2 MQi iBQM b KQiBp i2/ #v "2T 2b2MiBM; i?2 KmHIiBT i? +? MM2
T? b2@ Qi i2/2+?2Qb Q7 i?2 i  MbKBii2/ beBR¥ HbHDi M@ 72 #2BPB+Hm
Q7 i?2/2T2M/2M+2 Q7 iBK2 i?2 bM Th?Qir bi F2ZM BM i?2 2T 2b2M
9XR?Qrb pBbm HBx iBQM Q7 i?2 hBK2 o0 "VBM; +? MM2H i F2M i b
bi iB+ +? MM2H-i?2 2[m iBQM HQb2b i?2 /2T2M/®M%2 Q7 iBK2 b b?

A .
h( )= k€« ( k) U9XkV
k=1

- BM- i?2 :Q HQ7 # Q /# M/ +? MM2H bQmM/BM: Bb iQ m(2 i?2 "2+
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6B;m 2 9XR, oBbm HBx iBQM Q7 .Bb+ 2i2 hBK2@o 'vBM;

iQ 2biBK i2 i?2 "2bTQMb2 Q7 i?2 +? MMR/RK+2Bi2 BM PMBEK i2
UbM Tb?QiV Bb Q#i BM2/ BM i?2 iBK2 /QK BM- i?2 JS*b + M #2 2ti°
*A_rBi? bbQ+B i2/iBK2 /2H vb M/ bi2M;i?b 9@ RIBINR2 7Q K Q7 1[N

O9XjXR *? MM2H aQmM/BM; q p27Q Kb

h?2r p27Q Kbb2H2+i2/7Q  +QKT "BbQM “2/B 2+iTmHb2-SL-w /Q7
*QMiBMmQmb g p2U6J*gV- M/Pi?Q;QM H6 2[m2M+v@.BpBbBQM J
iQM2 # b2/ QM T 2p H2M+2 BM bQmMMAKBR? @rKkR2 B MO X iR2HP27Q K
br2HH b +QM7B;m" iBQM T * K2i2 b i? i /IB+i i2 2Qr M BMbi M+2
'2M2" i2/ r?B+? rBHH #2 /Bb+mbb2/ 7m’i?2 BX&PXQRr#2HOT O+ RO R
r p27Q Kb BM i?2 iBK2 M/ 7°'2[m2M+v /QK BMb- r?B+? HbQ BHHmM
+QM7B:m’ iBQM K2i'B+b K MB72hbiX
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6B;m 2 9Xk, hBK2 M/ 6 2[m2M+v .QK BM _2T 2b2Mi iBQMb 7Q " *? M

.B"2+i SmHb2

h?2 /B 2+i TmHb2Bb i° BM Q7 b?Q i TmHb2bi? ibm77B+B2MiHv 2t
bb?QrM BMOBRI?2 “2+i M:mH >~ TmHb2 b? T2 Q7 i?2 # b2# M/ bB:M
7°2[m2M+v /QK BM 2T 2b2Mi iBQM rBi? bB/2HQ#2b +QMi BMBM; bE

6 2[mM2M+v JQ/mH i2/ *QMIiBMmMQmb q p2

h?2 # M/T bb 2[m iBQM 7Q  i?2 UHBM2 "V 6J*q bBXi¢ ¥XBb b?2Qr BM 1
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h #H2 9XR, q p27Q K *QM7B;m" iBQM S ~ K2i2'bi? i AM7Q K aB

[ qp27Q K || *QM7B;m iBQM S ~ K2ZQ@VRB;m iBQM S - [K2i2" k

.B'2+i SmHbJ Ui" BMWHD2 .m T BQMU SmHDb2 aTTgBM; U
6J*q .m> iBQM UhV " M/rB/i? U"qV
w/Q77@*%m a2[m2M+2 G2M;i?2 UGV " M/rBJ/i?
SLJ@a2[m2M+:2K#2 Q7 a?B7i NgMbi2 b*PBT _ i2W
P6.J LmK#2 Q7 am#+6en\B2 b UM " M/rB/i?
X(t) = cos 2f ;t+2 %tz UaxjVv

b b?QrM BM i?2 iBK2 /QK BM 2T 20kI12 BQM BN BBQYXK ? b b2i

# M/rB/i? U"qV i? i br22Tb + Qbbi?2/m"  iBQM UhV-;BpBM; 'Bb2iQ
M/ /BbT2 bBQM 7 +iQ  U"q hVX AM Q /2  7Q  N3W Q7 i?2 bB;M H&b
# M/ Q7 BMi2 2Dbi-i?2/BbT2 bBQM 7 +iQegxhii#2 HHH2- ii?BM RBK B
/27BM2b HQr2  HBKBi QM i?2 /m" iBQM Q7 i?2 br22T 7Q" ;Bp2M #

"BM v Sh2m/Q@_ M/QK LQBb2 USLV a2[m2M+2

MQi?2  TmMHb2@+QKT 2bb2/r p27Q K Bb i?2 #BM v Th2m/Q@ " M/(
bB;M2/iQ 2t?B#Bi #2? pBQ i? i TT2 b M/QKX h?2 KQbi +QKKQM
b2[m2M+2b +QK2b NQKMBJi/BNBbi2 b rBi? M BMBiB H bi i2- b?B7]
p HM2b BMiQ i?2 b2[m2M+2 M/ TTHVBM; 722/# +F TQHey)WKQKB H i
bT2+B H + b2 Q7 i?2b2 b2[m2M+2b Bb + HH2/ i?2 K tBK H H2M;i? |
r?B+? i?2 TQHVMQKB H b2H2+i2/ bm+? i? i i?2 b2[@Y2M2X +bM +?B2
rBi? i?2 + b2 Q7 i?2 /B 2+i TmHb2- i?22 "2+i M;mH ~ TmHb2 b? T2 Q
7°2[m2M+v /QK BM 2T 2b2Mi iBQM i? i 2t?B#Bib 2t+2bb H2 F ;2 BM
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w /Q77@*?m a2[m2M+2

IMHBF2 i?2 SL bB;M H ;2M2" i2/ 7°QK #BM v bT 2 /BM; bB;M H- |
7 HHb mM/2  i?2 +H bb Q7 TQHVT? b2 bT 2 /BM; bB;M HbX h?2 w /Q
KTHBim/2 x2°Q miQ+Q "2H iBQM U* w *V b2[m2M+2 K2 MBM; i? i
MMBi +B +H2 iQ Q#i BM b2[m2M+2X h?2 w /Q77@*?m TrAKB2 + M #
OR,

n(n+1)
T

Ugxov

x[n]= 2tT

BMr?B8% M Q// "QQi@Q7@mMBivp Hm2- M/ G Bb i?2 H2M:i? Q7 i
2M2° iBQM-i?2 "QQip Hm2 M/ i?2 H2M;i? Q7 i?2 b2[m2M+2 Kmbi #

JmHIiB@hQM2 P6.J

AM ;2M2° H- KmHIiB@iQM2 bQmM/BM; bB;M Hb "2 +QKTQb2/ Q7 -
KQM:; bQmM/BM; # M/rB/i?X *? MM2H bQmM/2 b i? i mb2b i?2 Kmil
BMi2MiBQM HHv b2ii?2 T? b2b Q7 i?2 2 +? Q7 i?2 bBMmQDbB Hb iQ |
iQ p2 ;2 TQr2  US SRYX iB0QZ+B7B+ + b2 Q7 i?Bb +H bb Q7 bB;M
T +F2ii? i Bb +QKTH2i2HV +QKTQb2/ Q7 FMQrM TBHQi iQM2bX h?2
Q7i?2P6.J KmHIiB@iQM2 bB;M H BE®?Qr BM 1[m iBQM

R i 2 kn

x[n] = X[K] 2tT U9XxsV

6h

BMr?B+? s(F) Bb KQ/mH i2/ FMQrM bvK#QHb M/ TT QT B i2Hv b2i |
1IQ K BMi BMi?2 # M/rB/i? Q7 1?2 bB;M HX
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9XjXk S Q+2bbBM; h2+?MB[m2b

h?2 i?°22 ;2M2° H + i2;Q B2b r2 rBHH #2 +QMbB/2'BM; 7Q  Q#i BM
7 QK i?2 "2+2Bp2/ bB;M H # b2/ QM i?2 r p27Q K +?Qb2M BM+HmMmM/
7°2[m2M+v@/QK BMX

.B 2+i

PM2Q7i?2bBKTH2bi+? MM2HbQmM/BM; /2bB;MbBM +QM+2TiBbiQ
"2b2K#H2b i?2 .B> + .2Hi 7TmM+iBQMX h?2 QMHvV 2t+Bi iBQM bB;M
T Q+2bbBM; i2+?MB[m2 Bb i?2 /B 2+i TmHb2 i’ BMX h?2 /B 2+i T
"2+2Bp2/ bB;M H b b+ H2/ p2'bBQM Q7 i?2 +? MM2H "2bTQMb2 mb
J i?2K iB+ HHv- i?BXtBb KB-KiPHI®) =(x h)(t) h(t) X

*Q "2H iBp2

+Q "2H iBp2 '2+2Bp2°  + M #2 mb2/ 7Q T Q+2bbBM; "2+2Bp2/ TmH
MiQ+Q "2H iBQM 7mM+iBQM "2b2K#H2 .B' + .2Hi 7mM+iBQMX ¢/
"2bTQMb2 + M #2 2biBK i2/ #v +Q "2H iBM; i?2 b2Mi TmHb2 rBi? i?z
#2HQrX

X .
y()=(x h()= € *x( W)

k=1

7°QK 1[M UKV WMIxrBiQ)- rBi?#2BM; i?2 MQi iBQM 7Q  +Q "2H iBQM

X _
X?2y=Xx? k€ kx( k)
k=1
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k€« ( k)

k=1

h()

BM r?BAZMQi2b +Q " 22 MRQ2b-+ QMpQ k2w i B QM- h2 TmHb2 +QKT 2bb:
r p27Q° Kb i? i r2 rBHH #2 2tTHQ 'BM; BM i?Bb T T2  Bb i?2 6J*q- SL b
bB:M HX

6'2[m2M+v _2bTQMb?2

AM i?2 P6.J T +F2i bim+im 2-i?2°2 "2 /2bB;M i2/ TBHQi iQM2b i?
''m;2 i?2 +? MM2H BM "2 H@iBK2X h?2 T°Q+2bbBM; Q7 i?2b2 FMQ
i?72 2H iBQMDb?BT #2ir22M i?2 7 2[m2M+v /QK BM Q7 i?2 2+2Bp2/
iIQ Q#i BM i?2 +? MM2H 2bTQMb2X J i?2Ka+XHH?212BbBDOIiBBKTH
+? MM2H i° Mb72° 7TmM+iBQM M/ u M/ s "2i?2 66h Q7 i?2 2+2Bp
"2bT2+iBp2HvX h?2 "2bmHib Q7 i?2 2[m HBx iBQM i2 Kb + H+mH i2
2ti° TQH i2/iQ i?2 +QKKmMB+ iBQMb bm#+ B2 b rBi?BM i?2 +QN
bvbi2KX h?2 7'2[m2M+v@/QK BM K2i?Q/ Q7 /2i2 " KBMBM; i?2 66h Q
IBpB/BM; #v i?2 7 2[m2M+v 2bTQMb2 Bb MQi 2t+HmbBp2 iQ i?72 P6.
? b#22M miBY BMEGX
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9XjXj *? MM2H 1biBK iBQM h2+?MB[m2 S2 7Q K M+2

h2KTQ  H _2bQHmMiBQM

h?2 i2KTQ  H "2bQHMIBQM K2 bm 2 /27BM2b i?2 bK HH2bi b2T * #H
AM HH + b2b-i?2 i2KTQ  H "2bQHmMiBQM Bb "2H i2/iQ i?2 # M/rB/i
6Q  i?2 /B 2+i K2i?Q/ Q7 +? MM2H 2biBK iBQM-i?2 i2KTQ  H "2bQH|
Q7 i?2i  MbKBibB;M HX AM #Qi? i?2 +Q "2H iBp2 M/i?2 7 2[m2M+\
"2bQHMIBQMG6b /2T2M/2M+2 QM # M/rB/i? +QK2b 7 QK i?2 "2H iBQ
bT2+i'mK M/ i?2 miQ+Q "2H iBQM 7mM+iBQMX *? MM2H bQmM/B
pHM2/? p2 i2KTQ' H R2bQHRBHRQR @D Hm2 bQmM/BM; bB;M Hb ?
"2bQHMIEOM RTmb- i?2 6J*q- w /Q77 *?m- M/ P6.J bB;M Hb ? p2
"2bQHMIBQMAQI?2 SLbB;M H? b i2KTQ" f3 2540 HBIRBAQRE ND;7i ? 2
+?2BT " i2X

J tBKmK _2+Qp2° #H2 1t+2bb .2H v

J tBKmK "2+Qp2° #H2 2t+2bb /2H v Bb K2 bm 2 Q7 i?2 H *;2bi /2H

7°QK bQmM/BM; bvbi2KX _2: "/H2bb Q7i?2i  MbKBir p27Q K+ b2-
i72 T2 'BQ/Q7i?2r p27Q K #2BM; 2KBii2/X h?mb- i?Bb K2i B+ Bb H2
M/ KQ'2 bQ MQi2rQ i?2v T2 7Q K M+2 K2i B+ i? i rQmH/ M22/ iQ ¢
bQmM/BM; /2bB;MX AM KQbi + b2b-i?2 T2'BQ/ Q7 i?2r p27Q K Bb
bbmKBM; i?2°2 Bb MQ "2i° MbKBbbBQM iBKBM; ; ThX
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.QTTH2' 2bQHmMIBQM

h?2 K tBKmK .QTTH2 b?B7ii? i bQmM/BM; K2 bm 2K2Mib + M +?B:

i2 i r?B+? i?2 +? MM2H Bb K2 bm 2/ #v i?2 Lv[mBbi i?72Q 2KX h?
bM Tb?Qib + M #2 i F2M Bb /2T2M/2Mi mTQM i?2 2 “/r 2 “+?Bi2+im
+ KT B;M M/ MQi M2+2bb "BHv i?2 1 p27Q 'K Q' T'Q+2bbBM; H;Q B
i?72/m> iBQM Q7 bB:M HrBHH vB2H/ H ;2 K tBKmK "2+Qp2° #H2
iQ bK HH2 /QTTH2 "2bQHmMiBQMX

*QKTmi iBQM H *QKTH2tBiv

h?2 /B 2+i 2+2TiBQM K2i?Q/Bbi?2 KQbi +QKTmi iBQM HHv 277B+B
BKK2/B i2Hv i "2+2TiBQM Q7 i?2 bB;M HX h?2 7°2[m2M+v /QK BM
277B+B2Mi TQbi@T Q+2bbBM; H;Q Bi?K i? i + M #2 T2 7Q K2/ BM
66h ? pBM; +QKTmi iBQM + QKGN ¥tBIX QP PKQbi iBK2 +QMbmKBM
T Q+2bbBM; Q7 i?2 bQmM/BM; r p27Q Kb Bb i?2 /B 2+i +Q "2H iBp?2
+QKTH2tBiv Q7 PUL JVX

1 b2 Q7 AKTH2K2Mi iBQM

AM i?Bb +QMi2ti mMiBHBxBM: a._b-i?2 AZ b KTH2b 7Q 2 +?2 r p27Q"
a. 7Q  i° MbKBbbBQM K FBM; i° MbKBii2' BKTH2K2Mi iBQM B/2Mil
h?mb- Bi K F2b KQ 2 b2Mb2 iQ +QMbB/2  i?22 b2 Q7 BKTH2K2Mi B!
H:Q Bi?Kb 7Q i?2r p27Q KbBMi2 Kb Q7 TQbi T°Q+2bbBM:; bi2ThX
HBiiH2 T'Q+2bbBM; mTQM "2+2TiBQM bBM+2 i?2 T'2KBb2 Bb iQ /B":
Bii?2 2 bB2biiQ BKTH2K2MiX L2ti-i?2 +Q "2H iBp2 K2i?Q/ QMHVv ?
Q7 +Q "2H iBQM #27Q 2 Q#i BMBM; i?2 +? MM2H 2biBK i2X h?2 KQt
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6B;m 2 9Xj, AMbi Mi M2Qmb SQr2" .Bbi'B#miBQMb 7Q  6Bp2 2T2iB
7Q° K rBi? SQr2° 6 /2 BM 6BHi2° TTHB2/

MmK#2 Q7 bi2Tbh 7Q BKTH2K2Mi iBQM Bb i?2 7 2[m2M+v /QK BM K

S2 FiQ p2° :2 SQr2°

aBM+2i?2 K t TQr2 Q7 bB:M Hb?QmH/ pQB/ +QKT 2bbBM: i?2 TQ

h #H4H2 9Xk, AMbi Mi M2Qmb SQr2° .Bbi B#miBQM ai iBbi

[ qp27Q K [ SS_U/"VaF2rM2bbm iQhBb

.B2+i SmMHb2Z Ui  BMWMV 8 Xkj kNXd@8

6J*q yXyR3 @RkX93RdyXNd
w/Q77@*Tm yXN3 @jXeN R8XNN
SLJ@a2[m2M+2RX98 y Xyk RXyy
P6.J RyXk3 kXyR NXRd
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6B;m 2 9X9, *? MM2H aQmM/BM; h® Mb+2Bp2 "HQ+F .B ;

iQ@ p2° ;2 TQr2 " iBQUS S_V '2[mB 2b //BiBQM H # +F Q77 BM T
i?Bb H2 /biQ HQr2 TQi2MiB H/vM KB+ M;2 p BH #H2 9Qji?2 K2 b
b?Qrb i?2 +mKmH iBp2 /Bbi'B#miBQM 7mM+iBQMb U*.6bV Q7 i?2 B
i?72 1 p27Q Kb +2Mi2 2/ "QmM/i?2 K2 MBMbi Mi M2Qmb TQr2  7Q" i-
TmHb2 i° BM 2biBK iBM; i?2 .B 2+i .B" + 7mM +9 B ¥2B bmbQiiB & Hidm /
/miv +v+H2 /Q2b MQi H2M/ Bib2H7 iQ pBbm HBX iB QM [MMHh #2H2Q ; @ b
O%k2+ MDb22i? ii?2P6.]J M/.B 2+i TmHb2+ b2b? p2i?2?B;?22bi T2
“iBQ M/ i?2 6J*q M/ w /Q77@*?m bB:M Hb ? p2i?2 HQr2bi T2 FiQ
6m i?2 - #Qi? i?2 6J*q M/ w /Q77@*?m 2 i?2 QMHvV bB;M Hb iQ ? |
r?B+? BM/B+ i2b i? ii?2 TQr2 /Bbi'B#miBQM 7 pQ b i?2 ?B;?2  BM
r?B+? Bb /2bB" #H2 BM i?Bb +QMi2tiX h?2H ;2  Fm iQbBbp Hm2 7
/B 2+i TmHb2 + b2b 2 BM/B+ iBp2 Q7 i?2b2 /Bbi"B#miBQMb ? pBM
i?72 K2 MX 6Q i?26J*q M/w /Q77@*?m i?Bb #2? pBQ Bb /m2iQ #2B
r?BH2 BM i?2 /B 2+i TmHb2 + b2 Bb/m2iQ bK HH /miv +v+H2X

OX9 1tT2 BK2Mi H a2imT

6B;®X02i BHb i?2 7mHH ? “/r "2 b2imT Q7 i?2 bQmM/2 X J2 bm 2K
+2Mi2° 7°2[m2M+v Q7 N8y J>x rBi? i?2 mb2 Q7 irQ QKMBIBX2+iBQM
h?2 i° MbKBii2  /2bB;M Bb M mT/kiR/ I2BB?MnTBAIBX2b +2Mi2" 7 2[m



Y:Y 2,97 Oefé zaby y 9d

6B;m 2 9X8, " b2# M/ 2+2Bp2/ aT2+i Q;  Kb?QrBM; *? MM2H aQm
*2Mi2° 6°2[m2M+B2b

imMBM; Q7 M 1liimbla_S "kRyiQ +?B2p2 H ;2 i  MbKBi# M/rB/i?
#22M K /12 r?2 2 BMbi2 / Q7 +QMiBMmMQmbHv ;2M2° iBM; i?2 b K2 r j
+mbiQK@#mBHi :LI _ /BQ Pmi@Q7@h 22 KQ/mH2- i?2 i° MbKBii2"

i?72 # b2# M/ bQmM/BM; bB;:M HX 1 +? Q7 i?2r p27Q K TH v# +F 7BH
i?72 b K2 ;;°2;i122M2 ;v- TT QtBK i2/m” iBQM- M/ BMi2 K2/B i2 #
U2t+2Ti 7Q° SL M/ .B 2+i rBi? jjX9 J>xc b22 GQr@*Qbi > “/r "2 *QM
AAAX VX h #H2 AA /2i BHb i?2 +?B2p2/r p27Q K +QM7B;m  iBQM T
K2Mi +QHH2+iBQMX h?2 b KTH2b "2 /7 QK i?2 TH v# +F 7TBH2 "2
bQ@+ HH2/ +? MM2H bQmM/BM; #HQ+FX PM+2 i?2 7TmHH #HQ+F ? &
la_S-i?2 7°2[m2M+v "2imMBH; /BIm@iBii?R ¢2Mi2> 7 2[m2M+v i? i i?:
Bbi' MbKBiiBM;: QMX AM Qm > + b2-i?Bbr b iQi HQ7i?'22 2i° Mb
# M/rB/i? Q7 Rky J>xX qBi? i?Bb b2imT- i?2 /2T2M/2M+v QM :LI _ /
+mbiQK KQ/mH2V Bb "2TH +2/ #v miBHBxBM; Svi?QMdéb I>. HB#  "vX
iBK2 #2ir22M BMi2 K2/B i2i° MbKBbbBQM Bb /2T2M/2Mi QMHV QM |
"2imMBM; i?2 "kRy BMbi2 / Q7 HbQ BM+Hm/BM; M [//BiBQM H /2H \

PM i?2 "2+2Bp2 bB/2- i?2 6 Bb /B 2+iHv b KTH2/ Q77 BMiQ  r /i
TQbi T'Q+2bbBM; BM bQ7ir "2 Q77HBM2X h?2 "2+2Bp2 Mi2MM B
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~2+Q /2 UoBi 2F 1PL *alRkj:k aB;M H d3VQ 1/BBK?2avQ@IRKBMb : :2
*alRKkj:k Rk@#Bi/B;Bix2 rBi? b KTH2  i2Q7mTiQ j:afb- bT2+i n
UaT2+i> a+QT2_hV- M/ j3X9 h"BM _ A. biQ" ;2X gBi? MQ //BiBQM
/IB;BiBx2 6b b KTH2 "~ i2 HBKBib K tBKmK 7°2[m2M+v i? i + M #2 2
"2+Q/BM; Q7 i?2 +? MM2H + M #2 K /2 rBi?Qmi bvM+? " QMBxXx iBQM #
"2+2Bp2  /m2iQ K Mm H7BH2 i BKKBM; bi2T K /2 BM bQ7ir "2X h”
i° Mb72 "2/ # +FiQ i?2 S*i? i ?2Qmb2b i?2i° MbKBii2> 7Q T ' Q+2bbtk
"2bTQMb2 2biBK iBQMX GBF2 i?2 i MbKBii2 -i?2 "2+2Bp2  ? b 7
+2Mi2° 7°2[m2M+v-# M/rB/i? Q7 bB;M H- M/ MmK#2 Q7 +? MM2HDb A
# b2/ QM r? ir bi- MbKBii2/X M2t KTH2 2+2Bp2/bT2x89B+KBbb?
b?Qrb i?2 BMi2 ' K2/B i2 +? MM2H bQmM/BM; #HQ+Fb QM i? 22 /B77
bQ7ir "2 rBHH /QrM+QMp2ii?2 r 2+Q/2/b KTH2b # b2/ QM i?2 +2
/12+BK i2i?2 bB;M H# b2/ QM 7mHH # M/rB/i?- M/ H biHv TTHv +7
BMi2 K2/B i2 +? MM2HbQmM/BM; #HQ+FX J Mm H 7BH2 U+Qm b2V
Q7 i?2 +? MM2HBxX2/ 7BH2b bm+? i?2 +? MM2H bQmM/BM; #HQ+Fb

Q7 QT2 iBQM /Q2b MQi '2[mB 2 i?2 K Mm H 7BH2 i'BKKBM; rBi? +Q
rB 2/ 1i?2 M2i +QMM2+iBQM #2ir22Mi?2i MbKBii2° M/ 2+2Bp2 X
“2+2Bp2°  Bb +QKTH2t# b2# M/ /i 7BH27Q 2 +? Q7 i?2 # M/b +QM
+QMi BMBM; “2+2Bp2/ +? MM2H bQmM/BM; #HQ+Fb 7Q "  TQbi T Q+2

2 3
h(tl, 1) h(tl, 2) L h(tl, N)
h(tz, 1) h(ty; »2) L h(ty; n)
CIR = SR ¥ % U9XeV
h(tne 15 1) h(tng 15 2) i h(tng 13 N)

h(tngs 1) h(tngs 2) 0 h(tng; ~)
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6B;m 2 9Xe, SQbi S’ Q+2bbBM; H;Q Bi?K #v q p27Q K "HQ+F

h?2;Q HQ7i?2TQbiT Q+2bbBM;-"2; "/H2bb Q7i?2r p27Q K-BbiQ i
/i 7BH2i? i +QMi BMb i?2 "2+2Bp2/ +? MM2H #HQ+Fb M/ ;2M2" i2
2DiBK i2 #HQ+FX h?2 *A_ "2bTQMb2 i F2b i?2 7Q K QXe?2K i "Bt b?
N Bb i?2 MmK#2 Q7 b KTH2b rBi?BM T2 BQ/ Q7 i?2 + NMBI2H bQm|
i72 MMK#2° Q7 "2T2iBiBQMb rBi?BM QM 2Ng 2 MM ZK biPmd M E2NmM FHX
AM i?Bb "2T 2b2Mi iBQM- i?2 "Qrb Q7 i?2 +? MM2H BKTmHb2 “2bT¢
2biBK i2/ i bT2+B7B+ iBK2-r?2°2 b i?2 +QHmMKMb 2T 2b2Mi i?2 |
"2+2Bp2° “+?Bi2+im2 QM2 T bbi?'Qm;?i?2 2+2Bp2° M/ TQbiT Q-
*A_ #HQ+Fb 7Q 2 +? +? MM2H /2T2M/BM; mTQM i?2 K Mm H 7BH2 i’

6B;XXE QpB/2b ?B;?@H2p2H /B ;> KQ7i?2 T'Q+2bbBM; H:Q Bi?K
mM/2;Q iQ Q#i BM i?2 +? MM2H BKTmHb2 "2bTQMb2 #HQ+FX 6Q°
+? MM2HBx2// i 7BH2b 22 /BM b b2 B H 2+2Bp2/i M/ 2 bvl
i?72°2+2Bp2/+? MM2H bQmM/BM; #HQ+F rBi? i?2 miBHBx iBQM Q7 \
b2i7Q i?22M2 ;vi? 2b?QH/X 6Q i?2+Q "2H iBp2 TQbi T Q+2bbBM:
SL M/ w /Q77@*?m r p27Q Kb- i?2 b2 B H "2+2Bp2// i Bb +Q "2H i
"2+2Bp2 /i iQ /B 2+iHvVB2H/i?2 b2 B H*A_2biBK i2 M/i?2M 722,
7Q° /2i2+iBQMX PM+2i?2bi 'iQ7i?2b2 B H*A_Bb/2i2+i2/- Bi Bb |
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+? MM2HBKTmMHb2 "2bTQMb2 #HQ+F7Q KX 6Q i?2 /B '2+iTQbi@T (
i?72 T°Q+2bbBM; H;Q ' Bi?K Bb bBKBH - DmbirBi?Qmii?2 +Q "2H iQ
2 +?2Q7i?2+? MM2Hb /B 2+iHv ;Q2bi? Qm;?i?22M2 ;v/2i2+iQ mM
M/ 27Q K ii2/ BMiQi?2*A_#HQ+FbX IMHBF2i?2 Qi?2 + b2b-i?27"
MiBHBXx2b bvM+ rQ'/ 7Q bvM+? QMBx iBQM M/ i?mb i?2 b2 'B H 2
rBi? i?72 bvM+ rQ°/ M/ i?2M 72/ BMiQ i?2 2M27;v /2i2+iQ X 6 QK i?
+? MM2H #HQ+F + M #2 BbQH i2/ BM i?2 b2 B H s @BDR/iI?i#mMWW/7TRD
rBM/QrbX h?2 +m  2Mdg# n KITH2P7rBIHH ;Q i?°Qm;? M 66h QT2 iBQ|
rBb2 /BpBbBQM rBi? i?2 FMQrM 7°2[m2M+v bvK#QHb- MmMHHBM; Q7 Z
# M/rB/i? Q7 i?2 bB;M H- M/ H bi M A66h QT2 iBQM iQ Q#i BM i?
2biBK i2X h?2 #m772 6b *A_ 2biBK i2 Bb /B '2+iHv HQ /2/ BMiQ i?2 "
"2bTQMb2 #HQ+FbX PM+2 2 +?2 +? MM2HBx2// i 7BH2 ? b #22M T C
*A_ 2biBK i2 #HQ+Fb ? p2 #22M ;2M2" i2/- i?2 /IB772 2Mi +? MM2H
BM+'2 b2 i2KTQ  H 2bQHmMIBQM T2 ' 7Q K M+2 mbBM; 7°2[m2M+v /Q
bm++2bb7mH +QK#BMBM; i?°"Qm;? 7' 2[m2M+v /QK BM +QM+ i2M iB!
T? b2Bb/Bb+QMiBMmQmbi> MbBIiBQMBM; 7°QK QM2 BMi2 ' K2/B i2 i
/2i BH2BBXI $Qr2° /2H v T'Q7BH2 + M #2 /2i2'KBM2/i?°"Qm;? p2 ;B
#HQ+Fb + Qbb iBK2X

OX9XR GQr@*Qbi> "/r "2 *QMbB/2" iBQMbD

iBHBXBM; Ma._ 7Q° +? MM2H bQmM/2 2 b MmK2'Qmb /p Mi ;2b-
iQM K2 72r- #mi i?2v HbQ BMi"Q/m+2 +QMbi’ BMib BMiQ i?2 bvbi:
K M+2 B7 MQi //°2bb2/X PM2 bm+? HBKBi iBQM Bb i?2 Q7i iBK2b bK
+ T #BHBiB2b 7Q  i?2 2[mBTK2MiX h?2 liimbla_S "kRy Bbi?2 a._ mk
bm 2K2Mib BM i?Bb T T2 6b 2tT2 ' BK2Mib- r?B+? 2 b M BMbi Mi M2
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6B;m 2 9Xd, 1Mp2HQT2 Q7 la_S _6 6 QMi 1M/ 6BHi2 h" MbB2Mi _2|
g p27Q Kb

:Bp2M i?2 rB/2# M/ 2[mB 2K2Mib 7Q  7mim 2 bQmM/BM; + KT B;Mtk
2 MQi bmBi #H2 7Q° +? MM2H bQmM/BM;X K2i?Q/iQ KBiB; i2 i?:
rB/i? BbiQ BKTH2K2Mi 7'2[m2M+v "2imMBM; H;Q Bi?KiQ br22T i?
b/QM2 rBi? Qm b2imT /2i BH2/ BM a2+iBQM AAA 1tT2 BK2Mi H az2i

MQi?2 bBKBH "HBKBi iBQMBbi?2 +QMbi° BMiQMi?2b KTH2 " i2-
i2Q78eJ>x7Q i?2"kRyX 6Q i?2 SL bB;M H-i?2# M/rB/i? Bb "2H
i?2 bB;M H-r?B+? Bb BM im M +QMbit=5BM B M v XBrEdi BAHLDBI 7" 12X
aBKBH “Hv- BM i?2 .B 2+i TmHb2 + b2 # M/rB/i? Bb /2i2 " KBM2/ #v i?:
i72b K2 +QMbi° BMiX AMQm  + b2-i?2/2bB 2/ # M/rB/i? Bb 9y J>x 7
r?B+? Bb QMHv Q#i BM #H2 B7 i?2 SLbB;M HBb + BiB+ HHv b KTH2
AM Q' /2" iQ ?QH/ i?2 b KTH2 * i2 +QMbi Mi +°Qbb i?2r p27Q°K i 8
+?BT " i27Q i?2 SLbB;M HBb ReXdJ>x-H2 /BM; iQ # M/rB/i? Q7

6BM HHv- i?2 la_Sbé 7°QMi 2M/ 7BHi2 b BMi"Q/m+2 i’ MbB2Mi "2
2 +2 Q7 i?2 bB:M Hb "2bmHiBM; BM br22T@BM Q7 TQr2 2 +? iBK?2
h?2 2Mp2HQT2 Q7 i?2 TQr2' br22T +9MdBR?bi22MvB/I) BB@X?m biBKm !
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6B;m 2 9X3, oBbm Hb Q7 1MpB QMK2Mimb2/iQ *QHH2+iJ2 bm 2K2

EMQrH2/;2 Q7 i?2 2tBbi2M+2 Q7 i?Bb i° MbB2Mi 2bTQMb2 b r2HH
70 i?2bQmMM/BM; T2 7Q K M+2 2bT2+B HHvV +QMbB/2'BM; i?2 b?Q"

Ti? iQ KBiB; i2 i?Bb Bbbm2 Bb iQ b2M/ b2p2" H T2 BQ/b Q7 M B
"2imMBM; iQi?2 M2ti +2Mi2 7 2[m2M+vX h?2M-r?2M + H+mH iBM; i
2biBK i2- b2+iBQM Q7 i?27B bi M/H bi2biBK i2 ' Qrb+ M#2/Bb+ ",
2biBK iBQMb i F2M /m BM; i?2 i  MbB2Mi KT mT M/ /QrMX

9X8 Pp2 @i?2@ B J2 bm 2K2Mib M/ .Bb+mbl

h?2 2MpB " QMK2Mi iQ +QM/m+i i?2 +?2 MM2H bQmM/BM; K2 bm 2K2M
"M;2BM/QQ - Q77B+2 2MpB ' QMK2Mic i?2 bT2+BKBA M Q?BIPBF 222
i72°2 "2b2p2° HK2i H/  r2’b HBMBM; i?2bT +2 #2ir22Mi?2i° MbKE
b2p2° HT i?b 7Q  i?2 bQmM/BM; bB;M HiQ 2 +? i?2 "2+2Bp2° M/ i"
BMi?2 2MpB ' QMK2MiiQ +? ~ +i2 ' Bx2X AMi?Bb bT +2-i?22°2 "2 MQ ¥
K FBM; i?Bb 2MpB ' QMK2Mi +QM/m+Bp2 7Q" K2 bm 2K2Mi +QHH2+i
+QMbi> BM2/ QM bi iB+ +? MM2HX h?2 i  MbKBii2' M/ 2+2Bp2° 2



O
=1}
m\

'YOY Q&7 A NTA O KTz fTeéTé 7é2/0 « 8j

6B;:m 2 9XN, 1Mp2HQT2 Q7 SQr2" .2H v S 'Q7BH2 rBi? 1 +? Q7 i?2

RyXd KX b BHHmMbi9 X3 72®M B828p2 Mi2MM Bb Q B2Mi2/ iQr /b K2
iQ 7 +BHBi i2 +? ~ +i2 °BxBM: bi'QM; JS*X

6B;XXN?Qrbi?2 2Mp2HQT2 Q7 2 +?2 Q7 i?2 S.Sb Q#i BM2/ K2 bm BM
rp27Q K +mbéQ3 X AM B2 tBb MQ 'K HBx2b i?2 ?B;?2bi S.S p Hm?
r p27Q Kb iQy /"K- #mi /Q2b MQi /Dmbii?2 T"Q7BH2b b+ HBM; i?2F
S.S+ Mb?Qr /2pB iBQMb #2ir22M i?2 "2+2Bp2/ TQr2 Q72 +?2 Q7 i??2
2 +? i° MbKBbbBQM r p27Q K ? b i?2 b K2 ;:°2: i2 2M2 ;v M/ ;Q2b
b+ HBM; r?2M K FBM; i?2 +? MM2H BKTmHb2 "2bTQMb2 #HQ+Fb- K|
2 +2 r p27Q K iQ #2 "2H iBp2Hv +HQb2 BM "2+2Bp2/ TQr2 X MQiE
2tT2+i iBQM Bb i?2 /B 2+i TmHDb2-r?Qb2 T2 FQM i?Bb MQ K HBx2/
TQi2MiB H 2tTH M iBQM 7Q  i?Bb T?2MQK2MQM Q++m "BM; Bb i? |
TmHb2 +QmH/ #2 QmibB/2 i?2 a._ +?B2p #H2 i° MbKBi KTHBim/2"
HbQ MQi2rQ i?v BM i?2 HOKBHBIZR T BBBX mMb +Q "2H iBQM T2 F BN\
i j8s - 2T 2b2MiBM; M BM/B+ iBQM 7 QK i?2 SL K2 bm 2K2Mib i?
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6B;m 2 9XRy, SQr2 .2H v S'Q7BH2 P#i BM2/ 7" QK 6J*q M/ SL aiE
a? "TSL .2+ v

re2M i?2°2 Bb MQi +im HHv T'2b2Mi BM i?2 T?vbB+ H2MpB QMK2M
Q7 /BbiQiBQM BM i?2 +Q "2H iBQM Q7 i?2 SL b2[m2M+2- TQi2MiE
7TBHi2 b T 2b2MiBMi?2 "kRya. X h #H2 oX b?Qrb i?2 T2 F 2+2Bp2/
rp27Q Kb br2HH bi?2 +?B2p2//vM KB+ M;27Q 2 +?2 Q7 i?2r pZ2
OXRM/ h #H2 o-i?2 w /Q77@*?m M/ 6J*q bB;M Hb ? p2i?2 #2bi +?B:
T2 ' 7Q K M+2- rBi? i?72 /IB'2+i TmHb2 M/ SL bB;M Hb 7TQHHQrBM;-
HQr2bi +?B2p2//vM KB+ M;2X

6B;0XRyb?Qrb i?2 Qp2 H B/2/ TQr2 /2H v T'Q7BH2 Q7 i?2 6J*q |
+HBTT2/ Q77 L4SQmBM? i?2 "2+2Bp2 bi'2M;i? 7THQQ  #2BM; b2i iQ @
i72 S.Sb b22K iQ bm++2bb7mHHvV +? * +i2 ' Bx2 i?2 b K2 2MpB QMK 2
2M2° HiQTQHQ;v Q7 i?2 T'Q7BH2bX aT2+B7B+ HHv- 2 +? T'Q7BH
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i?72 GPa +QKTQM2Mi rBi? bi'QM; "2+2Bp2/ TQr2 X h?2b2 +QKTQM2N\
1?72 27H2+iQ° M;H2/iQr /bi?2 2+2Bp2 X 6 QK i?Bb 7B;m 2-r2 +
/2+ v KQ'2 > TB/Hv BMiQ i?2 MQBb2 7THQQ Q7 i?2 T'Q7BH2X LQi #
2 pBM: i?2 HQr2  MQBb2 7HQQ  UH ;2  +?B2p2//VvM KB+ M;2V- ?
K F2b Bi KQ 2 /BbiBM;mBb? #H2 #2ir22M bB/2HQ#2b Q7 i?2 miQ+Q
/2H v p Hm2bX

9X8XR S2'7Q K M+2 M HvbBb fa+2M "BQb

" b2/ Q77 Q7 i?2 T2 7Q K M+2 /2i2 ' KBM2/ #v i?2 #Qp2 K2i ' B+b- r2
b+2M "BQb Q  2MpB QMK2Mib BM r?B+? Bi rBHH K F2 b2Mb2 iQ mb2

a+t+2M 'BQ R, aT2+i mKf" M/rB/i? GBKBi2/ 1MpB QMK2Mib

h?2w /Q77 *?m-6J*q M/P6.JbB;M Hb "2i?2#2bi +?QB+27Q bQmN
r?2°2i?2bT7T2+i mKBb 2bT2+B HHv HBKBi2/X SL M/ .B ' 2+i TmHb2 #
BMiQ M2B;?#Q BM; # M/b-r?B+? ;Bp2b i?2b2r p27Q Kb /Bb /p Mi ;
i?72 bT2+i mKrBi? Qi?2 bX PM2bm+? + b2r?2 2BiBb2bT2+B HHvV E
H2 F ;2 BMiQ Qi?2  # M/b Bb BM i?2 .vM KB+ aT2+i'mK ++2bb 2MpB

a+t2M 'BQ k, GQr 1tT2+i2/ J tBKmK 1t+2bb .2H v

AM + b2b BM r?B+? i?2 K tBKmK 2t+2bb /2H v Bb 2tT2+i2/ iQ #2 H
bm#bi MiB HMmK#2 Q7 JS* "2 +Hmbi2 2/ M2 “i?2 GPa +QKTQM2M]
rQmH/ K F2 ;QQ/ +?QB+2X q?BH2 i?2 SL b2[m2M+2 /Q2b MQi ? p2
Ub22 h #H2 AoV b i?2 6J*q bB;M H-i?26J*qbB;M H? bbHQr2 /"QT
+? HH2M:BM;iQ /BbiBM;mBb? #2ir22M bB/2HQ#2b M/ +HQb2 /2H v.
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Bb M 2t+2HH2Mi 2t KTH2 Q7 ? pBM: bK HH 2t+2bb /2H vb- rBi? BM/
bT 2 /QMi?2Q /2 Q7 8@Ry Mb M/ BM/QQ  Q77B+2 ? pBM; /2H v b’
M b8 @ X

a+2M "BQ j, hBK2@o0 "VBM: *? MM2Hb

h?2 + b2 Q7 bQmM/BM; rBi?BM iBK2 p 'vBM; +? MM2Hb- bm+? b ol
#v i?22 +?2QB+2 Q7 bQmM/BM; r p27Q K- #mi ?2Qr 7 bi i?2r p27Q K B
i?72 +? MM2HX b 272 2M+2/ BM i?2 .QTTH2 S2 7Q K M+2 J2i B+
mM HB b2/ /QTTH2 b?B7i Bb /2T2M/2Mi mTQM i?2 ~ i2 ir?B+?i?2
g?BH2 MQi2 M2+2bb "BHvi?2 SLb2[m2M+2 Bib2H7-#mii?2 SLb2[m:
bHB/BM; +Q "2H iQ +QmH/ #2 H2bb bmBi #H2 7Q i?2b2 + b2b b i?2
Bb T'QTQ'iBQM HiQ i?2 bHB/27 +iQ X

at2M 'BQ 9, 2 H@hBK2 *? MM2Hb J2 bm 2K2Mib

h?2 P6.J bQmM/BM; bB:M HrQmH/ K F2 :QQ/7Bi7Q bQmM/BM; + k
bvbi2Kb i? i 2 +QM/m+i2/ rBi?BM 2MpB QMK2Mib i? i "2[mB 2 "2 |
K2Mib-bm+? b miQMQKQmb 6 +iQ B2bX AM bm+? 2MpB QMK2Mib-
Q7i?2 TQbi T'Q+2bbBM; H:Q ' Bi?K #2+QK2b MQi2 Q7 +QM+2 M 2b
bvbi2K T°Q+2bbBM; + T #BHBiB2bX h?2 7 2[m2M+v /QK BM K2i?Q/-
bB;M H- "2HB2b QM 66h QT2  iBQMb i? i "2 H2bb +QKTmi iBQM HH
+Q "2H iBOM H:Q'Bi?Kb-r?B+? + M “2/m+2 i?2 bT22/ Q7 i?2 bvbi2l
BM; BKTH2K2Mi iBQM +Q "2H iBQMr b mb2/7Q bvM+? QMBx iBQ
+QKTmi iBQM HHv +QKTH2t b i?2 +Q "2H iBp2 K2i?Q/X
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a+2M 'BQ 8, GQM; .Bbi M+2 fS i? GQbb J2 bm 2K2Mib

AMi?2 + b2b Q7 bQmM/BM; Qmi/QQ b 7Q T i? HQbb K2 bm 2K2Mib

M/w /Q77@*?m bB;M H "2 2t+2HH2Mi bQmM/BM9X%N2Z @I Kq+? QB +2
M/ w /Q77@*?m bB;M Hb ? p2 i?2 #2bi +?B2p2//vM KB+ ~ M;2 2p2
;72,12 2M2 ;v KQM;bi HH Q7 i?2 r p27Q KbX 6m i?2 - i?22b2 r p27
SS -K2 MBM; i? ii?2vrQmH/ 2[mB 2 H2bb Q7 TQr2 # +F Q77 i?
bi v Bi?BM i?2 HBM2 °~ "2;BQM Q7 TQr2 KTHB7B2 X h?2b2irQ 7

w /Q77@*?m bB;M Hb iQ ? p2 BKT Qp2/ K2 bm™ #H2 T i? HQbb + T 3
i?72 Qi?2  bQmMM/BM; r p27Q KbX

9Xe *QM+HmMbBQMb M/ 6mim 2 qQ F

h?2 Tm TQb2 Q7 i?Bb T T2  Bb iQ 2t KBM2 +QKKQM +? MM2H bQmN
r?2°2i?2B" bi ' 2M;i?b M/ r2 FM2bb HB2 BM bQmM/BM; i?2 rB 2H2bl
KQiBp iBQM Bb iQ mM/2'bi M/ TT QT B i2 b2H2+iBQM Q7 bQmM/I
"QMK2Mi +? * +i2°BbiB+bX M HvbBbr b T2'7Q K2/ # b2/ QM HQQFE
rp27Q K M/i?2B  K2i?Q/ Q7 +? MM2H K2 bm 2K2MiBM //BiBQMiQ
QM i?2 +? MM2H i N8y J>xX h?2;Q H7Q i?2Qp2 i?2 B K2 bm’ 2K:
iQ +QHH2+i K2 bm 2K2Mib Q7 i?Bb +? MM2H- bi?2'2 2 MQi K Mv M
i?Bb ?2 pBHvV "2b2 "+?22/ # M/-#miiQ +QKT "2/i?2 Q#i BM2/ "2bmHi

h?2 "2bmHib Q7 +QKT "BbQM#2ir22Mr p27Q Kb 7 QK # b2# M/r p27
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6B;m 2 9XRR, q p27Q K *? MM2H aQmM/BM; S2°7Q K M+2 # b2/ QM
@ aTB/2  .B ;" K
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6B;m 2 9XRk, q p27Q K*? MM2H aQmM/BM; S2°'7Q K M+2 # b2/ QM
@ JmHIiB@* i2;,Q v" .B ; K

B T2 7Q K M+2 K2i'B+b "2 bm&XRMBRX/REM BBHD X B M X #P2
SS_ K2i'B+Bb# b2/ QM /2bB" #BHBiv Q7 i?2S S_H2 /BM;iQ HQr2
.QTTH2  "2bQHMIiBQM M/ K t 2t+2bb /2H vb 2 "2KQp2/ b i?2v T2
2 +2 Q70?21 p27Q KbX 6°QK i?Bb 7B;m 2r2 + Mb22i? ii?2w /Q774
QmiT2 7Q K i?2 Qi?2 r p27Q Kb BM i?2 + i2;Q B2b Q7 i2KTQ" H "2h
M:2- M/ S S _-r?B+? "2i?2 + i2:Q B2bi? i "2 "2H i2/iQ i?2 #BH
bQmM/2  iQ ++m’ i2Hv +? ~ +i2 ' Bx2 T?2MQK2MQM BM i?2 +? MM2H
T2 7Q Kb i?2 #2bi BM i?2 2K BMBM; + i2;Q B2b- 2 b2 Q7 BKTH2K?
+QKTH2tBivUQ7 T'Q+2bbBM; H;Q Bi?KV /m2iQ MQi ? pBM; T Q+:

h?2 ;2M2° H T2 7Q K M+2 “2bmHib HB:M rBi? BMimBiBQM- 2bT2+B
i2KTQ  H M/ 7 2[m2M+v "2bQHmMIiBQM M/ S S_ T2 7Q KIMRRX 6m’
M/ Qp2° HH T2 ' 7Q K M+2 2tTHQ 2/- i?2 r p27Q Kb + M #2 > ME2/ i
TTHB+ iBQM rBi? a. @# b2/ +? MM2HbQmMM/2 , w /Q77@*?m- 6J*C
SMHb2X q?BH2 w /Q77@*?m M/ 6J*q i2+?MB+ HHv ;Qi i?2 b K2 ;"
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h #H2 9Xj, amKK v Q7 i?2 ai 2M;i?b-*? HH2M;2b M/ _2+QKK2M/2/
i?72 aQmM/BM; g p27Q Kb 1tTHQ 2/

g p27Q |Kai 2M;i?b *2 HH2M;2b a+2M "BQb
w /Q77@>B;? +?B2p2/| aHB;?iHv AMpQHEp2AFQIK f " M/@
*?2m .vM KB+ _ M;2: 6BQM22bbBM; hBEZ? GBKBi2 IM@
h2KTQ H _2bQH@KB@MtBiv Q7 pB QMK2Mib- GQr
GQr S S_-a? T*Q '2H iBQM 1tT2+i2/ J tBKmK
miQ+Q " "2H iBQM 1t+2bb .2H v-| GQM;
L2+ v .Bbi M+2 f S i7 GQbb
J2 bm 2K2Mib
6J*q >B;? +?B2p2/| aHB;?iHv AMpQHEp2AE@IK f " M/@
.vM KB+ _ M;2: 6BQMR22bbBM; hBEZ? GBKBi2 IM@
h2KTQ H _2bQH@KB@MtBiv Q7 pB QMK2Mib- GQM;
GQr S S_ *Q "2H iBQM- ".BhirtM+2 f S i7 GQbb
MmiQ+Q "2H iBQM .RH 2K2Mib
SL .2+2Mi +?B2p2/aHB;?iHv AMpQiepglr/ $3QA+i2/ J t@
.WM KB+ M;2: 6Q@+2bbBM; hBKIMMK 1t+2bb |.2H v-
SS_-a? T *QKTH2tBiv Q7 AKTH2K2Mi iBQM QM
MmiQ+Q "2H IiBIQ*M 2H iBQM- aBmBBBMDb*Q  "2H iQ"
2+ v *Q '2H iBQM-
h2KTQ  H _2bQHmMIiBQM
P6.J 6BM2 h2KTQ H>B;? S S_-GQn2aT2+i mK f " M/@
_2bQHMIBQM- |6 2TB2pRYv.vM KBB/i? GBKBi2 IM@
_2bTQMb2 J2i?2Q/ B2 pB " QMK2Mib- | _ 2 H @
G2bb *QKTmi iBQM HHvV hBK2 *? MM2H J2 @
AMi2Mb2 bm 2K2Mib
.B'2+i | JBMBK H S Q+2B¥BMS_- 2 H @ hBK2 *? MM2H
SmHDb2 | 177Q " ib h2KTQ"  H _2bQH@IBOMNMK2Mib
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/IB ;7 K-w /Q77@*?m bHB;?2iIHvQmMIiT2 7Q Kb i?26J*qgbB;M H-2bT2+
BKK2/B i2 /°QT Q7 BMiQ i?2 MQBb2 7THQQ Q7 i?2 +Q "2H iBQM Q7 i
bB;M HBb  MF2/?B;?2 i? Mi?2P6.JbB;M H7Q ;2M2  H TTHB+ iB
Q7i?22bTm BQmb +Q "2H iBQM T2 F-/m2iQBKT Qp2/S S_ M/ #2ii2
G biHv- i?2 .B 2+i SmMHb2 r b /22K2/i?2 rQ ' bi T2 '7Q K M+2 QM i?2
?/ bB;MB7B+ Mi/ QT BM "2+2Bp2/ TQr2 X

h?2 /2i2'KBM2/ > MFBM; +QmH/ #2 /Dmbi2/# b2/ Q77 Q7 HQQFBM; Q
6Q 2t KTH2-i?2 mb2 Q7 i?2 SL b2[m2M+2 BM bHB/BM; +Q "2H iQ"
b?B7i 2;Bbi2 b M/ "2/m+BM; +Qbi rBi? i?2 .* b KTHBM; "~ i2bX H
BKK2/B i2 +[mBbBiBQM Q7 i?2 *A_ 7 QK i?2 .B'2+i SmMHb2 + M #2 #2
2M/ . *b Q bT2+B7B+ TmHbBM; +B " +mBib rBi? i?2 + T #H2 bbQ+B i

AM //BiBQM iQ /Bb+mbbBM;i?2T2'7Q 'K M+2 Q7 i?2+? MM2H bQmM
HB:?ir2B;?i +? MM2H bQmM/BM; “+2Bi2+im 2i? i +QmH/ #2 mb2/iQ
MbBM; +?22 Ti MbKBii2 2[mBTK2MiX h?2b2imT/2b+ B#2/+ M ++Q
r p27Q Kb pB TH v# +F 7BH2b- BMi2 K2/B i27 2[m2M+v ~ M;2b 7 Q|
# M/rB/i? +QM7B;m” iBQM- M/ + M 2p2M #2 /Dmbi2/iQ ++QKKQ/ i2
IB772 2Mi _6 +QMbi° BMibX gq?BH2 i?Bb bvbi2K /Q2b MQi miBHBx2 }
i?72 1 Mb+2Bp2 +?22ivT2 + M #2 KQ/B7B2/iQ miBHBxBM; 1liimb Iz
“2TH +BM; i?2 AZ 2+Q /2 X AMi?Bb b2imT-:LI _ /BQ +QmH/ #2 mb?
1?72 "2+2Bp2/ /i BMiQ 7BH2-#mii?2 2rQmH/ M22/iQ #2 ? M/b? F
M/ 2+2Bp2 /2pB+2b iQ '2imM2 iQ i?2 b K2 7°2[m2M+B2b ii?2 b K:
TH M QM H2p2" ;BM; i?2 +? MM2H bQmM/BM; "+?Bi2+im 2 /2b+ B#
# M/biQbQmM/ KQ 2 K2 MBM;7mH +? MM2H 2MpB QMK2MibX
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.@" M/ S 1?7 GQbb J2 bm 2K2Mib

8XR  #Dbi +i

JOQPBM; iQr “/e: BMpQHp2b ++QKKQ/ iBM; 7Q  M2r/ i " i2@BMi2M
Bb +? HH2M;BM; ;Bp2M +m "2Mi bT2+i'mK HHQ+ iBQMbX h?mb- i?
mb2 Q7 ?B;?2  7°2[m2M+B2b # M/b-bm+? b .@" M/-iQ ?2HT bmTTQ
+B Hbi2T #27Q°2 2bi #HBb?BM: +QKKmMB+ iBQMb bvbi2K Bb +? °
i2°Qm;? +? MM2H bQmM/BM; K2 bm 2K2MibX J Mv +? HH2M;2b 2tB
bm#@h>x +?2 MM2H bQmM/2 b-bm+? b 2[mB'BM;: QT2  iBQM +'Qbb
iQ biQ 2 M/ T Q+2bb H ;2 [m MiBiB2b Q7 /i X AMi?Bb T T2 -r2T
bQmM/BM; “+?Bi2+im 2i? iBb+ T #H2 Q7 K2 bm BM; +'Qbb .@" M
+i2 ' Bx iBQM # M/rB/i? M/ /vM KB+ b2H2+iBQM Q7 +? MM2H bQmM
+QMi'B#miBQMb "2 bmKK "Bx2/ b 7QHHQrb, URV /2i BH2/ 7mHH b\
[2bB;M- BM+HmM/BM; ? “/r "2 “+?Bi2+im 2 M/ TQbi@T Q+2bbBM; i2-
T i? HQbb K2 bm 2K2Mi +QHH2+i2/ + Qbb RKky@Rjy :>x i /Bbi M+2

+KX

ek
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8Xk JQiBp iBQM

h?2 i MbBiBQM 7 QK 8: iQ e: i2+?MQHQ:B2b 7 +BHBi i2b i?2 2tTH
BMi2MbBp2 TTHB+ iBQMbX aQK2e: mb2 + b2bi? i " 2[mB 2 H “;2/ |
MQHQ;v- 2ti2M/2/ "2 HBiv- M/ i +iBH2f2FXB6Q+ QK KIiTHM B-+/ BT MbvE M
?2QHQ;  T?B+ pBbkyél T7K &BMIBH2b rQmH/ "2[mB 2 /i ~i2Q7 9>
BRX *m "2Mi bT2+i'mK HHQ+ iBQMb bmTTQ i2/ #v 8: bi M/ /b 2 M(
i?2b2 ?B;? /i " i2 TTHB+ iBQMb- M/ i?mb bm#@i2" 22 ix Ubm#@h
Q7 b2p2  H# M/b #2BM; +QMbB/2°2/iQ /I"’2RYX?PMT Dmi+MKm2Q@H>)
# M/ i? i Bb #2BM; BMp2biB; i2/ 7Q e: Bb .@" M/ bT MMBM; 7 QK R
# M/b Q7 BMi2 2bi rBi?BM .@# M/ ? p2 #22M B/2MiB7B2/- BM+Hm/B
:>x- M/ Red@Rd9X3 :>x 7Q" 7Bt2/ M/ RR#BOI2 pB HBQR2-MBIB B b(i? 2
2MiB 2iv Q7 .@" M/ rBi?BM bmBi #H2 bT2+i° HrBM/Qr ++Q /BM; i(

liBHBXBM; bm#@h>x # M/b 7Q° +QKKmMB+ iBQMb BMi"Q/m+2b M2r
T?2MQK2M i? i 22t +2°# i2/rBi?i?2b27?B;?2 7' 2[m2M+B2bX PM2
BM+'2 b2/ 7°22bT +2 T i? HQbb Q#b2 p2/ i h>x 7°2[m2M+v- HBKBIiB
M QKMB/B 2+iBQM H +QKK3pMBm iBQ RMb-HBWHB(2 2/ bKQQi? i HQr!
+B2b HbQ MQr BMi Q/m+2 b+ ii2’BM; HQbb2b 7' QK i?2 b?Q ir p2H:
"2H iBp2iQi?2/BK2MbBQM QYN IR H2pmB iBHOMP TiBQM Bb MQi?2
BMi'Q/m+BM; //BiBQM HHQbb2b M/ +QMi B#mj&M ;aki¢HRhnxH? ~2 @b
[mM2M+B2b "2 bmb+2TiB#H2 iQ #bQ TiBQM 7 QK r i2 p TQ T "iB+F
KQ'2 bmb+2TiB#H2 iQ r2 i?RRYHM+Q 2B+«@MWKIER b2p2°2 HQbb2b- +QK
bvbi2Kb 2KTHQVBM; bm#@h>x 7' 2[m2M+B2b 2KTHQvV ?B;?@; BM- N
+?Bi2+im 2bX >Qr2p2°-i?2°2 "2bQK2 /p Mi ;2b Q7 ? pBM; ?B;?Hv/
HBMFbX h?2 meiPQQB®@7Qmii? i h>x T'QT ; iBQM Bb "2bBHB2Mi iQ |
bm+? b /B77 +iBQM-2 p2b/"QTTBM;- M/ BMi2 @ Mi2MM BMi2 72"
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M BKTQ'i Mi bi2T #27Q°2 2bi #HBb?BM; +QKKmMB+ iBQMb HBMI
/2 bi M/IBM; Q7 i?2b2 T°QT : iBQM +? > +i2 ' BbiB+b iQ ; m:2 bvbi2K
*QKKQM +? MM2H bQmM/2" ivT2b BK2/ i +? ° +i2'Bx iBQM Q7 h>x
QK BM aT2+i'Qb+QTv Uh>x@h.aV- h>x hBK2 .QK BM *Q "2H iBQM |
L2irQ'F M Hvx2 UoL V THXQAM PR (h>x@h.a TT ' Q +?2- 72KiQb2+(
#2 K bTHBii2 - M/ h>x 2KBii2° "2 mb2/iQ " /B i2 b?Q i TmHb2 rB
rB/i? BMiQ i?2 2MpB QMK2Mi 7Q /B 2+i +/D)MMB B K2i?iQ/ Bd i BAR
iQ +?B2p2rB/2# M/ K2 bm 2K2Mib rBi? 2ti ' 2K2Hv 7 bi +[mBbBiBQI
i* MbKBbbBQM /Bbi M+2 M/ T2 F@iQ@ p2 ;2 TQr2 " iBQ-Q7i2M H
iIBQM Q7 iKQbT?2 B+ M/ b+RKRhRPE h>xX7@hib QT2 i2b #vi MbKBDbbE
bT 2 /bB;M Hr?2Qb2 miQ+Q 2H iBQM 7mM+iBQM "2b2K#H2b i?2 .E
TmHDb2 /2+QKT 2bbBQM- i?2 +39MKMR2 BB K2b?RK BD/ ¢H2 iQ +QHH2+I
K2 bm 2K2Mib M22/2/ 7Q iBK2@p VvBM; +? MM2H +? ~ +i2 Bx iBQM
rB/i?8()X h?2 7 2[m2M+v /QK BM oL TT Q +? K2 bm 2bi?2 b+ ii2 BI
rB"2H2bb +? MM2H b .2pB+2 IM/2 h2bi U.IlhV iBM+ 2K2MiBM; + °
Q7 7°2[M2M+v 2ti2M/2 b BM h>x +? MM2FH)XQaiM /B™';Q T+TA2B + "iB @M B
iQ K2 bm 2 rB/2 7 2[m2M+v # M/- #mi "2 HBKBi2/iQ /B 2+i +QMM
s M/HQM; K2 bm 2K2Mi +QHH2+iBQM /m" iBQMbX

* 2 iBM; ++m’ i2 bi iBbiB+ H +? MM2H KQ/2Hb 7Q  bm#@h>x 2K [
iQ "2[mB BM; H ;2 KQmMib Q7 +? MMRH KQrBm2 2Ki2®i2 2tBbib b2p
K2 bm 2K2Mi + KT B;Mb +QM/m+i2/iQ +? ~ +i2 ' Bx2 T°QT ; iBQM +?
BM+HmM/BM; T i? HQbb- T2M2i" iBQM HQbb- M/ 7QHB ;2 HQbbX S i-
r2°2 +QHH2 iR/ NBM/Bii2/ iQ i?2 *HQb2@AM U*AV M/ 6HQ iBM; AMi:
HbQ /2i BHIB/EBM (/BiBQM H HQbb2b /m2iQ 7QHB ;2 7@3QmMQQQ i

7°2[m2M+B2b "2 +QMbB/2°2/- M K2Hv R83 :>x M/ jyy :>x- iQ K F2
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. # M/ M/ >fC # M/bX gBi? i?Bb M HvbBb- KmHIB@7 2[m2M+v HT
KQ/2H Bb +QMbB/2 2/ BM //BiBQM iQ i?2 bBM;H2 7°2[m2M+v KQ/2
h.*+? MM2H bQmM/BM; bvbi2Kb ? p2 7Q+mb2/ bQpRM/MBMpBBly i 2X 7 Q
RKY@Rjy :>x ° M;2 H2bb BMp2biB; i2/X S2M2i° iBQM HQbb M/ “2br
BM/QQ K i2'B Hb UTH biB+-T T2 -;H bbV ip vBM; i?B9§FX2bb H2
h?2 mMi?Q RIFVKT "2/ KQ/2Hb Q7 T i? HQbb K2 bm 2K2Mib Q7 BM/Q
ROy :>x- M/ jyy :>x M/ /2i2 "' KBM2/i? i KmHIB@7 2[m2M+v KQ/2Hb r
bBM;H2@7 2[m2M+v KQ/2HbX AM QM2 bim/v- .@" M/ URjy :>xV r t
H2M;i?b Q7 9yK@RFK rBi? GRa)X MIBAMbMBQMKQbT?2 B+ ii2Mm iB
BM+HmM/2/ BMi?2b2 HBMF #m/;2ib- mbBM; KQ/2Hb 7 QK K2 bm 2K2N\

h?2+? ° +i2°Bx iBQM Q7 +? MM2H 2772+ib + Qbbp "VBM; 7 2[m2M+
QM i?2 T?vbB+ HH v2 r p27Q 'K /2bB;M 7Q° +2HHmMH  ;2M2" iBQ
b2T " i2/ # b2/ QM + "B2 7 2[m2M+v rBi? °~ M;2b /27BM2/ b 6_R U/
UKj@jk :RPX(q p27Q K+QMbi m+iBQMp B2b bHB;?iHv #2ir22M 6_R
rBi? 6_R? pBM; HHQIii2/ R8 F>x-jy F>x- M/ ey F>xbm#+ ~"B2 bT +|
F>x M/ RKy F>x bm#+ "~ "BXhT?2B2Mg (B iBQMb BM S?vbB+ HG v2 /Z
T "i-7"QKFEMQrM /B772 2M+2bBM T QT ; iBQM 2MpB " QMK2Mi 7 QK
*2 MM2H bQmMM/BM; 277Q ibi? i +? ~ +i2 ' Bx2 rBYAF- 2L Nn+-wB# HV /-
7Q  i?2 /2p2HQTK2Mi Q7 e: T?vbB+ HH v2  /2bB;MX
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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.
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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 1Q 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
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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 fog, a two-tone FSK-modulated Frame ID with fy;15 to encode the 1s and fin to
encode the 0s, and shorter CW signal at fypp. 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;ig and the FSK-modulated

Frame ID, but with fijn to encode the 1s and fron to encode the Os.

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.
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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 fioy to distinguish from the CW High tone. For

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

Qoibodibn bodbooobt toooo doooo

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.

IO o

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

to the location and/or measurement setup.
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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.
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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.
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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.
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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].

00000 0ooooditobiod boooboo

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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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 1D
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.

pooiD OO0 dobdbootd

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.

0 O

The received 500 MHz IF channel sounding signal is captured using the 1QQ 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 5.6: 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 1Q 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.
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Table 5.1: Link Budget of Example -13.2 dBm Sinusoidal

[ D00000000 [ 00000 00 | 000 |

Transmitter
Mixer -13.2 dBm | -13 dB
Attenuator -26.2 dBm | -3 dB
Bandpass Filter | -29.2 dBm | -3 dB
Coupler -32.2dBm | -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 -3.2dBm | -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.

Qoo 0Ooot 4oobo 0obd dbot obbdobboooo

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 c¢m, 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 5.9: 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.

00 Dboboiooioto 00b boobou oood

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 c¢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.
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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.

« 00000 O 10000000 00O bO00Don boooDoD 0hooohoo booo 00000 00Doooo b0 000oOo
000000 000D 000 00b0ooD 00O 00D 0000000 bo00Do00 D00D0Oooo0 A handshake
would need to get introduced to the system to coordinate the frequency retuning of

the transmitter.

0 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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(00000000 0 0DO00O0000 0000000 Dooobo 00 D000 0oi0boioono Cioobooo Opoooo
Q00000 000 IOID00i000 00 0oD DO0O0 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.

« (0000000 0O0 O00IeD 00 000000 © DoiioobOoo 00000o0 0000000 0Ro0iboO Ooog
000 000000 0O0b000o0boooo 000 0000000 000 00ii00b0oo 00 000000000000 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.

- [1000 000000000000 0o 00 O0o00h UU Oobooooo 0o 000in boobooo bobooo
100 00000000000 00 diO000 Oo0 I0DoDool 0000 O0boibo Dioooboool 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.

- 0000 000ODO0O0O0 00D 0ooooooot DO bob O0booo 0ooo 0oo booooo bo Oooocooo
00000 000 0000 00000 00 000000 000 bod 0ooboonoooo 00o0boool- Additionally,
have these plates be able to adjust the angle between the two for additional testing

capabilities (angle of arrival).

o [000IOC 000 O0ooiooooo bDbdbOooooo 000poooibooo 0oo 000 OooooD 0oooinoboooo
(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.

- 1000000 DOOI0O000 bodfiodo thoobOooo tooibooido Lo 0o oitbo oo bood
0000oor boboooboon foool 0booiod tbooooo oo 0hoio 0o Uooitodo

0 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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