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summary

As demand for high-bandwidth data transmission continues to increase, future satellite constellations
can leverage the benefits of free space optical communication, which provides significant advantages
compared to traditional radio frequency systems. Despite the development of satellite laser communi-
cation terminals (LCTs) in recent years, one major challenge remains; coupling the incoming signal into
an optical fiber. In addition, most terminals use intensity modulation to encode data, which is limited in
its ability to reach high data rates. So-called coherent modulation schemes offer superior performance
but are not widely implemented in satellite LCTis yet. A system that avoids fiber coupling while using
coherent modulation could simplify designs, reduce complexity, and improve performance.

This thesis presents the design, implementation, and evaluation of such a coherent free space optical
detection system. Differential Phase Shift Keying (DPSK) was chosen as the modulation scheme due
to its balance of power efficiency and implementation simplicity, delivering performance comparable to
other coherent schemes with a less complex receiver architecture.

The system was implemented using bulk optics and tested in a laboratory environment. A Delay Line
Interferometer (DLI) was selected for DPSK demodulation. The system successfully achieved a data
rate of 100 [Mbit=s], demonstrating the feasibility of DPSK-based coherent free space detection. Some
performance limitations were identified, with DLI instability emerging as the most notable, which is
primarily caused by the long length required for this data rate. This instability resulted in intermittent bit
error rate values exceeding the required threshold. These findings show that DPSK demodulation using
bulk optics is favored toward higher data rates, and thus shorter delay lines. Recommendations for
future work would be to operate at a higher data rate, and implement active stabilization for operational
systems.
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Introduction
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Since the introduction of fiber optic communication, the global communication landscape has changed
drastically, showing an ever growing demand in data, with estimates predicting the internet to grow
by 30% each year. Specifically, a large part (70%) of internet users will be connected via mobile. [1]
Mobile networks using 5G technology will play an important role in accommodating this growth. But
coupled with an increasing number of devices that will need to be connected, massive amounts of data
still need to be transmitted between data centers and access networks. A promising alternative to fiber
optic links is the use of Free Space Optics (FSO), which has seen increasing interest in the last decade
and can alleviate this issue. [2]

This growing demand is applicable not only to terrestrial optical networks, but also to satellite commu-
nication. For satellites, the increasing data bandwidth requirements are driven by consumer demand
and the generation of more onboard data due to more and higher resolution instruments. [3, 4] Most of
the current communication with satellites is done using the radio frequency (RF) spectrum. However,
there are many limits to RF that hinder a substantial increase in data rate and bandwidth. Switching to
the optical domain has many advantages such as smaller communication terminals, less weight, less
power, higher frequency (and thus higher data rates), no licensing requirements, and finally a narrower
beam that ensures a more secure channel. [5i 8]

In the last decade, the space sector has seen an upward trend in the use of smaller satellites due to their
cheaper development and launch costs. Because these smaller satellites are often restricted in size,
weight and power (SWaP), laser communication terminals (LCT) are a well-suited option to replace
RF terminals. Indeed, this is already being used as inter-satellite links for Low Earth Orbit satellite
constellations (e.g. Starlink). In addition to inter-satellite links, the use of FSO has the same advantage
for ground-to-orbit communication, and we are currently seeing implementation on nanosatellite form
factors like the CubeSat. Several LCTis have been developed for CubeSat size, which predominantly
focus on downlink, not uplink. A compilation of recent state-of-the-art LCTis for CubeSat platforms can
be seen in the table below.

Table 1.1: Overview of the current State of Art LCTis for CubeSat format satellites. Source: [9, p. 248, Table 9-5].

Terminal Launch Year | Data Rate [Mb/s] | Mass [kg] | Power [W] | Size [U] | Modulation
OCSD-B&C 2017 200 <2.3 20 15 OOK

VSOTA 2019 1 <1 4.33 - OOK/PPM
OSIRIS4 2021 100 0.4 10 0.3 OOK
TBIRD 2022 200,000 <3 100 3 QPSK
CLICK-B/C 2022 20 15 30 1.2 PPM
CubeCat 2023 1000 <1.33 15 1 OOK
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Most of these share a similar SWaP and modulation scheme, with the exception being NASAis TBIRD
(TeraByte InfraRed Delivery), which has a higher SWaP in combination with a more advanced mod-
ulation scheme to achieve a higher data rate. The other LCTis use modulation schemes like On-Off
Keying (OOK) and Pulse Position Modulation (PPM), which are relatively simple to implement. OOK
works by encoding binary data in the power of the optical signal, where a 0 and a 1 represent low and
high power, respectively. PPM works in a similar way, but instead the bits are encoded in the length
of pulses. Both OOK and PPM can be classified under Intensity Modulated/Direct Detection (IM/DD)
schemes and are not optimal in terms of power and bandwidth use.

NASAis TBIRD makes use of a modulation scheme called Quadrature Phase Shift Keying (QPSK).
This modulation scheme encodes bits by varying (shifting) the phase of the optical signal in 4 different
states (0 ,90 ,180 ,270 ). Phase Shift Keying (PSK) modulation schemes require an optical signal
whose phase relation is consistent over the link distance. This property is referred to as coherence.
Coherent modulation schemes enable higher data rates than the simpler IM/DD schemes. NASAis
TBIRD demonstrates that it can reach much higher data rates with a proportionally smaller increase in
power.

The CubeSat design principle of using predominantly Commercial Off-The-Shelf (COTS) components
also extends to the design of LCTis. The use of existing highly developed terrestrial fiber optic tech-
nology within satellite LCTis enables high data rates (upwards of 100 Gbhit/s) at modest costs. [10]
Furthermore, using individual components facilitates the separation of transmitter and receiver ele-
ments from optics. Consequently, this enables the use of components such as erbium-doped fiber
amplifiers, increasing design flexibility, and overall increasing performance and reducing complexity,
energy consumption, and costs. [11, 12]

However, utilizing COTS fiber optic components does come at a cost; to use them, the received signal
must first be coupled into optical fiber, which results in significant signal losses, and this is often reme-
died with fiber amplifiers. For high data rates, these additional costs can be justified, but less so for
links aiming for lower data rates and SWaP, where complexity plays a bigger role. [13] For coherent
detection in particular, the signal must be coupled into single-mode fiber [12], which is more susceptible
to pointing errors and atmospheric turbulance than multi-mode fiber or free space detectors [14]. The
bigger width of multi-mode fiber allows for a higher field-of-view and less coupling loss, but requires
additional optical devices to transform to single-mode fiber for correct detection. [15]

To mitigate coupling loss and atmospheric disturbances, FSO systems can make use of Adaptive Optics
(AO). Basic forms of AO, like tip-tilt correction, are used to counteract atmospheric disturbances and
align the spot for coupling into fiber. More advanced AO systems, which use a wavefront sensor and
a deformable mirror, can further minimize the spot size, producing a diffraction-limited image. [12] For
this reason, advanced AO systems are highly effective in increasing the coupling efficiency. [10, 16]

Still, the implementation of advanced AO systems is not straightforward and its use is dintricate and
expensivel, which should raise the question whether it is avoidable. [17] For the current development
of LCTs, the cost of AO is not yet an issue since high data rate optical satellite communication is not
done on large scales. It therefore makes sense to use COTS fiber based transceivers, since they have
already been qualified for use in space, which saves time and money required for design and testing
of custom components. However, for future optical links, the avoidance of fiber coupling could prove
to be beneficial. Since photodiodes are larger than the core of a single mode fiber (depending on the
bandwidth), many constraints could be eased, simplifying the system design.

Receiver systems that do not require fiber coupling are referred to as ifree space detectorsi. So far,
there is no literature showing what a coherent free space detection system would look like in small form
factor satellites such as CubeSats. Many studies have been conducted on coherent FSO systems for
terrestrial links, but none with a focus on systems that do not use fiber coupling.

Understanding how coherent free space detectors can be implemented and how they perform is a first
step in evaluating their potential as an alternative to fiber coupling for future LCT design.

00! OoDo0ooU Dhuittoout oo 0Uooouoo

The research objective for this thesis is to:
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Design, implement, and evaluate a coherent free space optical detection system using bulk optics,
demonstrating functionality through the establishment of a communication link.

Research Questions
To achieve the objective mentioned above, the following research questions were addressed.

1. Which coherent modulation scheme is most suitable for hardware implementation in a free space
optical communication system for this thesis?

2. How can a coherent free space optical detection system be designed and implemented in a lab-
oratory environment using bulk optics?

3. What is the performance of the implemented detection system?

To assess whether the communication link is functional, several requirements were formulated and
summarized below.

Table 1.2: Functional and Non-Functional Requirements (FR, NFR).

Requirement Label | Description

FR1 The communication link shall attain a data rate of at least 100 [Mbit=s].

FR2 The communication link shall achieve a maximum Bit Error Rate (BER) of
10 2 before error correction.

FR3 The communication link shall use a coherent modulation scheme.

FR4 The receiver system must correctly demodulate the chosen coherent modu-

lation scheme, ensuring that the modulation type is as specified and not an
unintended scheme (e.g., OOK).

FR5 The receiver shall not use fiber coupling to detect the signal.

NFR1 The communication link shall be implemented using only hardware that is
already available to the Aerospace Engineering Faculty.

NFR2 The communication link shall comply with laser safety standards.

000 Q000000000 00U Ubootioboogg

Recently, the Aerospace Engineering faculty of Delft University of Technology has installed a Mini Op-
tical Ground station to facilitate research for its laser satellite communications group. Its main purpose
is to provide an environment for testing and developing novel FSOC related technologies. Although it
is currently not operational, many of the key hardware equipment for FSOC is already available. How-
ever, an optical coherent (free space) detection setup has not yet been realized. The work performed
in this thesis will be the first implementation of such a system at the Aerospace Engineering Faculty. In
this context, the work that has been done serves two primary purposes (in addition to addressing the
research gap):

A Provide practical knowledge on how to implement a coherent free-space detection setup using
bulk optics. The setup that has been implemented will serve as a proof-of-concept and a reference
point for researchers and students attempting to build similar systems. In addition, many of the
potential pitfalls identified during this thesis can be avoided.

A Offer an assessment of its performance, so that researchers and students can decide if it is
worthwhile to perform further research into coherent free space detectors as an alternative to fiber
coupling. Consequently, it reduces the risk that researchers invest significant time and resources
to explore this approach without first understanding its feasibility of implementation and baseline
performance.

0107 00000 Dooooo

This thesis is structured to present, in sequence, the design, implementation, and evaluation of a free
space optical detection system using a coherent modulation scheme. In chapter 2, the background
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of coherent modulation schemes and their receiver architectures are introduced, with an emphasis on
PSK. Following this, the modulation scheme is chosen. Based on this modulation scheme, a receiver
architecture is proposed with the selection of the components that are needed. Lastly, several choices
are made and motivated to finalize the system design, such that it can be implement using hardware.

Chapter 3 covers the implementation and verification of the chosen receiver architecture, performing
several tests to ensure functionality.

The results of the hardware setup are presented in chapter 4, which mainly constitute the stability of
the system and the communication performance in terms of Bit Error Rate (BER). The discussion offers
explanations for some challenges encountered during testing.

Finally, chapter 5 summarizes the conclusions of the research and offers recommendations for future
work.



Coherent Detection Systems: Theory
and Design

This chapter will answer the first two research questions; What modulation scheme is most suitable
and how it can be implemented. Firstly, which modulation scheme is most suitable for hardware im-
plementation will be discussed. In the first section, background for coherent modulation schemes is
established. Using this background, in the second section, the most suitable modulation scheme is
chosen using a trade-off, resulting in the final selection for this thesis.

With this selected modulation scheme, its hardware implementation can be detailed. This is done
first by proposing the general system architecture and describing the function and specifications of
the chosen components. Subsequently, in the fourth section, on the basis of the constraints of each
component, several design choices are made regarding the data rate and optics.

Ol 00000000 Juboibiitt 0ooodoo Uih Ooooiool uoidiibboaoy

To communicate data via an optical signal, modulation schemes (MS) must be employed. Of the MS
used in FSO communication, IM/DD schemes like On-Off Keying (OOK) and Pulse Position Modulation
(PPM) are the most widely used because of their simplicity and low costs. [18i 20] IM/DD works by
encoding information in the intensity of light, where a photodetector translates the received optical
energy into an electrical signal. Because IM/DD only uses the amplitude as a degree of freedom, it
limits the maximum amount of information that can be encoded into the modulated signal. For fiber
optic communication, these MS have started posing significant challenges at higher data rates (>40
[Gbit=s]), which is primarily due to the high bandwidth it occupies.

The amount of bandwidth that a MS occupies relative to the data rate is also known as the spectral
efficiency. One way to increase the spectral efficiency is to encode information into light other than
its intensity, such as the phase, frequency, and polarization. Modulation schemes that use any (or a
combination) of these are referred to as coherent MS. Popular coherent MS for fiber (and FSO) com-
munication are Phase Shift Keying (PSK), Quadrature Amplitude Modulation (QAM), and Polarization
Shift Keying (PolSK). [21]

PSK is a MS that encodes data by changing the phase of a constant frequency carrier wave. In PSK,
the phase of the light wave is modulated to represent different symbols. Common forms of PSK include
Binary Phase Shift Keying (BPSK) which uses two phases (0 ,180 ) to encode one bit per symbol and
Quadrature Phase Shift Keying (QPSK) which uses four phases to encode two bits per symbol. The
simpler BPSK MS is illustrated in Figure 2.1.

QAM is a MS that makes use of both amplitude and phase-shift keying to encode the data. This allows
for a higher number of symbols and thus higher data rates. PolSK modulates the state of polarization
of the light wave to encode data, but is used to a lesser extent than the others.
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Q (quadrature, Q (quadrature,
imaginary part) imaginary part)

| (in-phase
or real part)

| (in-phase
or real part)

Traditional OOK format. Information is coded In BPSK, the information is coded in the phase
in the amplitude. There are 2 symbols. instead of amplitude. Number of symbols is still 2.

BPSK time domain waveform
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Figure 2.1: Diagram showing the constellation diagram of OOK (left) and BPSK (right). The time domain shows the phase shift
of (180 ) that represents the changing of a bit. Source: [22, p. 16].

The main advantage that coherent MS offer is better spectral efficiency and higher power efficiency. As
a result, it enables higher data rates than IM/DD schemes. [7, 21]

To detect a phase change from a coherent signal, simply using a photodiode does not work, since it
can only convert the intensity of light into an electrical signal. The detection of coherent optical signals
can be categorized into two groups:

1. Use of a coherent detection technique and signal processing.
2. Use of a Delay Line Interferometer (DLI).

Each detection method is discussed in the following sections.

0i0i0l 00000000 OoboooDo

Optical coherent detection was proposed in 1960, but a significant research interest emerged in the
1980s, when it became clear that it offered significant advantages over IM/DD. [23] The implementation
of optical coherent detection was still costly and complicated however, and the concurrent progress
on IM/DD systems reduced the need to commercialize coherent detection.*[24] Only since the early
2000is has coherent detection seen more commercial use, mainly due to the progress of advanced
digital signal processing (DSP). [25, 26]

The principal concept behind coherent detection is to mix the incoming modulated optical signal with
a local oscillator (LO) that serves as a phase reference and allows for the complete recovery of the
signalis amplitude and phase information. By having an absolute phase (and frequency) reference,
any modulated changes in phase or frequency can be measured. In Figure 2.2, a basic block diagram
of a coherent detector can be seen.

1The main progress for IM/DD systems at the time can be attributed to: the introduction of cost effective EDFAis, and the
use of wavelength division multiplexing both of which increased the data rates and reach of the links. [24, 25]
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Figure 2.2: Block diagram of an optical coherent detector. Source: [20, p. 64].
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By combining the modulated signal and the LO signal, the combined signal has some properties that
make coherent detection favorable. To illustrate this, consider Equation 2.1 for the power output of the
combined signals.

P
Homodyne : P (t) = PsAZ + P +2 PsPjAscos s(t)  (b)

P (2.1)
Heterodyne : P(t) =2 PgPjAscos (Is IpDt+ (1) (D)

where A,P I, are the amplitude, power, angular frequency, and phase with subscripts s and | to
indicate the carrier signal and LO respectively.?

Two distinct equations emerge based on the relationship between the local oscillator (LO) frequency
and the modulated signal frequency. When equal, the intermediate frequency (IF) is 0 and this is called
homodyne detection. When the modulated signal and the LO frequency are different (in the order
[GHz)), it is referred to as heterodyne detection. Looking at both equations, the term that contains the
data is the cos term, which can be amplified by increasing the LO power Py.

This property is uniquely different from amplifying the electrical signal after detection because of how
noise interacts with the optical signal. The only noise source that is introduced by increasing the LO
power is the shot noise, which arises from the randomness of photon arrivals on the photodetector.
Increasing the LO power increases the shot noise, but other noise sources in the circuit such as back-
ground noise, dark current noise, and thermal noise remain constant. Therefore, by increasing the LO
power, the shot noise starts to suppress the other noise sources, increasing the signal to noise ratio
(SNR). This allows coherent detection to become shot noise limited, and combined with an increased
photocurrent, this improves the SNR and thus reduces the BER. [18, 20, 27]

However, the use of an LO makes coherent detection more complex and expensive, which has been
and is still the primary reason why it has not overtaken the use of IM/DD in optical links (both fiber and
FSO).

The reason an LO makes coherent detection more complex is because additional hardware and circuitry
is needed to ensure it functions correctly. In the case of homodyne detection (where ' = 1)), the LO
frequency must be synchronized with the modulated signal frequency, as well as tracking/matching the
phase noise of the signal (ignoring the intended phase modulation) and can be achieved using an optical
phase locked loop (OPPL). [26] This comes with the benefit of an increase in SNR of 3 [dB] compared
to heterodyne detection.® [24] However, combined with other requirements like a lower laser linewidth,
homodyne detection is more costly and is why heterodyne receivers are more commonly used.

For heterodyne detection, a free-running LO can be used, where the second-stage demodulation is
performed in the electrical domain, using a phase-locked loop and the aforementioned DSP approach.
The basic receiver architecture of homodyne and heterodyne detectors for PSK MS can be seen in
Figure 2.3.

2For the derivation of both equations, see section A.1.
3This is only the theoretical increase, which is around 2 dB lower in reality because of several implementation losses that
are hard to overcome in homodyne systems. [16, p. 136]
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Couplg;

Optical Phase Locked Loop J¥=Ji-/lo  Phase Locked Loop

(a) Homodyne PSK Coherent Detector (b) Heterodyne PSK Coherent Detector

Figure 2.3: Main receiver structures for an optical BPSK signal. Source: [28, p. 7].

Although coherent detection can be performed with a single-branch receiver (as seen in Figure 2.2), this
is neither commonly used nor most optimal. Instead, the receivers shown above use two photodiodes
to measure the difference between the two, and this is referred to as balanced detection. A balanced
detector is preferred for several reasons. Firstly, a balanced detector can remove the DC components,
which would normally be done using additional filters. Secondly, by the subtraction it performs, it can
also suppress the LO noise present in the two signals. [26, p. 296] [29, p. 185]

In addition to the aforementioned coherent detection techniques, many different variations exist. Some
are briefly discussed here.

A variation of heterodyne detection is intradyne detection, which has a smaller frequency difference
between the two signals, lowering the bandwidth requirements of receiver components such as pho-
todiodes and amplifiers. [24] 4 Because the LO runs unsynchronized with the carrier signal, a similar
electronic DSP carrier recovery approach must be applied, but now requires a lower processing band-
width. Intradyne detection performs similarly to ideal homodyne detection with an optical phase-locked
loop (OPLL). [30, 31]

Another variation is self-coherent detection, which does not require the use of an LO at the receiver end
and is instead moved to the transmitter side. On the transmitter side, both the modulated signal and the
reference signal (or pilot tone) are propagated. This effectively reduces system hardware complexity
and costs at the receiver end. One disadvantage is that it requires more complex signal processing
and suffers from poor power efficiency (because the transmitter has to expend power on the pilot tone).
[32i 34] In addition, the pilot tone will be impacted by the same atmospheric distortions as the primary
signal, which is avoided when using a LO.

Because coherent MS are investigated here for use in the context of FSO, several advantages of
coherent detection are summarized below:
A Suppresses and rejects background noise well. [7, 19, 21]

A Increases receiver/detector sensitivity. To be precise, when bandwidth limited, coherent detection
achieves the best sensitivity. [7, 19, 35]

A Is more resistant to atmospheric turbulence in general when DSP is used for phase correction.

Secondary advantages that result from increased sensitivity are; suppressing scintillation [36, 37], and
helping to reduce the outage probability. [18, 38]

The primary disadvantage to coherent detection is that it is more complex than IM/DD. In addition to
the circuitry required to drive the LO at the receiver end, the carrier recovery techniques require either
an OPPL or an advanced DSP approach, both of which are not needed for IM/DD.

QIO 4oood gitd totoootoodoooo
The second way to detect coherent optical signals is to use a delay line interferometer (DLI), which
converts phase information into intensity information by interfering the received optical signal with a

4Intradyne detection uses an intermediate frquency which is small enough to be in the signal bandwidth. An exemplary
simulation uses a frequency offset of 100 MHz for intradyne detection. [30] In contrast the frequency difference for heterodyne
detection is in the range of GHz.
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delayed version of itself. This is illustrated in an example where a BPSK signal is delayed by a 1 bit
duration in Figure 2.4.

one

bit
eriod
Result for : 7
direct detection

1 0 0 0 1 0

Figure 2.4: Time waveform of a BPSK signal that is delayed by 1 bit period. When interfered with itself, a phase change
between the signals results in an intensity modulated signal that can be detected directly. Adapted from: [22, p. 17].

When the two signals share the same phase constructive interference occurs. Destructive interference
occurs when they are 180 out of phase. In this way, the phase difference between consecutive symbols
is converted into an intensity signal. So even though there is no knowledge about the absolute phase
of the signal, the phase change can be known.

This method is called differentially coherent detection and when applied to PSK schemes, it is called
Differential Phase Shift Keying (DPSK). The basic receiver architecture for DPSK can be seen in Fig-
ure 2.5, where the receiver on the left uses the DLI and the one on the right the previously discussed
coherent detection method. Figure 2.5.

Couple,

Interferometer

(a) Direct detection DPSK receiver (b) Coherent detection DPSK receiver

Figure 2.5: Main receiver structures for an optical DPSK signal. Source: [28, p. 9].

The DLI detection method can be performed for any order PSK scheme and even a variation of QAM,
but requires either two (or more) DLIis or more complex hybrid couplers. [39] For the sake of simplicity,
Binary DPSK will be referred to as DPSK unless stated otherwise.

Again in the receiver structure, the balanced detector is present. For differentially coherent detection
of PSK, a balanced detector is required to obtain the full benefit of the MS. The performance of the
balanced detector for a DLI is highly dependent on the phase difference that is introduced. A DLI
needs to perform two functions; create a delay equal to one bit duration, and a phase shift that ensures
optimal interference conditions. This can be seen in Figure 2.6.

The phase change introduced in the DLI should be equalto 90 ( 5), such that the additional phase
change of 90 created by the coupler results in complete constructive and destructive interference on
either branch. This can be seen in Figure 2.7, where the coupler is modeled as a beamsplitter. In this
way, when constructive and destructive ports are subtracted from each other, the SNR increases by a
factor of 2 (or 3 [dB]).
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JLIXUH 6WUXFWXUH RI D 'HOD\/LQH
,QWHUIHURPHWHTs LN WKKHELWW SHULRG
DQGu LV WKHSKDVHVKLIWLQRQHRIWKH
EUDQFKHV 6RXJFH@> JLIXUH 2YHUYLHZ RI WKH UHIHUHQFH DQG GHOD\HG EHD
LQ WKH ILQDO FRXSOHU RI D 'HOD\/LQH ,QWHUIHURPH
FRQVWUXFWLYHDQG GHVWUXFW2 8K BWRH WKIDWDH FUHD W H
LQ WKH '/, DOBRAUKIDWHG E\ WKH EHDPVSOLWWHU

JRUWKH SHUIRUPDQFH RI '36. WKH '/, LPSRVHVY WKH PRVW VWULQJHQW UH
LVWKDW WKH  EUDQFKHY PXVW EH VWDEOH WR D VP OVIWDPWRWQ RI D ZL
7TKH WXQLQJ RI WKLV SKDVH FKDQJH LQ WKH '/, LQ D ODERUDWRU\ VHWWLC
WKHOHQJIJWK ZLWKDQ DFFXUDWH WUDQVODWLRQ VWDJH )RURSHUDWLRQ
LV QRW VXIILFLHQW DQG VRPHIRUP RI VWDELOL]DWLRQ LV UHTXLUHG 7t
ZLWK 3//fVRUXVLQIJDQDPSOLWXGH PRGX@DWHG SLORW WRQH >

1SHYPEXMSR WGLIQI WIPIGXMSR

'LWK WKH HVVHQWLDO XQGHUVWDQGLQJ RI WKH FRKHUHQW 06 HVWDEOLYV
WR DQVZHU UHVHDUFK TXHVWLRQ 7KLY VHOHFWLRQ SURFHVV LQYROYH
YDULRXV WUDGH RIlV

ODQ\VWXGLHV KDYHEHHQ FRQGXFWHG RQWKHLQIOXHQFH RIPRGXODWLF
PDQFH RI )62 FRPPXQLFDWLRQ OLQNVY +RZHYHU FRPSDULQJVWXGLHV LV
IDFWRUV WKDW LQIOXHQFH WKH UHVXOWYV VXFK DV WKH SUHFLVH FKDQQ
VFKHPHVY OLQNGLVWDQFH QRLVHOHYHOV FRPSRQHQW VSHFLILFDWLRQ
DWVWXGLHV IRFXVHG RQD GLUHFW FRPSDULVRQ RI06 DQG XVH WKHVH UFE

,QFRPSDULQJO0O6 DPHWULFWKDWLV RIWHQ XVHG LV WKH %(5WR 615 UHO
PHWULF WKDW UHODWHYVY WKH WUDQVPLWWHU SRZHU WR WKH ELW HUURU
UHDVRQ LV WKDW HDFK VWXG\ KDV D KLJKO\ VSHFLILF VHW RI YDULDEOHYV
WKDW LV RILOQWHUHVW 7KHUHIRHNM AW WWHURDHWDIWIHYG WKDW D

$ VHW RI VHOHFWLRQ FULWHULD RULJLQDWHYV IURP IXQFWLRQDO UHTXLU
%DVHG RQ H[LVWLQJ OLWHUDWXUHDQG NH\UHTXLUHPHQWY WKH FKRVH(
@

t3RZHU HIILFUHHAFDXVH SRZHU LV LGHDOO\ PLQLPL]HG WR UHGXFH PDV!
LQ FKRRVLQJ WKH 06 2QH FDQ LPDJLQH WKDW HDFK 06 KDV D GLIITHUH
RQ KRZLW HQFRGHY GDWD ,Q WKH DLP RI GHILQLQJ WKH SRZHU HIILI
DYHUDJH SRZHU UHTXLUHG WKDW LV UHODWHG WR D FHUWDLQ % (5 DQ
SRZHU HIILELHQBHILQHG DV WKH DYHUDJH SRZHU UHTXLUHG WR DFKL
VSHFLILHG GDWD UDWH
:Epulse
p Eb
ZKHBJdse DOEg DUHWKHHQHUJ\SHU SXOVHDQG WKHDYHUDJBHQHUJ\S

Ff6SHFWUDO HIILFWKHRU\ RQH FDQ WUDQVPLW ZLWK DQ XQOLPLWHG ED
GRHV QRW SHUPLW WKLY GXHWR WKHOLPLWDWLRQV RIWUDQVPLWWH




ISHYPEXMSR WGLIQIWIPIGXMSR

EHWZHHQ WKH WZR RIWHQ DULVHYVY ZKHQ 06 ZLWK KLIJK VSHFWUDO HIIL
WKHLU FRPSOH[LW\ 7KH VSHFWUDG; RWYW EMHQPIGZHGWN WKH PIEFKQHY DEO |
R, GLYLGHG E\WKHEDQGZLGWK RI WKHWUDQVPLWWHU UHFHLYHU OL

Ro .
e =g [bit=s=Hz]

$+$SWPRVSKHULF 7UDQVPLVVERRV5HOD EBUIRD.GHU WHUP WKDW LV UHODWH
PDQFH LQGLFDWRUV WKDW GHSHQG RQ WKH PRGXODWLRQ WHFKQLTX|
VKRXOG EH DEOH WR DWWDLQ D VSHFLILHG % (5 XQGHU WKH PRVW DGY
WKHUPRUH LW VKRXOG EH UHVLVWDQW WR SKDVH MLWWHU FDXVHG
HIWHQVLRQV DQG G@VWRVWHWQYF*YV QRW LPSRUWDQW IRU WKH UHVX
EXW UHSUHVHQWY WKH DSSOLFDWLRQ IDYRUDELOLW\LQ UHDO V\VWHI

1 PSOHPHQWDWLRQQHIUAXQWIHPHQW LV WR XVHRQO\KDUGZDUH WKDYV
WKH $HURVSDFH (QJLQHHULQJIDFXOW\ +LJKHULPSOHPHQWDWLRQ G|
KDUGZDUH WKDW PD\QRWEHDYDLODEOH ,QDGGLWLRQ PRUHFRPSO
LPSOHPHQW ZKLFKPD\FRQIOLFW ZLWK WKH GXUDWLRQ RI WKH WKHVL

7R PDNH D WUDGH RIl HDFK FULWHULD QHHGYV WR EH DVVLJQHG D ZHLJK\
HIILFLHQF\ LV VHHQ DV WKHPRVWLPSRUWDQW DV LWLQIOXHQFHV PDQ\R

QRZ WKH FKRVHQ ZHLJKW LV (YDOXDWLQJ HDFK FULWHULD KDV EHI
DYDLODEOHLQ WKHOLWHUDWXUH ,Q WKHFDVHWKDWDQ REMHFWLYHO\F
LVXVHG ZKHUH LQFUHPHQWYV RI DUHSRVVLEOHWRDOORZIRUVPDOO

LV QRW SRVVLEOH WKH VFRULQJ ZLOO EH GRQH EDVHG RQ LQWHJHU YDO
JRRG DFFHSWDEOH DQG SRRU

6WDUWLQJ ZLWK WKH SRZHU HIILFLHQF\ LW F D Q dBKHRYI DADKD \6HIBAED BR P H D
%(5 7KLV FDQ EH HVWLPDWHG XVLQJ ILIXUHV RU SUHFLVH YDOXHV UHSR!
SUHIHUUHG 7KH KLJKHU WKH 615 UHTXLUHG WR DFKLHYH WKH VSHFLILHG
VFRUHLVFRPSXWHGE\QRUPDOL]JLQIJWKHYDOXHRIWKHEHVWSHUIRUPLQ
EHWZHHQ 06 FDQ BHMNMHIHHQ LQ

JLIXUH ([DPSOH RI WKH % (5 SHUIRUPDQFHRIGLIITHUHQW PRGXODWLRQ VFKHPH®@LQ DPRGHUI

7KH VSHFWUDO HIILFLHQF\ LV DOV RiS$BI0& RIMDHED®R® DR ® RUDHMQWRPLF VFD
FDVH WKH GDWD DUH XVHG WR UDQN 06 ZLWK LQFUHPHQWYV RI VLQFH IL
RIWKH FRPSDULVRQV LQ VSHFWUDQ®LINUFRLHQF\ FDQ EH VHHQ LQ
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JLIXUH 6SHFWUDO HIILFLHQF\ DV D IXQ EWNR QFRU 613 | WU A ROWRRBKODWLRMVFKHPHY DW D %
6RXUFH@>

7R FODVVLI\ WKH WUDQVPLVVLRQ UHOLDELOLW\ RI HDFK 06 LWV SHUIRU
VKRXOG EH NQRZQ ,Q PRVW RI WKH OLWHUDWXUH WKH 615 LV UHSRUWH
YDU\LQJIURP ZHDN WR PRGHUDWH WR VWURQJ 7R TXDQWLI\WKHWUDQVP
EHWZHHQ WKH VWURQJ DQG ZHDN SHUIRUPDQFH 7KH VPDOOHU WKH UDW
DGYHUVH FRQGLWLRQV

J)LQDOO\ WKHLPSOHPHQWDWLRQ GLIILFXOW\PXVWEHHYDOXDWHGIRUHD
UHDVRQ HDFKO6 LV MXGIJHG LQGLYLGXDOO\ 7KLV MXGJHPHQW ZDV EDVH!
RIWKHUHVSHFWLYH UHFHLYHU DUFKLWHFWXUH DQG 06 FRPSDULVRQ VW

7KH 06 WKDW ZLOO EHHYDOXDWHG LQ WKH WUDGH RIl QHHG WR PHHW WK
FULWHULD QHHGV WR EHDVVHVVDEOH WKHO06 QHHGVY WR EH HVWDEOLVKF
FLDODQG H[SHULPHQWDO DSSOLFDWLRQV DQG WKH 06 QHHGV WR EH LQ|
VXFK WKDW D UDQNLQJ LY SRVVLEOH 6RPH FRKHUHQW 06 OLNH 3RO6. DQ
QRWFRQVLGHUHG LQ WKLVYWUDGH RIIl EHFDXVHWKH\GLG QRW VHH DQ\ LC
DOO\ )6.LVQRW LPSOHPHQWHG LQ RSWLFDO FRKHUHQW GHWHFWLRQ EHI
DQG VSHFWUDO HIILFLHQF\ 3RO6. LV RFFDVLRQDOO\LPSOHPHQWHG EXYV
DUFKLWHFWXUH WRR FRPSOH[WR EHFRQVLGHUHG IRU WKLV WKHVLV

7TKHUHVXOWY RIWKHWUDGBERIHZEK@GEBEH WHKHQQHY XOWYV RI KLIJIKHU RUGHU 0
FRPELQHG LQWR D VLQJOHFROXPQ WKDW LV LQGLFDWHG ZLWK WKH =~ = VXI
EXWVXIITHUVIURP SRRUSRZHUHIILFLHQF\ 330 KDVD EHWWHU SRZHU HIILF
HIILFLHQF\ 6XLWDEOHDSSOLFDWLRQV RI330DUHIRU SKRWRQ VWDUYHG
OLQNV $V WKH 330 RUGHUV LQFUHDVH WKHKDUGZDUH FRPSOH[LW\DOVI
> @

JRU WKH FRKHUHQW 06 %36. DQG 436. DUH WKH PRVW XVHG 36. VFKHPHYV
SRZHU HIILFLHQF\DQG WKH JHQHUDO EHQHILWY RI FRKHUHQW GHWHFWL]I
VOLIKWO\ORZHU SRZHU HIILFLHQF\EXW PDNHV XSIRULWLQ FRPSOH[LW\
3// PHFKDQLVP OLNH FRKHUHQW GHWHFWLRQ VA\VWHPYV LW GRHV QRW QHF
RSHUDWH LW &RPSDUHG WR ,0 ""VFKHPHV VXFK DV 22. DQG 330 '36. DOVF
QRLVH UHMHFWLRQ '36. LV XQLTXH LQ WKH VHQVH WKDW LW LV PRUH UL
LQWHQVLW\ PRGXODWLRQ EXWDOVR OHVV FRPSOH[WR LPSOHPHQW WKD
VDPH WLPH FDSDEOH RIDFKLHYL®@J KLJK GDWD UDWHV >

7KH KLJKHU RUGHU 36. VFKHPHV LPSURYHRQ VSHFWUDO HIILFLHQF\DQG V
U F

SRZHU HIILFLHQF\DQG LPSOHPHQWDWLRQ GLIILFXOW\ )LQDOO\ KLJKH
DV KLIKHU RUGHU 36.
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7DEOH $ WUDGH RII PDWUL[ WKDW UDQNV WKH GLIITHUHQW PRGXODWLRQ VFK

&ULWHULD THLIKW 2. 330 | %36.| 436.| '36. 36. 36. 4%0
3RZHU (IILFLHQF
6SHFWUDO (BLFLHQF\
7UDQVPLVVLRQBHOLDE \
,PSOHPHQWDWLRQ 'LIIL
7TRWDO HLJKWHG 6FRU
5HIHUHQFHV

PYLIJXUH s @ )LIXUIB >@ 7DEOB >@ 7DEOB >@ )LJXUB >@ )LIJXUH DQG
7TDEOH @ >S @

E7DEOH DQG)LJRUHRDBOHS > @ 7DEOIS >@ )LIXUIB >@ )LIXUHS > @
F7DEOH s @ 7DEOB >@

Gs @

/IRRNLQJDWWKHWRWDO ZHLJKWHG VFRUH '36. DQG %36. DUHWKHFORVHYV
EHWZHHQ %36. DQG '36.LVLQ WKHLU FRPSOH[LW\ %HWZHHQ WKH WZR '3¢
S @

JRUFRKHUHQW GHWHFWLRQ Rl %36. WKHUH DUH VHYHUDO UHFHLYHU DUF
GLIILFXOW\ +RPRG\QH GHWHFWLRQ RI %36. FDQ EH GRQH XVLQJ HLWKHU
FDO 3//1VDUH FXUUHQWO\LQ RSHUDWLRQDO XVHIRULQWHU VDWHOOLW!|
WHFKQLTXHV DUHPRUH OLNHO\WR E® XXKHG DQ OVRZAVIDRWXDUHJ HH UXQQLQJ
UHTXLUHV D 3//LQ WKH HOHFWULFDO GRPDLQ 7KLV FDQ EHDLGHG E\D G&H
VWLOO PRUH GLIILFXOW WKDQ WKHLPSOHPHQWDWLRQ RID '/,

,Q DGGLWLRQ DVHFRQG ODVHU ZLWK D ORZ OLQHZLGWK LV QRW DYDLOD
QHHG WR EH SHUIRUPHG ZLWK WKH VDPH ODVHU 7KLV FDQ EHDFKLHYHG E
UHPDLQV XQPRGXODWHG EXW WKHUH ZLOO VWLOO EHQRH[DFW FRQWURC
PRGXODWHG VLIQDO DQG WKH /2 UHIHUHQFH

$OWKRXJK KHWHURG\QH DQG LQWUDG\QH GHWHFWLRQ FDQ DOVR XVH WK}
ODVHU ZLWK D FRQWUROODEOH IUHTXHQF\ ZKLFK LV QRW DYDLODEOH

JRU '36. QR 3// KDV WREHLPSOHPHQWHG IRUWKHELW GHWHFWLRQ LWVH
GLIILFXOW SDUW LVHQVXULQJWKH "'/, LVFRUUHFWO\DOLJQHGDQG VWDEC
PHQWLQJ WKH GHPRGXODWLRQ SURFHVV IRUKRPRG\QH %36. GHWHFWLRQ

,QVXPPDU\ FRKHUHQW KRPRG\QHGHWHFWLRQRI%36. RXWSHUIRUPV RUH
GHWHFWLRQLQ DOO DUHDV HI[FHSW LPSOHPHQWDWLRQ GLIILFXOW\ *LYH
WR WKDW Rl %36. ZLWK ORZHU LPSOHPHQWDWLRQ GLIILFXOW '36.9V WRS
DVWKHPRVWVXLWDEOH 06 WR XVHIRU WKLV WKHVLV

BHYLVLWLQJ 5HVHDUFRKURKFY¥RKRQHQW PRGXODWLRQ VFKHPH LV RSWLPD
PHQWDWLRQLQDIUHHVSDFHRSWLFDO FRPPXAH FD ¥ DRQZ O\ YWWZHIRJ IR K WK L
'LITHUHQWLDO 3KDVH 6KLIW .H\LQJ

7IWXIQ %VGLMXIGXYVI ERH'SQTSRIRXW

1RZ WKDW '36. KDV EHHQ VHOHFWHG DV WKH 06 RI FKRLFH LW QHHGV WR E
EDVLF UHFHLYHU DUFKLWHFWXUH LV LQWURGXFHG WKDW UHVXOWV LQ D
VHHQLOXUH
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JLIXUH 6FKHPDWLF RI WKH SURSRVHG VHWXS IRU '36. 7TKHODFK =HKQGHU ORGXODWRU 0=(
&RQWUROOHU HQVXUHV WKDW %36. PRGXODWLRQ LV SHUIRUPHTG DW @& R 5 WIADHQVRILMWMRH U VL
' pLI JLOQODOO\WKH RSWLFDO VLIJQDO LV GHWHFWHG ZLWK D EDODQFHG GHV

7KLY VHFWLRQ ZLOO RXWOLQH WKH SULPDU\ FRPSRQHQWY WKDW DUH QHI
VHWXS )J)RUHDFKFRPSRQHQW WKH SRVVLEOH OLPLWDWLRQV DQG FRQVYV
FRPSRQHQWYVY VXFK DV WKHPRGXODWRUDQG ELDVFRQWUROOHU DQDGG|
WLRQDO XQGHUVWDQGLQJIRUWKH YHULILFDWLRQ WHVWYV LQ WKH QH[W F
WKHILQDO VHWXS DUH H[SODLQHG

OEWIVWSYVGI
7KH ODVHU VRXUFH WKDW ZLOO EH XVHG IRU WKLV WKHVLV LV WKH /$= /¢
LPSRUWDQW PHWULF IRU WHVWLQJ LV WKH FRKHUHQFH OHQJWK 7KH FR|
SURSDJDWLRQ GLVWDQFH IRU ZKLFK WKH ZDYH PDLQWDLQV LWV SKDVH UF
EHFDXVH ZLWKRXW D FRKHUHQW ZDYH DW WKH UHFHLYHU HQG FRQVWUX
ZRUN 7KH VDPHLVDOVR WUXHIRUDQ\FRKHUHQW 06

7KH FRKHUHQFH OHQJWK GHSHQGV RQ WKH FHQWHU ZDYHOHQJWK DQG V
OLQHZLGWKKzR DQS D FHQWHU ZDY HOHQ MWMKHRARKHY HQFH OHQJWK LV DU
km@ 7KLV IDU H[FHHGV WKH UHTXLUHG FRKHUHQFH OHQJWK IRU D ODE Vt
7KH RXWSXW SRZHU LV WXQDEORY @GV KHSHRGLY RRQ WKH WHVWYV WKDW DL
SHUIRUPHG UHGXFLQJ WKH RXWSXW SRZHU LV OLNHO\ DQG WKLV FDQ EF
1)V

7KH ZDYHOHQJWK@ILY R*WHQ XVHG LQ )62 EHFDXVH RI LWV ORZ DWPRVSKH
LPSRUWDQW IRU UHDO OLQNYV SDVVLQJ WKURXJK WKH DLU DW VLJQLILFDQ
ZKLFK LV GHHPHG VDIH LQ DOO FRQGLWLRQV XQGHU QRUPD®W®@H 7KH SR
UHVXOWLQJ in® @ERMMY OHDYLQJ WKH ILEHU 7KIWL)S RWDUDWILNTXHG HP HQW

-RXIRWMX] 1EGL >ILRHIV1ISHYPEXSV
$QLQWHQVLW\PRGXODWRU XVHVDODFK =HKQGHU W\SHLQWHUIHURPHWF
ZDYHJXLGH LV VSOLW LQWR WZR SDWKV DQG UHFRPELQHG DJDLQ ,WV RX!
LQ HDFK SDWK DUP 7KLV GHOD\ LV FUHDWHG E\ DSSO\LQJ DQ HOHFWULF
UHVXOWYV LQ D FKDQJHLQ WKHUHIUDFWLYHLQGH[ 7KH ZRUNLQJ SULQFLS
LWDSSOLHV WR PDWHULDOV FRPPRQO\ XVHG IRU RSWINBOD ZDKIHNIKLGHV V
PRGXODWLRQLV FRQYHUWHG LQWR LQWHQVLW\PRGXODWLRQ E\LQWHUI

7KHHOHFWULFILHOG FDQ EH FUHDWHG E\ DSSO\LQJ YROWDJH DFURVYV WK
WZR VHWV RI HOHFWURGHYV DUH XVHG RQHIRU WKH PRGXODWLRQ VLIQDC
PRGHRUELDV '& 7KHVHHOHFWURGHV DQG WKH RISMWIUFDO ZDYHJXLGH FLC

JRUWKH H[DFW FDOF XO DWHRMQLRPHED SSHQ G L [

$OWKRXIKLQ WKHRU\D SKDVHPRGXODWRU ZRXOG VXIILFHIRU SURGXFLQJD %36.VLJQDC
VHYHUDO UHDVRQV )LUVWO\ LWLVPRUHYHUVDWLOHDQGDOORZVIRUWHVWLQJRI22.DV ZI
RI'WKHPRGXODWRU ZKLFKLVY QRW WKHFDVHIRUWKH SKDVHPRGXODWRU WKDW LV DYDLODI



TIWXIQ %VGLMXIGXYVI ERH 'SQTSRIRXW

JLIXUH 6FKHPDWLF YLHZ RI D QLINMXKL XEPQ@QWRBRNMWW\ PRGXODWRU 7KH RSWLFDO ZDYHJXLGH X
W\SHLQWHUIHURPHWHU WR FRQYHUW SKDVH PRGXODWLRQLQWR LQWHQVLW\PRGXODWLR(
VLIQDO DQG WKH'& HOHFWURGH LV IRU VHWWLQJ W&H GHVLUHG RSHUDWLRQ F

YRU WKH HOHFWURGHYV VHHQ LQ WKH VFKHPDWLF D YROWDJH LV DSSOLHC
HOHFWURGHVY VKDUH WKH VDPH YROWDJH 7KLV FUHDWHVDQRSSRVLWH E>
UHIHUUHGT®RVKVERQQPXUDWLRQ VR UWKHHRORZIHBHR X W SKWKDWIRVHQ LQ

V() 2

2V

ZKHBH () LV WKH RXWPFHWERHKHILQSXW SRZHU RI WKH XQPRGXMODWHG Ol
WKH ELDV SKDVHLGHWIOM YROWDJH DSSOLHG DW WK H 57 HDOUHDAAWUHRIGALWWD B ®
PRGXODWRUDOVRFDOOHG WKHKDOI ZDYNMRWWDJKH FRDWEKIVHUGEMD Y\

bas GHSHQGVRQ WKHYROWDJHDSSOLHGDW WKH'& HOHFWURGHY DQG L\

Ve (1)

Pout (t) = Pin COS  pias (1) +

bias () = + oft)
ZKHUHLY WKH ELDV S\ VLN @KIHWROWDJH DSSOLHG DWWKHVEaWHKIHFWUR
KDOl ZDYHYROWDJH IRUWKH '& HOHFWURGHYV

7TKHKDOI ZDYNYRUWBHHY ROWDJH QHHSKIIGVWWKSLOGEBXHQBH EHWZHHQ WKH W
,QRWKHU ZRUGYVY LWUHSUHVHQWV WKHYROWDJHQHHGHG WRJRIURP FRQ
YLFH YHUVD

, QDGGLWLRQWR WKHSRZHU RIWKHRXWSXW WKHSULPDU\LQWHUHVW IRL
SKDVH LQIRUPDWLRQ RI WKHRSWLFDO RXWSXW LV UHSUHVHQWHG E\ WKH
EHORZ

v ()

2V

ZKHBij{{ DQEyyy DUH WKHLQ DQG RXWSXW HOHFWULF ILHOGYV UHVSHFWLY!
IXQFWLRQV KDYHEHHQ SORWWHG IRUWKUHH GLITHURHIQWBRISHUDWLRQ PRC

Eout (t) = Ein COS  pias (1) +

YRU D VLQJOH SKDV¥ RREBZODWRSIUHVHQWY WKH YROW DS KDQHHGKILG W R7IKQ& XGH IBl UH Q F H
GHILQLWLRQ LV H[SODLQHG NKHFWKL-RBMSI W K ) BS\SFHWQIGNLFDO WR XQGHUVWDQGLQJ WKLV VHFV
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JLIXUH 7KHILHOG DQG SRZHU WUDQVIHU IXQFWLRQ RID ODFK =HKQGHU LQWHQVLW\PRGXO|
2SHUDWLQJ 3RLQW 23 RUELDV GHSHQGV RQ WKHPRGXODWLRQ IRUPDW WKDW LV FKRVH(
PLQLPXP RSHUDWLQJ SRLQW DUH XVHG UHVSHFWLYHO\

(DFK RSHUDWLRQ PRGH LV DFKLHY Hfas EVVKHVEWD Q@ S WKWHFEHOBFVMRU HDFK P
JLYHQ EHORZ

f7KH PD[LPXP RUIXOO FDUULHU RSHUDW{QIOPRGHKLYDFKLHYHG ZKHQ
17KH TXDGUDWXUH RSHUDWLQJ PR&H LYHXEKKRYHG ZKHQ
$17KH PLQLPXP RSHUDWLQUJ PRGHyplasV=D;FKK,HX & ZKHQ

7KH RSHUDWLRQ PRGH LV GLFWDWHG E\ WKH 06 RU RWKHU SXUSRVH WKD!
WKH PD[LPXP RSHUDWLQJ PR GWHFVDICREH N KRDGUQWXUH PRGH LV XVHG IF
ZLWKIDWKDW KDV DQ DV S0 VWIXGH RU EHWZHHQ WKH PD[LPXP DQG PLQLPXP
DQG WKXV FUHDWLQJDQ LQWHQVLW\ PRGXODWHG VLIQDO )RU '36. RU %
LV XVHG WR JREHWZIOID@DB SKDVH\RLOOXVWUDWHGXRUH FORVHO\ LQ

$ VITXDUH ZDYH RU 3VHXGR 5DQGRP %LQDU\ 6LJQDW D3HILHBL G VB KV DAK B PRSLA
LPXP RSHUDWLQJ SRLQW FDXVHV D VZLQJ EHWZHHQ WKH WZR PD[LPXP S
PLQLPXP SRLQW DGLSLQ SRZHURFFXUV ZKLFKFDQ EHVHHQLQ WKH RXW
0O WRLV FDXVHG E\ WKH FKDQJH RI WKH HOHFWULF ILHOG FRPSDUHG WR WK|
IXQFWLRQ IRUWKH PLOQLRXHA PRRGHD@QEH VHHQ WKDW WKH RXMDSX& ILHOG F
1 ZKLFK LV HTXLYDBEBDYW WKRLDN 7R FRQFOXGH LIWKW KR NW@DFRSDWW NG
HOHFWULFDO LQSXW VLIJQDO DQG WKH PLQLPXP SRLQW ELDV LV PDLQWD|
'36. GHPRGXODWLRQ FDQ EH SHUIRUPHG DW WKH UHFHLYHU HQG
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JLIXUH 3RZHU WUDQVIHU IXQFWLRQ ELDVHG DW WKH PLQLPXP SRLQW IRU WKH '36. PRGXOD

35%6 ZLWK D SHDN WRVgHRAY RCKWMIRISIWLFDO RXWSXW SRZHU VWD\V DW WKH PD[LPXP PRVW(C

FURVVLQJWKHPLQLPXP SRLQW 7KH SKDVH RI WKH RBQ®W DFF® FE 0Q VR IBQOVEKDY BW K I | BVHNAHA
36.

WLV LPSRUWDQW WR QRWH WKDW ZKLOH LQ WKHRU\ WKH RSWLFDO SRZ
PD[LPXP RIWKHWUDQVIHU IXQFWLRQ WKLV LV QRWDFKLHYHGLQ UHDOLYV

7KH PRGXODWRU XVHG IRU WKLV WKHVLV LV WKH 0; /1 IURP L;%0O0XH DQ
R MHz@ DOORZLQJGDWDMbD3W®E VXS WHRU EBQGZLGWK PRGXODWRUV ZHU|
EXW XOWLPDWHO\ QRW QHHGHG VR WKLV EDQGZLGWK LV QRWD FRQVWUD

1SHYPEXMSR &MEW "'SRXVSPPIV

,Q WKH SUHYLRXV VHFWLRQ WKH UROHRIWKH '& ELDVY HOHFWURGHYV ZDV
DSSOLHG WKH ELDV SRLQW DQG VXEVHTXHQWO\WKH RSHUDWLRQ PRGH F
0%& WDNHV FDUH RIILQGLQJ WKH FRUUHFW '& YROWDJH WR DSSO\ WR W
WKHRSHUDWLQJ SRLQW WKH 0% & DOVR FRPSHQVDW H¥KIRW SKKDWH GULLI MWV
LV FDXVHG E\ FKDQJHV LQ WHPSHUDWXUH QRQ XQLIRUPLW\ RI KHDW GLV
WR SKRWRUHIUDFWLRQ DQG WKH EXLOG X& RKWWR®GN.G HORIEF\D O VRDKCD VKD
SKDVH GHOD\ WKDW LV FDXVHG E\ VPDOO GLIIHUHQFHVY EHWZHHQ WKH WZ
OXPSHG WRIJHWKHU ZLWK WKH GULIW WR PDNH XS

7KH 0% & DFFRPSOLVKHV WKLY FRQWURO E\ DSSO\LQJ D ORZ DPSOLWXGH
WKH '& ELDV HOHFWURGHYV 7KLV FDXVHV WKH RSWLFDO RXWSXW WR FRQV
GLWKHUVLIJQDO 7KLVRXWSXWLVGHWHFWHG ZLWKDPRQLWRULQJSKRWI
7TUDQVIRUPDQDO\WVLY WKHGHVLUHG '& ELDV YROWDJH FDQ EH GHWHUPLQ
FDQ EHHVWDEQ@L¥KIVGFRQFHSW LV I XV WKW URBRPSAHKRWH R Q @

$ VFKHPDWLF VKRZLQJKRZ WKH 0%& LV FRQQHFWHG WK WHKH, QR\EKIHDODWRU
ILIXUH WKHILEHU FRXSOHU DQG WKH PRQLWRULQJ SKRWRGLRGH DUH LC
UHDOLW\ WKH 0%& PRGHO WKDW LV XVHG LQFRUSRUDWHY WKHVH FRPSR
IRUDQ HIWUD FRXSOHU RU SKRWRGLRGH 7KH O0%& PRGHO XVHG LV WKH 0
QRPLQDO GLWKHU k”dH@ ®IHQGFKDV D>0ORFNL QQU5D BMXWBH\TRADGUDW XUH SRLQ'
GLWKHU DPSOLWXGH LV YDULDE O HnE @WRWMWDWEER®UVDRRNMNBRE QRW LQWHUIF
KLIK TUHTXHQF\PRGXODWLRQ



TIWXIQ %VGLMXIGXYVI ERH 'SQTSRIRXW

JLIXUH %DVLFVFKHPDWLFRIDODFK =HKQGHU ORGXODWRUDQG WKHOR@XODWLRQ %LDV

TMKREP +IRIVEXSV
7TKHVLIJQDO RUIXQFWLRQ JHQHUDWRU QHHGV WR SURYLGHDQ HOHFWUL
7KHPDLQ FRQVWUDLQW WKDW PXVWEHFRQVLGHUHG LQ WKHVHOHFWLRQ
'36. WKH OHQJWK RI WKH GHOD\ OLQH GLFWDWHYV ZKDW GDWD UDWH QHH
UDWH WKH VKRUWHU WKH GHOD\ OLQH ZKLFK LV SUHIHUDEOH 7KH XSSH
WKHVDPSOHUDWHRIWKHRVFLOORVFRSHDQG WKHEDQGZLGWK RI WKH S
WKHUHTXLUHPHQW D GDW bibid 85\@ H> K VDWE & HDDNWWD L @H G

$QRWKHU FRQVWUDLQW LV WKH XVH RIDYDLODEOH HTXLSPHQW 6SHFLDC
DW KLJK GDWD UDWHV DUH KDUG WR FRPH E\ DQG ZHUH XQDYDLODEOH D\
7TKHUHIRUH WKHRQO\DYDLODEOHVLIJQDO JHQHUDWRU WKDW VDWLVILHG
7T7TL 7* KDVDEDQGZLAGWKAXSEWMW FBQQRW JHQHUDWH D 35%6 RQO\D VT.

+RZHYHU LWLV LPSRUWDQW WR QRWH WKDW D VLIJQDO JHQHUDWRU GRH\
DOO IUHTXHXQBXHW WKH VTXDUH ZDYH FDQ EH VHHQ IRU D QXPEHU RIITUHT
PHWULF E\ ZKLFK WR HYDOXDWH WKH fVTXDUHQHVVY RI D 35%6 RUVTXDU|
WLPH RI WKH yLIRD® WXH ULVHDQG IDOO WLPH RI WKH VTXDUH ZDYH KD
VHYHUDO IUHTXHQFLHY $FOHDULQFUHDVHRIWKHULVH IDOO WLPH ZLWHK
WKHIUHTXHQF\LQFUHDVHY 6RDKLJKHUGDWD UDWHFRPHV DW WKH FRVYV
WKH SHULRG WLV LPSRUWDQW WR QRWH WKDW WKH WRWDO ULVH IDOO
DOQV\UDWLR DERYH QRORQJHU UHSUHVHQWYV DUHDO VTXDUH ZDYH EXW |

JRUD VTXDUH ZDYH LW LV DOVR LPSRUWDQW WKDW WKH ORZ DQG KLJK S’
7KH GXW\ F\AFOH Rl WKH KLJK SXOVH ZzDV PHDVXUHG DFURVYV D UDQJH RI |
JLIXUH 1R FOHDU WUHQG LV YLVLEOH EXW WuwWH @HZILWIK ® L V VELXQWFW FROMO
7TKHVH WZR IDFWRUVY VKRXOG EH WDNHQ LOQWR DFFRXQW ZKHQ VHOHFWLQ.
ZDYH



TIWXIQ %VGLMXIGXYVI ERH 'SQTSRIRXW

JLIXUH 7KH VTXDUH ZDYH JHQHUDWHG E\ WKH 77L 7* VLIQDO JHQHUDWRU IRU D QXPEHU F
Y@ 7KLV DPSOLWXGH LWHKDMDIO/WRMGHRU WKHILQDO WHVWV $V WKHIUHTXHQF\LQFU
EHFRPHV OHVV VTXDUHDQG PRUH VLQXVRLGDO

JLIXUH 5LVHDQGIDOO WLPHYV RI DDUTXDMWH XWXH\FOH KLJK RIDVTXDUH ZDYH FUHDW
H[SUHVVHG DV D UDWLR RI WKH SHULRG WHKHTHQBLCHYHOMHUIDWR UU RPHT XH QMHzKY UDQJLQJ IL
WR Mz @ ZHUH WHVWHG $V WKH IUHTXHEBBHLWARVWBIGHYGWBBO\ WKH GXW\ F\FOH LV E X\
ULVH IDOO WLPH FRPSDUHG WR WKH WRW D O BHHRBWEREF RRHY DWUHNMAIWR U WKH VHOHFWHG |L

(IXIGXSVW
JRUWKH SKRWRGHWHFWRUVY WKDW ZLOO EH XVHG WKH PRVW LPSRUWDQ\
WKDWLVWRRORZUHVWULFWY WKHPD[LPXP GDWDUDWHDQG WKHUHIRUH
HDUOLHU WKH EHQHILWYV RI'36. ZLWK UHVSHFW WR 22. FDQ RQO\ EH XQOI
RSSRVHG WR D VLQJOH SKRWRGHWHFWRU +RZHYHU IRU DHWNAERIHQFH S XL
XVHG

$QRWKHULPSRUWDQW FRQVWUDLQW WKDW D SKRWRGHWHFWRULPSRVHV
WKHGLYHUJHQFHRIWKHEHDPYVY DVPDOOHU SKRWRGLRGH PD\PDNH WKH
EXW PRUH GLIILFXOW WR IRFXV DQG GHSHQGVY RQ WKH RSWLFDO VHWXS
EDODQFHG SKRWRGHWHFWRU WKHPRVW LPSRUWDEMHVSHFLILFDWLRQYV K



(IWMKR 'LSMGIW

7DEOH 6SHFLILFDWLRQV RI WKHVLQJOHDQG EDODQFHG GHWHFWRU WKDW ZHUH V|

6LQJOH 3'$ | ®DODQFHG 3'% &
%DQGZLGWK G% 400 MHz @ 100 MHz @
5HVSRQVLYLW\ # QP 103 A=W @ 1:02 A=W @
$FWLYH DUHD GLDPHWHUS50 >m @ 300 >m @
7UDQVLPSHGDQFH JDLG %0t MA@ 5 10° ¥=A @
&RPPRQ ORGH 5HMHFWLRQ 5DWLR 130 8B @

1(3 20 pW= Hz @ 75 pW= Hz @
2YHUDOO RXWSXW YROWD ¥H@RLVIH < 65 ¥ms @
2XWSXW GDUN '& RIIVHW20 mV @ < 10mV@

SWGMPPSWGSTI
$Q RVFLOORVFRSH LV XVHG WR VWRUH DQG DQDO\|H WKH SKRWRGHWHFW
RVFLOORVFRSHZDV WKH3LFR6FRSH " 7TKHPRVWLPSRUWDQWFRQVWUD
MHz@ DQG D PD[LPXP VDPEBER@ UDKMHHVIPSOLQJ UDWH GRHV QRW SODFH D
GDWD UDWH VLQFHLW QHHGV WR EHDPLQLPXP RIWZR WLPHV WKHEDQGZI
GDWD UDWMbW&@ +»RZHYHU WKLV LV RQO\SRVVLEOHLIVDPSOLQJLV SHU!
ZKLFK UHTXLUHV D WLPLQJUHFRYHU\ORRS %HFDXVH WKLV LV QRW XVHG
ELWGHWHUPLQHY KRZFORVHRQHFDQ JHW WR WKH PD[LPXPLQWHQVLW\ R
WREHPDGHEHWZHHQ WKH GDWD UDWHDQG WKH QXPEHU RIVDPSOHYV SHU

(IWMKR 'LSMGIW

*LYHQ WKDW WKH OLPLWDWLRQVDQG FRQVWUDLQWYV RIWKHPDLQ FRPSRC
WKH VSHFLILF GHWDLOV RI WKH ILQDO VHWXS FDQ EH GHFLGHG 7KH PDM
DQLWHUDWLYHPDQQHU WKURXJKRXW WKH WKHVLY EXWWKHPRWLYDWLI
SDUWLFXODU RUGHU )LUVWO\ WKH GDWD UDWH WKDW LV FKRVHQ ZLOO E
UHIJDUGLQJ WKHRSWLFV XVHG LQ WKH VHWXS ZLOO EH GLVFXVVHG

(EXE 6EXI

2QH RI WKH PDLQ FRQVWUDLQWY LPSRVHG E\ WKH VLJQDO JHQHUDWRU LV
DVITXDUH ZDYH 8QOLNH D 35%6 D VTXDUH ZDYH RQO\ DOWHUQDWHV EH
DVTXDUH ZDYH SHULRG UHSUHVHQWY ELWV ZKHQ GHOD\HG E\ ELW GX
VLIQDOV LV RQO\GHVWUXFWLYH 7KLV ZRXOG PHDQ DQ HQGOHVV VHTXHQ
GHWHFW WKHRWKHU VLIQDO OHYHO IRUFRQVWUXFWLYHLQWHUIHUHQFH
IRUSHUIRUPDQFH HYDOXDWLRQ WKH GDWD PXVW DW OHDVW DOWHUQDW
LPDJLQLQJ WKDW WKHUHDUH ELWV SHU SHULRG RI WKH VTXDUH ZDYH DQ
LQLIXUH



(IWMKR 'LSMGIW

JLIXUH 'LDJUDP VKRZLQJKRZWKHHQFRGHG SKDVHIURP D VTXDUH ZDYH WUDQVODWHYV LQ)
GHPRGXODWLRQLV SHUIRUPHG 7KHOHIW VKRZV DVTXDUH ZDYH ZLWK ELWV SHULRG ZKHU
SHU SHULRG )RUDOWHUQDWLQJELWY DW WKH GHWHFWRU ELWV SHU SHUL

6R HYHQ WKRXMKAVEKWLIGDO PHHWYVY WKH PLQLPXP GDWD UDWH UHTXLUHP
WHVW WKH SHUIRUPDQFH 8QIRUWXQDWHO\ SHUIRUPNMEZWKIH QBEDWW SH L
QRW SRVVLEOH VLQFH LW KDV D YHU\KLJKULVH IDOO WLWMHz @@EBIUWLFX
WRR VLQXVRLGDO WR EH VSOL@QWHWRU VAUSDYUBWH ELIWMOV ZRXOG RQO\ (
ZLQGRZ RI WLPH IRU ZKLFK WRWDO FRQVWUXFWLYH GHVWUXFWLYH LQWH
WLPHDW KLIKIUHTXHQFLHYVY OLPLWYV WKH VMHZAV@ EOH IUHTXHQF\ UDQJH WI

$ PDMRU GLVDGYDQWDJH WR ORZHU GDWD UDWHV LV WKDW WKH '/, QHHGYV
LQYHUVHO\ SURSRUWLR DBODVWRI WK HGWYWB dDX\DHVLRQ EHORZ

Lpu :be
$ORQJHUGHOD\VOLQHLQFUHDVHV WKHOLNHOLKRRGIRULQVWDELOLW\ ZI
EHWZHHQ D\ie@ >V D WUDGH RIl EHWZHHQ D VKRUWHU GHOD\ OLQH DQ
ORQJHUULVH IDOOWLPHOHDGVY WRIHZHU VDPSOHYVY SHUELW DQG ZLWKR
ELWGHWHUPLQDWLRQ D VKRUWHU ULVH IDOO WLPH LV SUOh@HWRW® O7KH (
ZDVQRW VXEVWDQWLDO HQRXJKWR FRQVLGHU D ORQJHWHL@H. DOYOO WLPI
FKRVHQ :LWK ELWV SHU SHULRG W KvbN=3@Y ¥ DFEKDWMHD X DWH/FDI GH® D\ O LC
R m@ RUM@URXQG WULS

,Q UHWURVSHFW WRR PXFK HPSKDVLV ZDV SXW RQ WKH ULVH IDOO WLPH
F\FOH $V VHHQ@UK®Y DW MHz@ WKH GXW\ F\FOH LV KLIJKO\ XQHTXDO $
ZRXOG KDYH EHHQ WR WHVW I[UHTXHQFLHVY EHWZHHQ DQG O0K] WKDW KI
LQFUHDVHLQULVH IDOOWLPHZRXOGEHLQVLIJQLILFDQW FRPSDUHG WR V

*LYHQ WKDW WKH VDPSOLQJ UDWIHzL® KLVR PRMRKV ISHRIUELW WKH XQHTXDC
VKRXOG QRW DIIHFW WKH ELW GHWHUPLQDWLRQ JUHDWO\

6HHLJIJXUH



(IWMKR 'LSMGIW

STXMGEP WIXYT HIWMKR
7TRLPSOHPHQWDQG WHVWD IXQFWLRQDO FRKHUHQW GHWHFWRU LW IROC
UHFHLYHG RQ D SKRWRGLRGH 7KHELJIJHVW FRQVWUDLQW LQ GHVLJQLQJ
WRWDO SDWK OHQJWK $V WKH SDWK OHQJWK LQFUHDVHVY WKH GLYHUJHC
DQG DQ\ VPDOO DQJXODU RIIVHWY PDNH DOLJQPHQW PRUH Ghi®@LFXOW 7|
WKHUH DUH WZR PDLQ RSWLRQV

20 DQRSWLFDO EUHDGERDUG D VHULHV RIPLUURUV LV XMH®& LQ VXFK
LVDFKLHYHG

8VLQJD SULVP SODFHG DWnI@G URW WKHHBEHDP ¥ SOLWWHUV

7KH SULPDU\DGYDQWDJH RI WKH ILUVW RSWLRQ LV WKDW LW FRXOG EH VI
LQDPRUHVWDEOH GHOD\OLQH +RZHYHU WKH QXPEHU RIVLQJOH PLUUR
EUHDGERDUG PDNHDOLJQLQJLWPXFKKDUGHU 7KHVHFRQG RSWLRQ SUL
PDNLQJ WKHGHOD\OLQH OHVV VWDEOH

$ PDMRU DGYDQWDJH RI WKH SULVP LV WKDW WKH WZR IDF®08 DUH JXDUD
HOLPLQDWLQJWZR GHJUHHV RI ITUHHGRP WKDW DUH QRW QHHGHG (VVHQ
DQG RXWJRLQJEHDPV DUH SDUDOOHO WR HDFK RWKHU HYHQ LI WKHUH LV
JLIXUH D 7KLV UHGXFHV WKH GHJUHHV RI IlUHHGRP WR WZR ODWHUDO G
7KLV FDQ EH MHXQHE F

JRUWKHILUVW RSWLRQ HDFK PLUURU KDV GHJUHHV RIITUHHGRP HDFK
2Q bDVPDOO EUHDGERDUG WKH QXPEHU RI PLUURUV UHTXLUHG WR FUHDYV

7KH WRWDO QXPEHU RI GHJUHHV RITUHHGRP WKLV DGGV PDNHV DOLJQP
VWULFWO\QHFHVVDU\IRUFUHDWLQJDIXQFWLRQDO UHFHLYHU 7KHUHIR
ZDV FKRVHQ

7R XVH WKLV GHOD\OLQH D FROOLPDWHG EHDP LVUHTXLUHG )RUD *DXV\
PDWLRQLVQRWDFKLHYDEOH DQGWKHUHZLOODOZD\VEHVRPHGLYHUJH!
DLPVWRDFFRPSOLVK LV PLQLPL]JLQJ WKLYV GLYHUJHQFH 6SHFLILFDOO\IF
SUHIHUUHG VLQFH WKHUHIHUHQFH IL[HG DQG GHOD\HG EHDPV ZLOO EH

'LWKRXWDQ\DGGLWLRQDO RSWLFV WKH OLJKW H[LWLQJ WKHILEHU KDV
WR RFFXU DW WKH EHDP VSOLWWHU LQ DGGLWLRQ WR PRVW RI WKH SRZ
DUH QHHGHG WR FRUUHFW IRU WKLV 7R FKRRVH WKH ULJKW RSWLFV IRU
FRQVLGHUHG

+t3UHIHUDEO\ WKHEHDP GLYHUJHQFHLVDVVPDOODV SRVVLEOH 7KLV I
GLDPHWHU

$+7KH EHDPVSOLWWHU KDV D FLUFXODU R $H@L Q X B QWAKKH & IHIDAPHGALHDWP R W |
LV ODUJHU WKDQ WKH RSHQLQJ FOLSSLQJRFFXUV UHVXOWLQJLQGLI
IULQJHV PDNLQJDOLJQPHQW PRUH GLIILEFXOW

2QHRIWKHPRUH VWUDLIJKWIRUZDUG RSWLRQV IRUFROOLPDWLRQ LV WR ¢
ILEHU H[LW 7KH ODUJHU WKHIRFDO GLVWDQFH WKHODUJHU WKH GLDPHYV
EHDP GLYHUJHQFH 7KHLVVXHZLWKDODUJHUEHDP GLDPHWHU LV WKDW L
EHDP VSOLWWHU 7KDYV FDWHES VBNWROQFIWLRQ WR WKLV LVVXHZRXOG EH WK
ZLWKDODUJHUDSHUWXUH +RZHYHU WKH SULVPTV GLPHQVLRQV FRQVWU
VPDOOHU RQHV WR EH VXLWDEOH

$OQORWKHU RSWLRQ LV WKH XVHRIDWULSOHW FROOLPDWRU ZKLFK LV PRX
EHVHHQLQUH H 7KHPDLQEHQHILWRIWKHWULSOHW FROOLPDWRU LV WK
UHVXOWVLQDEHDPGLDPHWHU VPDOOHUWKDQ WKHEHDPVSOLWWHU DSH
ZDV IRU WKH GHOD\HG EHD RmRRH KX BKQY PXFK VPDOOMHWA@VESQUWHIH >
7KHELJGUDZEDFN LV WKDW WKHUH LV D VLIQn@FDLQWBERBDBP GLOW KRKQIK MY
QRW LGHDO IRULQWHUIHULQJ WKH ILIHG DQG GHOD\HG EHDPV LW LV IXQI
IXUWKHU H[SBRWHBQ Q

J)LQDOO\ RQFHWKHFROOLPDWHG EHDP UHDFKHVY WKH SKRWRGHWHFWRU
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WKHEHDP GLDPHWHU LVPXFKODUJHUWKDQ WKDW RIWKHSKRWRGLRGH Z
LVORVW ,QDUHDO VHWXS WKLV VKRXOG EHGRQHWRPLQLPL]JH SRZHU O
LVORWWRJIJHW WKHEHVW SRVVLEOH SHUIRUPDQFH DGGLQJDIRFXV OHQ\
HOHPHQW WR DOLJQ ,Q DGGLWLRQ WKH SKRWRGHWHFWRU KDV D VDWXU
WHVWLQJ SXUSRVHV D ODUJHU SRZHU LV QRW QHHGHG

J)LIXUH 2SWLFDO VHWXB LTRGBXWIVHZRW DRAHVOD\ OLQH XVLQJ D SULVP :KHQ WKH SULVP LV |
FRPLQJEHDPV UHPDLQ SDUDOOHO E 7RSYLHZRID GHOD\OLQHZLWKD SULVP WKDW KDV |
EHDP WR PLVV WKH HQWUDQFH RI WKH EHDPVSOLWWHU F 6LGHYLHZRIWKHSULVP $URWD
EHPLVDOLJQHG G ODQXDO FROOLPDWLRQ VHWXS XVLQJD VLQJOH OHQV 7KHDSHUWXUH \

WKH EHDPVSOLWWHU H &URVV VHFWLRQ RI@ WULSOHW FROOLPDWRU 6R

‘H FDQ QRZ SURYLGH DQ DQVZHU WR 5HRNH b D RKD4KXKRIK/MMLHR@W IUHH VSDFH
GHWHFWLRQ VIVWHP EH GHVLIQHG DQG LPSOHPHQWHG LQ D 2BRERWUDWR U\
LV

$:LWK WKH VIVWHP DUFKLWHRWMUH ODLG RXW LQ

$8VLQJ WKH FRP SR QH QWYFWSLHIE® BDHE® HQ

$:LWK WKH '/, KDYLQJ D O@FRVPISRBWLEOH ZLWK IMBB¥ED UDWH RI >

$:LWK WKH RSWLFDO VHWXESY IGFHW E RIZEIHGAKRLFHY DUH WKH XVH RI D SUL
'/, DQG D WULSOHW FROOLPDWRU IRUWKH FROOLPDWLRQ RI WKH EHDP

7DEOH 6XPPDU\ RI WKH PRVW LPSRUWDQW FRPSRQHQWYV XVHG IRUWKH ILQDO

&RPSRQHQW 3bDUwW 1DPH
/IDVHU 6 RXUFH 1$= /1$% 1/
,QWHQVLW\ORGXODODWRU 3'3 3 )% )%
ORGXODWLRQ %LDV%& Q*W/$ RO HU
6LIQDO *HQHUDWRMAYL 7%

6LQJOH 3IKRWRGHWHFW&RU
%DODQFHG 3KRWR& POWHFWRU
7TULSOHW &ROOLPDOWR)E
2VFLOORVFRSH 3LFR6FRSH '
,QIUDUHG &DPHUD&KHHWDK




7IWXIQ -QTPIQIRXEXMS
" IVMhGEXM S

$IWHU VHOHFWLQJ WKH VA\VWHP FRPSRQHQWY FRPSOHWLQJWKHRSWLFD!
VHWXS FDQ EH LPSOHPHQWHG RQ DQ RSWLFDO EUHDGERDUG %HIRUH SH
WKH ILQDO UHVXOWYV LW VKRXOG EH HQVXUHG WKDW FULWLFDO V\VWHP
SHUIRUPLQJ WKH GHVLUHG IXQFWLRQ 7KLV FKDSWHU ZLOO FRYHU D QXP
LPSOHPHQWDWLRQ LV SHUIRUPHG FRUUHFWO\

,Q WKH ILUVW VHFWLRQ WKH KDOI ZDYH YROWDJH Rl WKH PRGXODWRU L\
FRUUHFWO\ DOWHU QQWBMHV,DAMMEMH® Q WZR WKH DOLJQPHQW RIRSWLFDO
LV YHULILHG VXFK WKDW RSWLPDO LQWHUIHUHQFH FRQGLWLRQV RFFXU I
VHFWLRQ WKH SHUIRUPDQFH RI WKH 0%& LV YHULILHG ZKLFK LV QHHGH
VLIJQDO ,Q VHFWLRQ IRXULW LV YHULILHG WKDW DFWXDO '36. GHPRGXOT
WKH ILQDO LPSOHPHQWHG KDUGZDUH VHWXS LV SUHVHQWHG DV ZHOO DV~

,EPJ [EZI ZSPXEKIHIXIVQMREXMSR
2SHUDWLQJWKH PRGXODWRU FRUUHFWO\ UHTXLUHV WZR FRQGLWLRQV

7KH ELDV SRLQW LV VHW DSSURSULDWHO\ WR WKHPRGXODWLRQ VFKH!

7KH DSSURSULDWH DPSOLWXGH RI WKH 5) LQSXWWRJIDOW UYRU 22. DQC
VSHFWLYHO\

$V VHHOYXBVHFWLRWKH ELDV SRLQW GHSHQGY RQ WKH KDOI ZDYH YROWD
PRGXODWRU 6LQFHWKHELDVFRQWUROOHUILQGY WKWFIRUWHERHMLDV SFK
QRWQHHGWREHGHWHUPLQHG RUYHULILHG 7KLVLVQRWDSSOLFDEOH W
PXVWEH VHW PDQXDOO\ )RU WKLV UHDVRQ WKH PDQXIDFWXUHU SURYLG
WKH WHVW UWY SIRWWV KHKKBE) SRUW LV VIidiSBWVWHGET X KKBzZR® RKHQ@ XVLQJ D
SXUHVLQH ZDYH LQSXW

+RZHYHU WKLV YDOXH FDQQRW EH WDNHQ IRUJUDQWHG )LUVW WKH KDC
WR EHIUHTXHQF\ GHSHQGHQW 6HFRQG WKH KDOI ZDYH YROWDJH LV VS
XVHG 7KLV LV EHFDXVH D VLIJIQDO JHQHUDWRU LV QRW JXDUDQWHHG WR
GLITHUHQW IUHTXHQFLHYV

7R LOOXVWUDWH WKH LPSRUWD Q¥ KR XWH /XKW KRGRRIUHFW[RASOH D YL

Y@ LV XVHG ZKHQ LQ WH®O)RW PW. LWKLWZRXOG PHDQ WKDW \RX UHDF
PD[LPXPDWWDLQDEOH SRZHU )RV 'E®XWHK\YL WRHVAVURNHE SEDVH FKDQJH DQ
VXERSWLPDO LOQOWHUIHUHQFH :LWK WKLV SDUWLFXODU H[DPSOH DURXC
$SSHQGL[ VHAWURNKXH FDOFXODWLRQ $OWKRXJK WKLY SRZHU ORVV LV QI
DYRLGHG E\ XVLQJ WKHFRUUHFW KDOI ZDYH YROWDJH )XUWKHUPRUH Wtk



,EPJ [EZI ZSPXEKIHIXIVQMREXMSR

LQ ZKLFK WKH SRZHU RIHDFK LQWHUIHULQQ HHEDK H\ KBMOFRWH BRXBO WKD
RWKHU WKHHITHFWRDPRAIQERVWKHAMS RZHU ORVYV

*LYHQ WKDWOWWKHz @ LV XQNQRZQ WKHEHVW FRXUVHRIDFWLRQ LV WR GH)

OS[JVIUYIRG] 6* LEPJ [EZI ZSPXEKIHIXIVQMREXMSR
"HWHUPLQLQJWKHKDOI ZDYH YROWDJHLV GRQHE\ILQGLQJWKHYROWDJt
PLQLPXP SRZHU 7KH PD[LPXP DQG PLQLPXP SRZHU FDQ EHLQIHUUHG E\V
BHSURGXFLQJ WKH WUDQVIHU IXQFWLRQ FDQ EH DFKLHYHG E\UHODWLQJ
SRZHU RXWSXW RI WKH PRGXODWRU DW HYHU\ VDPSOH 7KH WUDQVIHU IX
VLIQDO RQ WKH [ D[LVDQG WKH RXWSXW SRZHU RQ WKH \ D[LV 7KH KDUG
VHHQL&DXUH

JLIXUH 'LDJUDP VKRZLQJ WKH KDUGZDUH VHWXS QHHGHG WR SURGXFH WKH WUDQVIHU IXQF
WKH KDOI ZDWH FBQWB GHWHUPLQHG $GDSVWHG IURP >

2QHLVVXH ZLWK WKLV VHWXS LV WKDW LW UHTXLUHVY WKH VLIJQDO JHQHUL
WKHDYDLODEOHVLIQDO JHQHUDWRU KDV RQO\D VLQJOH RXWSXW 7KLV L
VLIQDO WRJR WR ERWK WKH VLIQDO JHQHUDWRU DQG WKH RVFLOORVFRS

JRUWKH WHVW LWVHOI DQ DPSOLWXGH PXVW EH FKRVHQ IRU WKH LQSXW
VKRXOG EH KLIJIK HQRXJK VXFK WKDW WKH PD[LPXP DQG PLQLPXP RI WKH
LGHQWLILHG )RV IRSUNXXWHKHGY ZRXOG PHDQ D SHDW, WR FEIMWODNUWY WR D/Q J H

Y@ ,Q WKLVY,FBYHN>® ZDV FKRVHQ DW D IWKHZA@HPFUWKHWBPRUH LW LV LPS
WR QRWH WKDW WKLV WHVW LV GRQH ZLWK D VLQH ZDYHLQVWHDG RI D 35¢
KLIKHU RUGHU KDUPRQLFV WKDW GLVWRUW WKH UHYXIOWWY 7KH WUDQVIH

$V ZH ZLOO VHH LQ VXEVHTXHQW VHFWLRQV WKLV LV QRW WKH FDVH
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