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1. Introduction

1.1 Purpose

Background:

=  FAA Order 7110.65 (Ref. 1), Section 5-9-6, authorizes simultaneous dependent approaches for
aircraft pairs with a minimum of 1.5 nautical mile (NM) radar separation to parallel runways
whose centerlines are at least 2,500 feet but no more than 4,300 feet apart, with Instrument
Landing System (ILS) or Area Navigation (RNAV) Global Positioning System (GPS) guidance
permitted for aircraft approaching either runway.

=  FAA Order 7110.308 (Ref. 2) authorizes simultaneous dependent approaches for aircraft pairs
with a minimum of 1.5 NM radar separation to specific/named parallel runways separated by
less than 2,500 feet that have ILS guidance to both runways, with Heavy and B757 aircraft
excluded from the lead position.

The purpose of this memorandum is to provide recommended Total System Error (TSE) models for
aircraft using RNAV (GPS) guidance when analyzing the wake encounter risk of proposed simultaneous
dependent (“paired”) approaches, with 1.5 Nautical Mile (NM) minimum radar separation, to Closely
Spaced Parallel Runways (CSPR). CSPR are defined as having centerline spacing less than 2,500 feet.
RNAV (GPS) is being evaluated as a source of guidance to aircraft approaching one or both runways of
specific pairs, in lieu of or in addition to ILS guidance.

1.2 Wake Encounter Risk Analysis Methodologies

When analyzing dependent operations to candidate CSPR pairs pursuant to Order 7110.308, separate
analysis methodologies, including separate aircraft TSE models, are used to evaluate the wake
encounter risk of the trailing aircraft in the following regimes:
= Qut of Ground Effect (OGE) regime — taken to begin 2 NM from the threshold of the runway
approached by the lead aircraft, and to end at 14 NM from that threshold. The 2NM boundary is
based on the fact that Large wake category aircraft, when in the lead (wake-generating)

position, are expected to have their vortices completely remain in the OGE regime at this
location until their demise

= In Ground Effect (IGE) / Near Ground Effect (NGE) regime — taken to be the region between the
touch-down point and 2 NM from the arrival runway threshold for the lead aircraft. In this
region, a Large category aircraft could have portions of the wake it generates affected by the
influence of the ground.

In the OGE regime, a simulation is used to predict wake encounter risk as a function of the (a) geometry
of the CSPR pair (centerline separation and arrival threshold stagger); (b) statistical crosswind profile
(which transports the wakes) derived from measurements or data-driven nowcasting models;

(c) measured wake descent distribution ; (d) nominal lateral and vertical separation of the aircraft along
the approach route; and (e) lateral and vertical total system errors (TSEs) of both aircraft.

In the IGE/NGE regime, a data-driven wake encounter analysis methodology that has been used to
analyze CSPR approaches with ILS guidance (e.g., for the initial approval of Ref. 2) is used, without
modification, for analyses involving RNAV (GPS) guidance — see Section 4.3.2.
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2. Certified GPS Receiver Families and Associated Approach Procedures
There are three families of GPS receivers certified for use under Instrument Flight Rules (IFR):

‘GPS’ Receivers — Receivers that do not utilize augmentation signals from outside the aircraft are
informally called ‘GPS’ receivers. These receivers can be used as a source of horizontal guidance during
IFR operations. However, they cannot be used as a vertical guidance source under IFR operations.
Instead, a Baro-VNAV system (which includes a Flight Management System (FMS)) is employed to
achieve an approach capability with vertical guidance. The LNAV/VNAV procedures for which GPS/Baro-
VNAYV guidance is qualified generally have significantly higher minima than ILS Category | procedures or
the LPV procedures for which ‘WAAS’ receiver guidance is qualified — see example RNAV (GPS)
approach plates in Sections 5.1 thru 5.3.

Originally, to be certified for IFR, FAA required that ‘GPS’ receivers comply with Technical Standard
Order (TSO) C129 (Ref. 3), which relies heavily on RTCA Document DO-208 (Ref. 4). Subsequently, after
over a decade of operational experience and lessons learned, new standards addressing the same topics
— TSO €196 (Ref. 5) and DO-316 (Ref. 6) — were issued and TSO C129 was cancelled.”

‘WAAS’ Receivers — Receivers that utilize Satellite-Based Augmentation System (SBAS) signals are
informally called ‘WAAS’ receivers. In the U.S., SBAS signals are provided by the FAA’s Wide Area
Augmentation System (WAAS) satellites. These receivers can provide both horizontal and vertical
guidance that (when the satellites within view meet certain criteria) is comparable to that from ILS
Category | installations. The associated approach procedures are called LPV procedures, and, when
satellite coverage permits, generally have minima comparable to those for ILS Category | procedures
(Sections 5.1 thru 5.3). When satellite coverage is degraded, WAAS receivers may meet the
requirements for LNAV/VNAV approaches while providing more accurate guidance than ‘GPS’/Baro-
VNAV equipage.

WAAS receivers conform to either TSO C145 (Ref. 7) or TSO C146 (Ref. 8), both of which rely heavily on
RTCA DO-229 (Ref. 9). TSO C145 applies to receivers that are integrated with an aircraft’s FMS, while
C146 applies stand-alone receivers (which generally have some FMS functionality built in).

‘LAAS’ Receivers — Receivers that utilize Ground-Based Augmentation System (GBAS) signals are
informally called Local Area Augmentation System (LAAS) receivers, which is the name of an FAA
program addressing this topic.

The third/last family is not addressed further herein. ‘LAAS’ receivers are intended to provide the
equivalent of ILS Category Il and/or llI precision approach capabilities (CAT II/Ill), whereas the focus of
Order 7110.308 is CAT | or near CAT | approach capabilities.

* A "cancelled TSO" means that the FAA will no longer issue authorizations for new/revised avionics designs against that
TSO. However, any equipment authorization issued prior to the cancellation of the TSO remains valid and may continue
to be manufactured and marked in accordance with that authorization. Also, operational use in the National Airspace
System (NAS) of aircraft equipment previously authorized under a now-cancelled TSO continues to be authorized.

-2-
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3. Additional Aircraft Equipage Restrictions for RNAV (GPS) “.308” Operations

3.1 Summary of Recommended Restrictions

For “.308” dependent approaches to CSPR with RNAV (GPS) guidance to one or both runways, it is
recommended that two restrictions be placed on the aircraft’s equipage and usage, in addition to those
required for independent single-runway approach operations:

= Aflight director (FD) (which is often accompanied by autopilot (AP) equipage) be required

= Additional temperature limitations be imposed if an LNAV/VNAV procedure is flown using baro-
altimeter vertical guidance without temperature compensation when ILS guidance is used for
the other runway (see Section 3.3.2).

For “.308” operations, a RNAV (GPS) equipped aircraft must conduct an approach procedure that
requires vertical guidance — either LPV or LNAV/VNAV. RNAV (GPS) equipped aircraft engaged in “.308”
operations should not be authorized to conduct a LNAV approach.

It is recommended that requirements for these equipage capabilities be stated on the approach plates
involved, in the pilot briefing information section near the top of the chart. This section consists of three
horizontal rows of boxed procedure-specific information. The middle row contains procedure notes and
limitations (as well as other information).

3.2 Flight Director Required

Basic information about Flight Directors (FDs) is presented in Section 5.4. The primary benefit of a FD is
that it significantly reduces Flight Technical Error (FTE), in some cases to less than one-third the FTE
achieved by “hand flying” the aircraft using basic Course Deviation Indicator (CDI) and Vertical Deviation
Indicator (VDI) displays (Ref. 10). Current Instrument Approach Procedures (IAPs) for simultaneous
approaches to parallel runways at several airports require use of a FD (examples are shown in

Sections 5.1 thru 5.3).

Recommended wording for the procedure using RNAV (GPS) guidance would be similar to:
“Simultaneous approach operations authorized with Rwy XX ILS. LNAV procedure NA during
simultaneous operations. Use of FD or AP required for course and path guidance during
simultaneous operations.”

Recommended wording for the associated ILS procedure would be similar to:

“Simultaneous approach operations authorized with Rwy YY RNAV(GPS). Use of FD or AP required
for course and path guidance during simultaneous operations.”

The requirement for a FD will only exclude a small fraction of aircraft which might want to participate in
“.308” operations at major airports. Aircraft with un-augmented GPS receivers and a Baro-VNAV system
are currently required to have a FD to perform LNAV/VNAV approaches (Ref. 11). Also, aircraft with
WAAS receivers conforming to TSO C145 (Ref. 7, addressing navigation sensors that must be integrated
with an aircraft’s FMS) usually have a FD as well. The primary aircraft group that might be excluded is
those with panel-mounted WAAS receivers conforming to TSO C146 (Ref. 8). These aircraft generally
have basic CDI and VDI displays and fly at slower approach speeds than most aircraft with a FD (Ref. 12).
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During a “.308” operation, the leading aircraft sheds wake vortices that, in effect, could be “soft
obstacles” for the trailing aircraft. Wake vortices are soft obstacles in the sense that some encounters
are permitted and acceptable, but a proposed new procedure or operation must demonstrate that,
statistically, the rate or likelihood of wake encounters will be no more than occur with current single-
runway in-trail operations that have been demonstrated to be and accepted as safe.

Reduced lateral and vertical TSE for both the leading and trailing aircraft is instrumental to wake
avoidance by the trailing aircraft during “.308” operations. The rationale for requiring a FD for an RNAV
(GPS) equipped aircraft is, firstly, to reduce the vertical FTE so that the TSE is in the range +100 to +125
feet (95%). Modeling, simulations and analyses have shown this TSE range to be effective in limiting the
wake encounter rate for an aircraft in the trailing position. Without a FD, the VDI display full-scale
deflection will be £500 feet for a significant portion of the operation, making it difficult to attain the
target TSE level (Ref. 9). Limiting the vertical TSE of the aircraft in the lead position is similarly important,
as the leader’s glide path is designed to be lower than trailer’s.

The second reason for requiring a FD is to limit the horizontal FTE (and thus TSE) of an aircraft
participating in “.308” operations prior to its arriving at the Precision Final Approach Fix (PFAF).
Nominally, the PFAF is located 5 NM from the runway threshold, while “.308” approaches operations
can extend to 12-14 NM from the threshold. In the region outside the PFAF, the CDI display can have
full-scale deflections of +1 NM (see Figure 1, from Ref.12, Section 1.4). For ‘WAAS’ receivers, there is
another CDI display mode, Vector-To-Final (VTF), which may be used as an alternative but has not been
fully vetted in this context. The VTF mode is intended for use when ATC is vectoring aircraft off of a
defined route or procedure to intercept the approach course. Implementation of VTF mode is
manufacturer dependent and in some cases, certain waypoint information may be lost when it is
engaged. This could create complications for ATC in certain situations. Thus use of a FD is preferred.

2 HM PFAF

@y

+-1 NM \

LOC like

Figure 1 CDI Scaling for TSO-C145b / C146b WAAS Receiver in Non-VTF Mode (Ref. 12)

3.3 Temperature Restrictions on Use of Baro-VNAV Systems

3.3.1 Background on Baro-VNAV Guidance Temperature Sensitivity

The design of aircraft altimeters does not provide a means for compensating for deviations from the
standard day sea level temperature of 15 °C (59 °F). Ambient temperatures which are less than the
standard cause the altimetry system to report a higher altitude (height above sea level) than is true.
Conversely, ambient temperatures which are greater than the standard day value cause the altimetry
system to report a lower altitude than is true.
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Some aircraft are equipped with a Flight Management System (FMS) that can compensate for the effect
of non-standard temperature on the output of the barometric altimeter (Ref. 13). Since cold weather is
the greater safety concern, a significant fraction of these FMS systems only compensate for temper-
atures that are less than the standard day value.

Because of the pronounced effect of nonstandard temperature on Baro-VNAV operations, IAPs that
have baro-altimeter vertical guidance contain temperature limits below and above which use of the
approach is not authorized unless temperature compensation is available. For example, the RNAV (GPS)
approach plate shown in Section 5.1 has this statement: “For uncompensated Baro-VNAV systems,
LNAV/VNAV NA [Not Available] below -8 °C (18 °F) or above 54 °C (130 °F)”.

The temperature restrictions on approach plates were developed for independent operations to a single
runway. In some cases, for a 3.0 degree charted Baro-VNAV glide path angle, the temperature limits
correspond to 2.5 degree and 3.5 degree actual glide path angles at the extremes. The low-temperature
restriction ensures that the actual vertical path flown is obstacle-free. The high-temperature restriction
reduces the likelihood that, at Decision Height, the aircraft will be above the minimum ceiling and/or
have to execute a significant vertical flight correction.

IAP temperature restrictions were not developed to protect the trailing aircraft during dependent
approaches to CSPR involving an ILS procedure on one runway and LNAV/VNAV with baro-altimeter
guidance on the other. ILS procedures are not temperature sensitive, while LNAV/VNAV procedures
flown with baro-altimeter vertical guidance are temperature sensitive. Requiring the runway for the
trailing aircraft to have a higher glide path than the leading aircraft is instrumental for reducing the
trailing aircraft’s wake encounters. However, if the ILS runway glide path angle is fixed with respect to
temperature while the LNAV/VNAV glide path angle varies with temperature, the relationship between
the two glide paths cannot be assured without additional temperature restrictions or use of
temperature compensation.

3.3.2 Recommendations for Baro-VNAV Temperature Limitations for “.308” Operations

ILS Lead / RNAV Trail — If the lead aircraft utilizes ILS lateral/vertical guidance while the trail aircraft
utilizes GPS/Baro-VNAV guidance, then, without temperature compensation, temperatures less than the
standard day value will increase the incidence of wake encounters, while temperatures greater than the
standard day value will decrease it. For this combination, it is recommended that the approach plate
contain a statement similar to
“For uncompensated Baro-VNAYV systems, LNAV/VNAV NA for simultaneous dependent
operations below 15 °C (59 °F)”.

RNAV Lead / ILS Trail — If the lead aircraft is utilizes GPS/Baro-VNAV lateral/vertical guidance while the
trail aircraft utilizes ILS guidance, then without temperature compensation, temperatures less than the
standard day value will decrease the rate of incidence of wake encounters, while temperatures greater
than the standard day value will increase it. For this combination, it is recommended that the approach
plate contain a statement similar to
“For uncompensated Baro-VNAYV systems, LNAV/VNAV NA for simultaneous dependent
operations above 15 °C (59 °F)”.
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Because a significant fraction of FMS temperature compensation system only compensate for temper-
atures less than the standard day value, when mixed guidance systems (ILS and GPS (RNAV)) are used
for CSPR “.308” operations and there is an option as to which system will guide the lead or trail aircraft,
a greater number of users can be served by requiring that the lead aircraft utilize ILS guidance and the
trail aircraft utilize RNAV (GPS) guidance.

4. Recommended Error Models for Evaluating Candidate “.308” CSPR

4.1 Distinction between Required and Typical Error Values

Generally, navigation (and other) systems are developed to satisfy one or more requirements. Subse-
quently, after the system is developed, test results become available which characterize the system’s
typical performance. Often, the typical performance is significantly better than the original requirement.
Thus, for analysis purposes, one must decide which value to use. The approach taken herein is, first, to
use documented typical values that are the result of extensive testing/measurements. When typical
performance information consistent with these conditions is not available, the system requirement is
used. If neither the required nor typical values are available, values are used for a similar, but lower-
performing, system.

4.2 TSE Model for OGE: ‘WAAS’ Receiver — LPV Approach

WAAS NSE — The WAAS Navigation System Error (NSE) is so small that it can generally be ignored when
formulating a TSE model for LPV approaches. For over a decade the FAA has measured WAAS NSE at the
WAAS Reference Station (WRS) sites. These measurements have consistently found the WAAS NSE 95%
horizontal and vertical errors to be less than 6 feet (e.g., Ref. 14). While the WRS measurement scenario
is nearly optimal for performance — e.g., stationary receivers, well-placed antennas, external
interference monitoring, and oversight by a skilled technical staff — even if the error statistics were
multiplied by ten, the resulting hypothetical NSE would be less than the expected LPV FTE.

A second justification for the statement that WAAS NSE can be neglected when considering WAAS TSE is
Ref. 15, Table 3.3-1, which states that the WAAS Signal-In-Space (SIS) 95% accuracy, separately for
horizontal and vertical, is 5.3 feet. While a SIS specification does not include the effects of receiver
implementation errors, it is very likely to be representative of what a WAAS receiver will provide to an
aircraft.

This effort has not identified a currently applicable, published requirement for the TSE of WAAS-guided
LPV approaches that aircraft manufacturers and operators must satisfy. The closest approximation to
such a requirement is shown in Figure 1.

Recommended LPV TSE Model for OGE Regime — Given (1) the limited amount of published
information available concerning required and typical TSE values during LPV approaches, (2) that LPV
approaches are designed as WAAS equivalents to ILS Category | approaches, and (3) that WAAS NSE are
negligible relative to FTE, the recommended LPV TSE model is largely based on the model that the Volpe
Center has developed and previously used (with the FAA) for the analysis of ILS Category | approaches.

"WhenaFDis required, as recommended herein, the CDI is not the primary source of information for positioning the
aircraft.
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Random errors are assumed to normally distributed, and, as is common in the aircraft navigation field,
are quantified by their two-sided 95% error bounds rather than their standard deviations.

For aircraft between 2 NM and 14 NM from Threshold:
= |ateral TSE (95%): +24 feet/NM x Distance from the threshold in NM (increases linearly from +48
feet @ 2 NM to +336 feet @ 14 NM)
= Vertical TSE (95%)
e Within 4.5 NM of the threshold: Same as Lateral (increases linearly from +48 feet @ 2 NM to
1108 feet @ 4.5 NM)
e 4.5NM or more from the threshold: +108 feet

The lateral model was derived from aircraft position measurements by Airport Surface Detection
Equipment, Model X, (ASDE-X) systems at multiple major U.S. airports (Ref. 16) — Detroit Metropolitan
Wayne County (DTW), Lambert — St. Louis International (STL) and John F. Kennedy International (JFK).
The majority of traffic at these airports is presumed to be air carrier aircraft equipped with a FD and AP.
This presumption is supported by the fact that the 95% error rate of growth, +24 feet/NM, is equivalent
to £0.23 degrees, or less than 10% of full-scale deflection on a CDI.

Within 4.5 NM of the threshold, the vertical TSE model is selected to be the same as the lateral model.”
This is a conservative selection, as ILS is inherently more accurate in the vertical dimension than in the
lateral dimension.”

At more than 4.5 NM from the threshold, the vertical TSE model, +108 feet (95%), is the same as the TSE
requirement for Baro-VNAV approaches using a FD (discussed in the following section). This is also a
conservative selection, as WAAS vertical guidance is significantly better than Baro-VNAV guidance —
e.g., when both approaches are provided at the same runway, the Decision Height Above Threshold
(DHAT) for the LPV approach will be considerably lower than the DHAT for the LNAV/VNAV approach.

4.3 TSE Models for OGE: ‘GPS’ Receiver and Baro-Altimeter — LNAV/VNAV Approach

The error model when a ‘GPS’ receiver is used for LNAV and a baro-altimeter is used for VNAV has two
components — a generally larger random (unpredictable) component, analogous to that for ‘WAAS’
guidance, and a smaller deterministic bias (predictable but uncompensated) error that does not have an
analog for ‘WAAS’ guidance.

4.3.1 Random Error Model

The recommended random error model for LNAV/VNAV approaches is:
For aircraft between 2 NM and 14 NM from Threshold:

= Lateral TSE (95%): +0.3 NM = +1,823 feet

= Vertical TSE (95%): £108 feet

An LNAV lateral error requirement of £0.3 NM (95%) dates to the introduction of GPS for IFR operations
in the early 1990s (Refs. 3 and 4). Currently, AC 90-105 (Ref. 11), Appendix 1, addresses GPS LNAV
requirements, and states that the aircraft Total System Error (TSE), in the lateral and longitudinal

* ASDE-X vertical measurements are not sufficiently accurate to evaluate aircraft vertical TSE.

T For example, for a 6,000-foot runway and a 3.0 degree glide path angle, the full-scale deflection for the CDI is
+2.8 degrees, while the full-scale deflection for the VDI is £0.75 degrees (approx.. a 3.8:1 ratio).

-7-



DOT/RITA Volpe Center

directions (separately) must be within £0.3 NM [11,823 feet] for at least 95 percent of the total flight
time.

The lateral TSE requirement is considered to be conservative, as there is evidence that the typical lateral
TSE for U.S. wake category Small and Large aircraft utilizing GPS receiver and FD guidance is smaller. For
example, Ref. 10 states that B737-300 and later B737 series with GPS and FD equipage achieve RNPs of
approximately £0.1 NM. Similarly, Ref. 17 states: “Only Global Positioning System (GPS) equipped RNAV
aircraft were considered. Although these aircraft are typically classified as RNP 0.3, all performance data
collected to date indicate that RNP 0.2 containment or better is routinely achieved.”

The recommended vertical TSE is taken from AC 20-138C (Ref. 18), §10.2, and its associated RTCA

document DO-236B (Ref. Error! Bookmark not defined.), §2.1.2. This requirement applies to baro-
altimeter system designs approved after January 1, 1997; these are required to be consistent with
Reduced Vertical Separation Minima (RVSM) standards.

4.3.2 Bias Error Model

Unlike an ILS or LPV guidance, baro-VNAYV guidance does not does not provide a constant glide path
angle (GPA) to the pilot or flight instruments. Instead, baro-VNAV guidance presents a slightly curved
vertical path. The equation to be used for analyzing baro-VNAV approaches is specified in Ref. 19
(volume 3, chapter 4):

Equation 1 Aircraft Elevation versus Ground Range for Baro-VNAV Guidance

AC,, =R, +(R+TCH,,) exp(G”dR”Fita”(a)J (ft)

In the above equation:

= AC,. : Aircraft height above Mean Sea Level (MSL), ft

= R, :Earth’s radius of curvature; equal to 20,890,537 ft

= TCH., : Threshold crossing height above MSL; typically found as the sum of the threshold
landing point elevation, TLP.,, and the aircraft crossing height above the threshold, TCH; ft

= GndRng : Distance along the curved surface of the earth between the runway threshold and the
aircraft, ft

= a: Glide path angle defined (“charted”) for the procedure

The following figure is a plot of aircraft elevation above MSL versus distance along the ground from the
runway threshold for (a) baro-VNAV guidance with a defined angle of 3.00 deg, (b) ILS guidance with a
defined glide path angle of 3.00 deg, and (c) ILS guidance with a defined glide path angle of 2.90 deg. At
approximately 5-7 NM from the threshold, the baro-VNAV curve is about halfway between the two
curves for ILS guidance; at 14 NM, the baro-VNAV and ILS 2.90 deg curves over lay each other.

Thus, when mixed (ILS and RNAV(GPS)) guidance sources are involved, to take account of the curvature
of baro-VNAV guidance, either Equation 1 should be used for the aircraft’s vertical profile or an ILS glide
path profile can be used, as follows:

= |f the lead aircraft has baro-VNAV guidance, its glide path can be model by ILS guidance at the
charted glide path angle
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= |f the trail aircraft has baro-VNAV guidance, its glide path can be model by ILS guidance with a
glide path angle of 0.10 degree less than the charted angle.

It may be confusing to term the baro-VNAV vertical profile an error, as it is a matter of well-known
physics. It is, however, different than the more familiar ILS glide slope profile and thus must be
accounted for or an error is incurred.

4,000 1
sso0 f

3,000 77777777777 <
2,500 77777777777777
2000 f— — — — L

1504 — — — — -_——

Aircraft Elevation (ft, MSL)

1.000 1 Baro-VNAV 3.00 deg
! ] —ILS GS 3.00 deg

= =ILS GS 2.90 deg
500 +— - -

0 1 2 3 4 5 6 7 8 9 10 11 12
Aircraft Ground Distance from Threshold (NM)

Figure 2 Aircraft Elevation vs. Distance along Ground, for Three Vertical Guidance Sources

4.4 TSE Model for IGE/NGE — LPV or LNAV/VNAV Approach

In the IGE/NGE regime — the region between the touch down point for the lead aircraft and 2 NM from
the lead aircraft’s arrival threshold — the wake encounter risk analysis methodology utilizes measured
wake locations and strengths as a function of the time since their generation, rather than predictions of
wake locations/strengths based on prevailing winds. For both LNAV/VNAV and LPV approach
procedures, aircraft TSE in the IGE/NGE regime is taken to be

= lateral TSE (95%): +50 feet

= Vertical TSE (95%): £24 feet

The vertical TSE model is based on measurements with a laser range finder at Lambert — St. Louis
International Airport (STL) and Denver International Airport (DEN).

While not equal to the models for aircraft TSEs for the OGE regime at the 2-NM boundary between the
regimes, the IGE/NGE model is reasonably consistent with the OGE model in three of four cases. The
exception is the LNAV/VNAV error model in the lateral dimension (1,823 feet); it is generally
recognized this model significantly overstates the errors incurred in practice, particularly close to the
threshold.
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4.5 Summary of TSE Models for “.308” Wake Encounter Risk Analysis

The TSE error models described in Sections 4.2 to 4.3.2 are summarized in Table 1 below

Table 1 Summary of TSE Models for “.308” Wake Encounter Risk Analysis

pproach Procedure

LNAV/VNAV LPV
uidance Source
Lateral BarZ—eATIttli(r:::eter Lateral Vertical
Regime ‘GPS’ Guidance Guid ‘WAAS’ Guidance | ‘WAAS’ Guidance
Distance to Runway uidance
IGE/NGE Random (95%)
Touch down to 2 NM +50 ft +24 ft +50 ft +24 ft
from Threshold
For2to 4.5 NM
from Threshold:
OGE Random (95%) £24 ft/NM x D’fﬁ‘;r‘:tcéN(“,G“’;l)
2 NM to 14 NM from +1,823 ft +108 ft Distance (NM)

from Threshold

from charted value
by 0.10 deg

Threshold from Threshold | £0r 451014 NM
from Threshold:
1108 ft
Vertical profile per
OGE Bias Eq. 1, or use ILS
profile but for trail
Threshold

Restrictions
Pilot briefing section of
approach plate

“Use of FD or AP providing course and
path guidance required during
simultaneous dependent operations.”

Runway for lead AC:

“For Uncompensated Baro-VNAV
systems, LNAV/VNAV NA for
simultaneous dependent operations
above 15 °C (59 °F).”
Runway for trail AC:

“For uncompensated Baro-VNAV
systems, LNAV/VNAV NA for
simultaneous dependent operations
below 15 °C (59 °F).”

“Use of FD or AP providing course and
path guidance required during
simultaneous dependent operations.”

Wake encounter risk analysis is not performed for LNAV/VNAV approaches flown with WAAS horizontal
and vertical guidance; thus a TSE model is not needed. The accuracy of WAAS guidance when used for
an LNAV/VNAV procedure (because the satellite constellation does not meet the requirement for a LPV
procedure) will be (a) more accurate than that of ‘GPS’ receiver/baro-altimeter guidance for the same
procedure but (b) less accurate than that of a ‘WAAS’ receiver used for an LPV procedure. The wake
encounter risk analysis methodology requires that, for approval, both the GPS-Baro/LNAV/VNAYV and the
WAAS/LPV equipage/procedure combinations be predicted to have no greater wake risk than the
current single-runway in-trail operation. When this is the case, the intermediate accuracy WAAS/LNAV/
VNAV combination will have no greater wake risk than the current single-runway operation as well.
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5. Appendices

5.1 KSEA Runway 34C RNAV (GPS) Approach Plate

£LOZ ONY 22 CLELOZ TNF SZ ' L-MN

SEATTLE, WASHINGTON AL-587 (FAA} 13066
WAAS Rwy Idg 9426
cHrrrio |APPCRS thRe T 383 RNAYV (GPS) Y RWY 34C
w348 343 Apt Elev 433 SEATTLE-TACOMA INTL (SEA)
W' DME/DME RNP-0.3 NA. Simultenecus opproach outhorized with Rwy 341 LNAY MALSR | MISSED APPROACH:
procedure NA during simulianesus operations. Use of FD or AP providing RNAY radk = | Climb o 5000 direct
guidance required during simullanesus sperations. For uncompensated Bara-YINAY = | MGNUM and hold, continue
systems, INAY/YNAY NA helow -8°C [18°F} or above 54°C {130°F). @1 | chmbrin-hold to 5000.
SEATTLE TOWER
ATIS | SEATILE APP CON GND CON CINC DEL
16C/34C, 16L/34R
116.0 | 13085 278.45 |  1195,2393 [bon /34, /) 1217 128.0
M 1“' 2 QN3MC 20
2y 2
L]
MGMNUM
i
A2395 Al729
Azwo AS149
E 2040 *3930 504
RW34C «3517
b 491 2200
RYBKA,
19NM o «A140
RW34C
{FAF)
S TIFYS 3570
EHY:
4000 : o
3437 3. 11-“ iR AT 4382
LORIE
001 (4.7)
(AF) ELEY 433 | | THRE 363
SONDR 50
18 o) Asise
{LAF)
5000
026° (4} ATEVE
Procedure MA, for arrivals at CIDUG ™~ e
via V495 southbound. anuG i g 508
5000 MGNUM | ViG5| and RNAY glidspath not coincidant LORIE T TWR A
(YGS| Angle 3.00/TCH 75). ODBOE N me%
.<> TIFYS o
N 1.I;YBN|EI'.Am 3 Y 5000 X
FINAY only. T ZNM pon e [ s A
Y x‘{2400 400 GS 3.00° (i sy 593
" |1020* TcH 56 " x
[=1.2 N == 0.7 NM—=1=—4.3 M —==——5 N ——=]=—3.1 NM—=| -y
CATEGORY A | B | [+ [ [} .5
PV DA 584/24 223 200-%5) i B3R
N 815/50 452(400-1) M
LNAY MDA B20/24 457 (400-14) B20/45 457 (400-%)
10 N HIRL ll
CIRCLING 1000-1 567 (6001} 5;;9(%%0]{%, 5‘!%?2] TDZ/CL Rwys|16L, 16C, 16R iy 4

SEATTLE, WASHINGTON
Amcht 2 07MART3
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5.2 KSFO Runway 28L RNAV (GPS) Approach Plate

13178
SAN FRANCISCO, CALIFORNIA X
o "™ RNAV (GPS) PRM RWY 281
i 53333 | AT CRS | o 13 (SIMULTANEOUS CLOSE PARALLEL)
Ww2sD 281° | AptElev 13 SAN FRANCISCO INTL (SFQ)
W DME/DME RNP-0.3 NA. Simultaneous approach authorized with LDA PRM RWY 28R .
and RNAY (GPS) PRM X RWY 28R. Dual VHF comm required. Rwy 26L and 28R MISSED APPROACH: Climb
separated by 750 feet centerline to centerline. For uncompensated Baro-VNAV systems, | to 4000 direct JABGO and
LNAY/VNAY NA below 2°C (36°F) or above 54°C (130°F). Use of FD or AP providing | on track 271° to OLYMM
RMNAY track guidance during simultaneous operations. ﬂl:ld h?ld; continue
# Missed approach requires minimum climb of 220 feet per NM to 1300. climb-in-hold to 4000.
See additional requirements on AAUP.
ATIS NORCAL APP CON SAN FRANCISCO TOWER GND CON CLNC DEL
113.7 1158 120.5 269.1
118.85 135.45 134.5 338.2 PRM 125.15 121.8 118.2
05 7
~.. R he00 {\56%‘ 13
Py A RADAR REQUIRED
|ie) 778" ",
709M e,
§ A
« AA
1275° A B 2328
g
075+ 1425 A
1898 *
.2 1993 A
» 2026
b n2oA
—
c
—
S
= MISSED APCH FIX
g
B OLYMM
g 52,
B aﬂp "j
@ 4 NM
EEEV 13 |B)| THRE 13
*
JABGO VGSI and RNAV glidepath not coincident
o ir OLYMM Wﬁﬂamdezaé%ﬂiﬂﬂ. o DIVEC
t *¢P 271° Fay VWﬂORR“QG
HEMAN ROKME | 281%17000|
L
LNAY only . NEPC DUYET /_..-" %000
2NMh34mblam fdoooﬁo;w
RW28L RW26L “pw28L o
A3 ! (x/ 3100 GS 2.85°
", Y1080 %O TCH 53
A el
= 2NM | TINM | 2ZANM | AINM| INM [ 33NM | JINM &SMI——
CATEGORY A | B | c | D
Aladt PV DA 213/40  200(200-%)
2 PV DA 435-1% 422 (500-1%)
LNAY/ : '
TDEZ/CL Ry 19Land 28R vNAy DA 5842 57116002
REIL Rwys 1L, 1R and 10L
Fﬂm LNAV MDA 680/55 667 (700-1%) 480-17% 667 (700-1%)
SAN FRANGISCO, CALIFORNIA 37°37'N-122°23W SAN FRANCISCO INTL (SFO)
Orig 271UN13 (SIMULTANEOUS CLOSE PARALLEL)
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5.3 KIAH Runway 26L RNAV (GPS) Approach Plate

HOUSTON, TEXAS AL-5461 {FAA) 13122
cn agz2s |77 S B tde ©453 RNAY (GPS) RWY 261
w26D | 285° [AptElev 97| HOUSTON/GEORGE BUSH INTERCONTINENTAL/HOUSTON (TAH)

v for uncompansated Baro-VINAY sytems, LNAV/VNAY NA below -2°C {29°F) or above
39°C [101°F). For inoperatfive ALSF, increase LPY Cal E visibility fo RVR 4000, INAV/VNAV ALSF-2 | MISSED APPROACH:
Col E visibility o 15, and LNAY Cat E visibility fo 1% , DME/DME RNP-0.3 NA, e i iy
Simylioneous approach authorized with Rwy 26R and Rwy 27. LNAY procedurs NA, during @ i Climks o 3000 diract
simultanecus operations. Use of FD or AP providing RNAY track guidancs required during g | LUCEP and hold.
simultoneous operations.

ATIS HOUSTON APP CON HOUSTON TOWER GND CON CING DEL
124.05 R or gy e 125.35 290.2 1217 128.1
MISSED APCH FIX
LUCEP
.-‘035""@
"'-|—265°--‘=
4 NM
N6I7

@ 1210 {FAF)
_g A 2?_\“ e g5y PN
8 —m'_'-‘ ==X A 2000 A a0 A 5000 e,
= 2 265 265
2| \ Dheem¥g W1 Y gz YA 8
. A KERNS iIF) MKAYE (1AF)
S Noss GRIEG VANNN
(4]
2
z
E 7 %
2 2846 RADAR REQUIRED

EEV 97 || THRE 94

265° kE 3000 | LUCEP | viGS| and RNAY glidepath not coincident

1 ¢ {VGSI Angle 3.00/TCH 71).

MKAYE VANNN

GRIEG
KERNS
; 265°= 7000
: lo RW26L o 7000
X 150 (9’{1- y Rwadl | 20|00 #165 M
= )Vx{ 3000 G5 3.00°
2000 TCH56
1 4 NM A 2 NM=]e—4.1 NM—==—7.2 NM—]=—— 43 NM —=]=—5 NM. —-1|

A CATEGORY A ] B | ¢ [ ©D [ E
196 M7z
LY DA 294/24 200 (200-%%)
LNAV
TDZ/CL Rwys BR, 8L, 15R, 26R, 26L, VNA\{ DA 583/60 489(500-1%4)
27 and 33L
Hllzf:llkwys LNAY MDA| &80/24 58S [600-14) 680-114 584 (600-1%)
:‘?US;JEW! HOUSTON/ GEQRGE BUSH INTERCONTINENTAL/HOUSTON (TAH)
mt
wsneeow  RNAY (GPS) RWY 26L
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5.4 What s a Flight Director?

A flight director (FD) is a specialized aircraft computer that calculates the proper pitch and roll angle
commands that will enable the aircraft to follow a selected path. The pilot enters the desired trajectory
into the FD, and navigation avionics — e.g., ILS receiver, VOR receiver, GPS receiver and altimeter —
provide real-time position information. The FD then displays, usually by placing crossbars on the
Attitude Indicator (Al)’, steering cues for achieving the desired trajectory.

The FD is often used in direct connection with the Autopilot (AP), where the FD commands the AP to put
the aircraft in the attitude necessary to follow the desired trajectory. Examples of trajectories that a
typical FD can provide command for:

® Fly a selected heading;

= Fly a predetermined pitch attitude;

=  Maintain an altitude;

= Intercept a selected VOR or localizer track, and maintain that track;

=  Fly an ILS glide slope.

Al without FD Al with FD
Attitude Indicator (Al) without/with Command Bars from a Flight Director (FD)

When flying an approach without a FD, the pilot must steer the aircraft based on the Course Deviation
Indicator (CDI) and Vertical Deviation Indicator (VDI)" while monitoring the Al — potentially three
separate instruments. The CDI/VDI show the pilot how far the aircraft is off the desired course and glide
path, and the Al is used to maintain stable flight. However, none of these instruments provide clues on
how much to bank or pitch the aircraft to steer it onto the desired course/path.

By providing steering cues, a FD significantly reduces Flight Technical Error (FTE) — thus Total System
Error (TSE) as well as pilot workload — relative to steering based on the CDI/VDI and Al. Reference 10
indicates that with a FD the FTE can be as small as one-third of the FTE without a FD.

* The Attitude Indicator is sometimes called the artificial horizon.

T In jet transport aircraft, the CDI and VDI functions are usually incorporated into a Horizontal Situation Indicator (HSI).
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