


L

%‘

Title
INTRODUCTION

Purpose
Background

DISCUSSION

Description of Equipment
.Test Approach

Data Collection

Data Reduction

RESULTS AND ANALYSIS
Static Tests
Ground Accuracy Tests
Flight Tests
Interference Tests
SUMMARY OF RESULTS
CONCLUSIONS

REFERENCES

TABLE OF CONTENTS

ii

26
26
33
47
49
58
59

&0



34

3B

10a

10B

i1

12

13

14A

14B

15

16

17

18A

18B

18C

18D

1924

A N o e st - M i i e Sp— — S T e i i B e b B i ek i s, P o e e

LIST OF FIGURES

Phase Monopulse Receiver

Amplitude Monopulse Receiver

Monopulse Response: Amplitude Receiver
Monopulse Response: Phase Receiver

CW Static Test Setup

Pulsed Static Test Setup

Receiver'Tracking Setup

Receiver Sensitivity Setup

Distribution of GA Transponder Frequencies
Interference Test Setup

Receiver Response:. Log Qutput vs. Input Power
Receiver Response: Log {D}-Log <{S%»

Receiver Response: Delta/Su; Ratio Output vs. Sum Input

Amplitude Receiver Response: Monopulse Video vs. Input
Power

Receiver Bandwidth: Delta/Sum vs. Frequency

Receiver Bandpass: Log Qutput vs. Frequency

Delta minus Sum Log Amplifier Bandpass

Receiver Tracking: Delta/Sum Dutput vs.Delta/Sum Ratio
Log Amplifier Tracking Photograﬁhs:

Receiver Sensitivity: Bracket Detects/Sec vs. Input Power
Amﬁlitude Receiver Azimuth Accuracy

Amplitude Receiver Monopulse Curve

Phase Receiver Azimuth Accuracy

Phase Receiver Monopulse Curve

Phase Receiver Off—-frequency Error Data

iii

P e

Page

12
14
16
17
19
22
27
28
29

30

31

34
35
36
37
39
40
41
a2

43



23
24

25

LIST OF FIGURES (con’t)

Amplitude Receiver Off-Frequency Error Data
Phase Receiver Low Power Error
Amplitude Receiver Low Power Error

Amplitude Receiver Power Variation Error

Phase Receiver Flight Test Azimuth Residual Histograms

Amp Receiver Flight Test Azimuth Residual Histograms

Interference Effects: No Inteference and 100 Mode S,
! SIR=-10 dB

Interference Effects: 5K and 16K ATCRBS, SIR=-10 dB

Interference Effects: 168K ATCRBS, SIR=-20 dB

iv

Page
44
45
446
48
51
52

53

°4

59



Table

[y

LT B (73 I AV ]

e e M e o et o s ol e e e o L L U U DRI U1 WU U IO o VRS

LIST OF TABLES

Basic (CW RF) Static Test Variables

Flight Plan for Phase/Amplitude Monopblse Comparison
Interference Correction Table

Flight Test Results (AU’s)

Mode S Replies/Scan Under Interference

Page

13

24
20

57



INTRODUCTION

_ PURPGSE

-

The purpose of this test effort was to collect performance data
on a8 phase and an amplitude type monopulse receiver that would
provide a basis for comparing the relative tradeoffs of the two

approaches. In particular, the thrust of this effort was to evaluate
the azimuthal accuracies and the useable beamwidths of each type
of receiver. It is expected that the results of the testing conducted

under this effort will form part of the basis for assessing the merits
of either approach if proposed for the production Mode S8 sensors.

BACKGROUND

The Federal Aviation Administration (FAA) has, since 1979, been engaged
in the test and evaluation of three Mode S5 sensors built by Texas
Instruments (TI). Inc. Constructed in accordance with specifications
contained in the engineering requirement, FAA-ER-240-26 (Reference 1),
these sensors provide an angular tracking accuracy for Air Traffic
Control Radar Beacon System (ATCRBS) and Mode 5 transponder equipped
aircraft of 0.1 degree root mean squared (rms). This accuracy has been
attained, in part, through the incorporation of a sum and difference
monopulse tTeceiver for estimating off boresight angles.

The teceiver design implimented in the Mode S sensors is a phase-type
known as a half angle processor (reference 2). In this approach

the received difference ({D}) and sum ({5}) levels are converted to
phase information at the radiofrequency (RF) level. The relative
intermediate frequency (IF) phase values of the {D} and {5} channels
are then combined to estimate ABSL{D}/{5)1, i.e.., the monopulse value.
Although this approach has fulfilled the angular accuracy requirements
(reference 3) specified in the ER, alternate receiver designs are
possible which may fulfill the Mode S accuracy requirements and, at the
the same time, provide certain advantages in terms of cost, complexity.
and the level of maintenance skills required by service personnel.

One candidate approach, known as an amplitude monopulse receiver, has
been specifically cited as having these very qualities, and, therefore.
worthy of comparison with the phase receiver in the Mode § sensor.
Basically, an amplitude monopulse rTeceiver functions by generating

the {D}/{5> ratio directly from the IF {D} and {SY} signal amplitudes.
normally after logarithmic amplification.

Since both approaches are likely to be proposed for the "front-end” of
the FAA‘s production Mode 8 sensor, it was decided that a test effort
was Tequired to provide comparative data for evaluating the relative
performance tradeoffs of each approach. In order to accomplish this
testing, the FAA’s Technical Center designed and installed a modifi-
cation into the Mode S sensor located at the Center that would convert
the front—end to an amplitude processor.

This document describes the testing performed on each receiver

and the tesults of those tests. Also included is a description of
the circuitry used to modify the Mode S sensor to operate in an
amplitude mode.
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DISCUSSION

('”‘\ DESCRIPTION OF EQUIPMENT

MONOPULSE RECEIVERS. The Mode S receiver is a three channel system that
operates on sum: difference, and control (Omni {D0}) RF inputs. The sum
and difference signals are derived from a 5—foot open array antenna,
while the control signal is derived from the omnidirectional antenna

of the sensor. The control signal is used for the suppression of rTeplies
that occur in the side—lobes of the directional antenna, i.e., it pro-
vides for receiver side—lobe suppression (RSLS). Tne sum and difference

signals provide information necessary to make off—-boresight estimates.
Development of the sum and difference signals is performed via a hybrid
Junction, which adds and subtracts vectorially the signals from the right
and left halves of the antenna. Due to the linear combination of the two
halves of the antenna, the sum and difference signals are either in phase
or 180 degrees out of phase with respect to each other. The state of the
relative phase is a function of whether the received signals originate
from a target that i1s to the right or to the left of the antenna’s
electrical center plane, i.e., the antenna’s boresight.

In the amplitude system:, the individual sum and difference signals

are logarithmically amplified and combined to form a function of the
{D}/{8} ratio, e.g. Log({D}/4{8%), as an estimator of the off-boresight
angle of the target.

In the phase monopulse receiver the individual sum and difference

signals are combined in a hybrid junction to form two intermediate
vectors i.e., {S¥+;{D} and {D¥}+ {53, which approximates the situvation of two
overlapping antennas with displaced phase centers. The two signals,
normally referred to as the A and B vectors: have the characteristic that
the angle between them provides an estimator, which is related to the
amplitudes of the {S> and {D} antenna patterns and, therefore, the
monopulse function.

As noted in reference 2, the monopulse function can be approximated
near boresight by a phase detector having a sine output. i.e..

Monopulse function = (sin {P2>)/2
where {P} is the angle between the A and B vectors.

An ambiguity arises, however. when abs({DX>/{S>)>1. This occurs when
{PX>>90 degrees. Therefore, the {D>/{S> antenna crossover points mark
the limits of the usable range of the off-boresight estimator. To
extend the range of the angle estimator, a half-angle approach has been

used in the Mode S receiver. In this approach, the angle between the
A and B vectors is divided to form secondary vectors whose angles are
always less than 90 degrees. The two angles are defined as follows

(reference 2):

{aX, {b¥> = arg({S¥+/—y{D¥)—-arg({S¥»)
This process results in two angles that can be phase detected individ-
ually and unambiguously. The outputs of the phase detectors are then

combined linearly to form {P}, since (reference 2):

{P¥ = a-b
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RECEIVER MODIFICATION. The implementation of the half—angle processor used
in the Mode S sensor 18 shown in figure 1. The modifications used to
convert this receiver into an amplitude rteceiver are shown in figure 2.

* The major differences between the two occur in the retention of the original

{D} and {S) signals in the amplitude system with the removal of the 20
degree hybrid. The second major difference occurs with the replacement
of the IF hybrids (the heart of the half-angle processor) with a .
subtractor circuit to form log (abs({D}/{S5})) in the amplitude processor.

It will also be noticed in figure 2 that two amplifiers, one inverting

and the other noninverting, follow the subtractor circuit. This was done
for two reasons: (1) the subtraction of the {8} and {D} signals results
in an output that is symetrical with respect to boresight, i.e., the sense

or relative phasing of the {8} and {D} signals is not present; and (2) in
order for the circuit to be compatible with the A/D converter used in the
Mode S sensor bipolar video had to be used, positive for right and negative
for left of boresight. To ful$fill these requirements the two amplifiers
provide mirror image curves, one positive and one negative, to an analog
multiplexer. The particular curve is then chosen on the sense of the

{D} and {S} signals.

In order to detect the sense of the sum and difference signals, each

are seperately amplified, limited. and, subsequently, fed into a balanced
mixer acting in a phase detector mode. The output of the mixer is

then used to control the multiplexer and to select the appropriate

video for the A/D converter.

A consequence of the design used was that a linear subtraction of the
delta from the sum resulted in problems near boresight due to antenna
characteristics. That is. the delta/sum tTatio near boresight varies as
a function of elevation angle and can be between 28 to 36 dB. The
prexisting circuitry which the amplitude modification was to function
with, required all monopulse video right of boresight to be positive
and all left of boresight to be negative. A clipping circuit was, there-
fore, employed to maintain a consistant voltage for all null depths
which could be encountered near boresight. This modification also made
the amplitude circuit’s response very similar to that of the phase
receiver, as can be seen in figures 3a an 3b.

MODRE S SENSOR OPERATION. Two factors that affect the azimuth reporting
accuracy of the Mode-s sensor are the means by which it is calibrated and
the different interrogation schemes used for Mode S and ATCRBS aircraft.

In order for the Mode S sensor to determine accurately the azimuth of a
transponder equipped aircraft, it must provide a means for translating
the {D}/{8S} ratio into a measure of the target’s distance from boresight
or off~boresight angle. This is accomplished via a stored calibration
table that relates a giver monopulse number, i.e., {D>/{S} ratio, with
an off-boresight correction that is added to the pointing angle of the
sensor’s antenna. The correction table itself is generated by inter-
Togating a fixed transponder with a known position over many antenna scans.
Once sufficient data points have been recorded, a smoothing process is
applied to the table which results in a single off-boresight correction
for each monopulse valvue. The final corrections are often referred to
as the monopulse curve or table, terms that will recur in this report.
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To assure the greatest accuracy in establishing the monopulse table, the
location of the fixed transponder (known as the Calibration and Performance
Monitoring Equipment (CPME}), with respect to the sensor, was surveyed at

\ the time of installationm and iz known to be within +/-0. 0028 degrees in

azimuth and +/~3 feet in range. This degree of survey is documented in
reference 2 as a Second Order, Class II Survey as defined by the Federal
Geodetic Control Committee.

The Mode S sensor has z2ssentially two modes of interrogation, depending
on whether the sensor iz in an ATCRBS or Mode S interrogation cycle
{(scheduling of these cycles is performed by the sensor’s Channel
Management function}. Interrogation of ATCRBS targets occurs at
regular fixed intervals ir much the same way as current ATCRBS
interrogators. This means that the resulting replies cover the
beamwidth of the sensor‘s antenna. The azimuth used by the sensor

in the ATCRBS target report for each scan is formed by averaging the
replies that are closest to boresight. The net effect is that the
ATCRBS reports give preference to replies closest to the boresight of
the antenna and are, thersfore, subject to the accuracy and stability
of the monopulse function at boresight. The scheduling of Mode S
interrogations however, is performed in a fashion that will maximize
the amount of antenna dwell time on the target. In order to accomplish
this, the scheduling algorithm for discrete interrogation is designed
to "catch” targets as ciose to the leading edge of the antenna beam as
possible. This approacr v2sults in the predominant number of Mode S
replies occurring in arsz . of the antenna pattern beyond the sum and
difference crossover poin s. It is, therefore, significant that any
monapulse receiver desi : for Mode S must operate throughout the entire
beamwidth of the antenns ncluding areas beyond the sum and difference
CTOsSS0Ver.

TEST APPROACH

The testing performed in his program was divided into four phases:
Static Tests, Ground Acr r3cy Tests, Flight Tests, and Interference
Tests. The purposes anc the general approach to each are described in
the following paragraphs. Also, see the test plan, CT-82-100-10LR
(reference 4) and the addendum to CT-82-100-10LR (reference 5). The
specifics of the tests involved and the conduct of the individual tests
are presented in the "Data Ccllection" section of this report.

The overall approach to this program was to conduct all testing an

the phase and amplitude receiver within the environment of the same
sensor, i.e., to keep all hardware elements the same except for those
required to effect a changeover from a phase to an amplitude receiver and
back. In this way all elements, except for those identified in the
"Receiver Modification” section were the same throughout the testing.

STATIC TESTS. The static tests were designed to establish the response and
tracking characteristics of the zum {5) and difference {D} channels o#f
each receiver. Additionally, tests were performed to determine the
detection characteristics of the receivers to simulated ATCRBS targets.
Receiver rTesponse and tracking were determined by injecting CW RF

signals of varying frequencies: signal strengths, and <{D>/{S} ratios

D T T LTRSS S PO



into the {S} and {D} channels of each receiver. The range of frequencies
used covered the 1090 +/-3 MHz band, while the sum signal strength varied
over the dynamic range of the receivers, i.e., -20 to -79 dBm referenced

" to the sensor‘s RF port. (This report will follow the convention of

defining the RF port as the output of the antenma‘s rotary joint.)> The
{D}>/{8S¥ ratios ranged from -30 dB (boresight) to +6 dB, i.e., an area
beyond the crossover points of the sum and difference antemma patterns,.
Receiver detection for both receivers was performed at 10%0 MHz.

GROUND ACCURACY TESTS. Tests were performed with each receiver in order to
determine the sensor’s accuracy with respect to a fixed geodetic point.
For this testing the CPME of the subject sensor was utilized.

At the same time that this testing was being performed, off frequency
and low power tests were performed by varying the response frequency and
transmit power of the CPME. The range of frequencies and power levels
used varied over 1090 +/— & MHz and from —-50 to —-79 dBm referenced

to the sensor’‘s RF port. '

FLIGHT TESTS. Flight tests were performed in order to compare the target
Treport accuracy of the Mode S sensor when operating with the amplitude or
the phase receiver, This was done with an aircraft equipped with an ATCRBS
and a Mode S transponder and employed the use of the Techmnical Center’s
Nike trackimg radar as an overall reference.

In order to minimize errors in the position determination of the
tracking radar, the flight profiles were limited to a series of

- radial runs along a line joining the sensor and the tracking radar.
The flights were performed at three altitudes and extended from & to
40 nautical miles (nmi).

The data collected was used to determine the differences, i.e. re-
sidvals, between the angular determinations of the tracking radar and
the Mode S sensor. The residuals were used to constitute an estimator
for angular accuracy. In these tests the tracker was regarded as the
reference.

INTERFERENCE. Tests were performed to identify the extent to which ATCRBS
and Maode 5 fruit, i.e., nonsynchronous replies, affect the azimuthal
accuracy and variance of the phagse and amplitude receivers. These

tests were performed in terms of the relative signal-to-interference
ratio (SIR), angular seperation between the interference and a fixed
target, and fruit rates. To accomplish this, simulated ATCRBS and Mode S
fruit were injected into the sensor at the RF level while the sensor
interrogated the CPME. The SIR’s employed were -10, 0. and +10 dB,
although several tests were conducted at +20 and -20 dB SIR. The

fruit rates covered were 50 to 200 Mode § fruit/sec while ATCRBS fruit
ranged from 1. 7K to 16K fruit/sec. Angular seperations between the
source of the fruit and target replies covered the entire beam of the
antenna. This was accomplished by establishing a fixed {DX}/<{8) ratio

for the fruit while scanning the target (the CPME). The {D}/{8} ratios

" were set to establish the source of the interference as originating at
boresight, at the {S) and {D} crossover points, and at a point beyond
crossover (the +& dB point).
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In the performance of the interference tests the definition adhered to
for SIR was the ratio of the received signal strength., as measured at
output of the sum channel, of the target, i.e., the CPME, to that of the

' fruit when both were at boresight. This meant that any fruit originating

at points in the antenna beam other than boresight would be reduced
accordingly to reflect the antenna’‘s amplitude pattern.

Only the results of the effects of fruit on Mode S replies are shown in
this report. The fruit effects on ATCRBS replies will be presented at
a later date, as an addendum to this report.

10



N

DATA COLLECTION

The testing series that was performed during each phase of *his program
is presented in the following paragraphs. The types of datz rcollected
and the methodology for collecting that data are presented.

STATIC TESTS. The static tests were divided inte three categories based

on the functional intent of each test. These categuries include deter-—
mining: (1) the overall response of each type of receiver, (2) the tracking
of the individual channels of each receiver, and (3) the detection charac-—
teristics of each receiver as a function of received 3ignal strength.

Two test configurations were used during the static tests. In one case
shown in figure 4, a continuous wave {(CW) RF signal was injected into the
{8 and {D} ports of the sensor. The relative magnitudes of each signal
were varied in order to establish the {8> signal at the desired level
referenced to the sensor‘s RF port, while the {D> signal was set to the
appropriate {D}>/{8} ratio. This test configuration was used initially

to gather data on the response of each receiver to s brrad range of

input variables. The Tange of input variables and tne 3jutput measures
Tecorded are listed in table 1.

For certain tests it was necessary to modify the configuyration in figure
4 to accomodate a pulsed RF signal. The second test zetup is shown in
figure 5. In this configuration a PIN diode modulator was driven by
either the sensor’s Test Target Generator (TTG) or, iw certain cases, a
pulse gentrator. (The TTG is a piece of test equipment Supplied with the
sensoT and provides the capability of providing both ATIRBE or Mode §
type replies, as well as all interfacing to the transmitter control
functions of the sensor.) The {D>/{5> ratios were established in the
same fashion as in the CW test configuration.

RECEIVER RESPONSE. Data for these tests were derived from the basic static
test configuration using CW RF. Two additional tests were performed
using pulsed RF signals. In the first it was desired to determine the
amplitude response of the Log {8 and Log {D}> amplifiers. This was done
on the receiver configured for an amplitude system. In this way each of
the two log amplifiers were at the end of two relatively isoclated RF/IF
channels. The tests were conducted by varying the input signal from

-20 to -85 dBm in 1 dB increments. This was accomplished by inserting

a calibrated step attenuvator before the power divider in figure 3, and
recording the ouput peak voltage of the two LLog amps using a high gain
differential amplifier. Throughout these measurements, the {D}/{5}
ratio was kept at O dB.

The other additional test '‘performed for rTeceiver Tesponse was to record
the output voltage of the Monopulse Receive Video (MRMVD) ovzr the full
dynamic range of each receiver. The MRMVD was selected for me2surement
because it is the input to the A/D converter where the monopulse value is
established. This test was conducted using the same setup as used for
the amplitude response of the log amplifiers. The only difference was

in terms of the input powers used. The input was varied froam —-15 to

" =90 dBm in 5 dB increments, and then from -90 to -112 4Bm in 1 dB incre-

ments. As in the. log amplifier measurements, the {(D}/{S} ratio was O dB.

11
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TABLE 1 BASIC (CW RF) STATIC TEST VARIABLES

N INPUTS

Sum power {(dbm): -25, =30, =40, -50, -60, ~-70, -80
Delta/Sum (db): .+6,0, -5, ~10, -15, -20, =25, -30, =35
Frequency (MHZ): 1087, 1088, 1090, 1092, 1093,
Delta/Sum relative

phase {(degrees) : 0, 180

DUTPUTS

Log Sum, Log Delta:. Delta/Sum, MRMVD

Notes:

1. The MRMVD is the input to the A/D converter. It is
essentially the amplified Delta/Sum signal

2.In the case of the amplitude receiver the Delta/Sum
signal is the output of the implimented subtractor
circuit and is therefore the Log(Delta/Sum)

13
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RECEIVER BANMDWIDTH. Most of the data for determining the bandwidth of

each receiver originated with the basic CW test. An additional set

of measurements were made using pulsed RF. These were made with the
{D>/{8} ratio at O, dB while the effective input power to each channel

was set at each of five different levels: -235, -35, -50, -4&5, and -80

dBm. At each power setting the input frequency was varied from 1085

to 1095 MHz in 1 MHz increments. The resulting peak voltages of the log{S>
and log{D) amplifiers were then recorded. For the same reason of

isolating the two RF/IF channels mentioned in the "Receiver Response®
section, these measurements were performed only on the amplitude system.

RECEIVER TRACKING. As in the foregoing sections, data for receiver
tracking were derived in part from the basic CW tests. Because of the
need for precise tracking between the log amplifiers in an amplitude
monopulse receiver, it was decided to gather data that would aid in
interpreting the overall tracking of the two. This was done by

using the basic CW test configuration and modifying it to include an

80 dB voltage controlled attenuvator (VCA) before the power divider
(figure &). Since the VCA provides a logarithmic function using

a segmented approximation technique, although with many more stages
than the log amplifiers in the sensor, the log{D> or log{S) output
should be a linear function of the control voltage for the VCA. There
are, of course, certain limitations to this, primarily the relative
response times of the VCA and the log amplifiers. In order to minimize
these possible effects, the control voltage of the VCA was established
as a sawtooth (increasing attenuation) over a period of 10 m8, with a
repetition rate of approximately 11 to 12 mS. The outputs of the log{S>
and log{D) were then subtracted using the high gain amplifier mentioned
previously. The rtesulting signal, along with the {D}/{S5) output of the
sensor (log{D}/{S}), were then photographed on an oscilliscope.

RECEIVER DETECTION. As a final static baseline for comparison af the two
receivers: as well as to determine their respective sensitivities, data were
collected on the number of bracket detections that occur for injected

ATCRBS replies. This was done by using the pulsed RF setup with the driving
signal for the modulator coming from the TTG test set (see figure 7).

The input frequency was 1090 MHz, while the {D}/{8) ratio was maintained

at O dB. The input power was varied from -74 to -85 dBm (referenced to

the RF port) in 1 dB increments. The number of injected ATCRBS replies

was 39046/s3ec (a number that was controlled by the iriterface logic

between the sensor and the TTG). The number of bracket detects was

measured by using a counter to monitor the bracket detect signal in

the sensor’‘s ATCRBS processor. This process was rTepeated for both
Teceivers. (The 90 percent bracket detect point for the sensor is specified
to occur at -79 dBm (reference 1)). Throughout the testing no signals

were injected throught the omni RF port. During the tests the

thresholds of the video digitizer were left at their nominal settings:

Threshold ' Setting
TSA (Fixed Sum ATCRBS) -82 dBm
TSTCA (ATCRBS Sensitivity Time Control) OFF

15
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GROUND ACCURACY TESTS. The ground accuracy tests were divided into two
stages based on their functional objectives: (1) establishment of the
azimuth errors due to off—frequency replies, and (2) to establish the

. effects of low received power levels. In each case, the sensor’s CPME

was the source of target rteplies. During off—frequency testing the RF
source for the CPME was replaced by a calibrated RF signal generator .

Throughout these tests the primary form of data collection was via the
sensor ‘s Range and Azimuth Accuracy diagnostic (RAA}. Essentially, RAA
functions by scheduling @ high number of interrogations of the CPME

for the period of time that the sensor’s antenna beam is scanning the
CPME. The resulting monopulse value, i.e.., the measured {D}/{8» quantity
for each increment in azimuth, is then used by the sensor to derive off-
boresight azimuths of the CPME in azimuth units (AU’s) fron the mono-
pulse lookup table. The RAA diagnostic then calculates the difference
between the calculated bearings of the CPME based on the monopulse table
and the known location of the CPME. (The location of the CPME is an opera-
tor input paramater to the RAA diagnostic.) This process results in a
series of differences in AU’s between the measured CPME location based on
the monopulse value and the surveyed location of the CPME for each change
in antenna pointing angle. The range of angles normally processed by

the RAA extends beyond the 3 dB beamwidth of the antenna.

AZIMUTH ACCURACY. In this test the CPME reply frequency was established at 10%0
MHz. The RAA diagnostic was used to establish the azimuth accuracy of
the sensor.

QFF FREQUENCY. The data collection process followed in the foregoing section
was rtepeated with the CPME operating at 1084, 1087, 1088, 1092, 1093, and 1090
MHz. The reply frequency of the CPME was established by using a stable
external RF signal generator in place of the CPME’s normal local oscillator.
Throughtout the tests the frequency of the generator was monitored at the

CPME to assure minimal variations.

The selection of frequencies was extended 1 MHz beyond the normal +/-~ 3 MHz
tollerance of transponders. This was done to assure coverage of as much of
the frequency spread of general aviation (GA) transponders as possible.

Data summarizing the distribution of GA transponder frequencies as

measured between the years of 1977 and 1980 has been excerpted from references
& to 8 and is presented in figure 8. ’

LOW POWER. In order to assess the impact upon the azimuth accuracy determi-
nations due to reduced signal levels, the CPME output power was reduced to
levels between -70 and -79 dBm. System calibration for the low power

tests was done at a received power level of -54 dBm. The power was then
reduced to each of the desired power levels at the CPME by means of a step
attenuator. Data were collected at -70, -74, -76, -77, -78, and -79 dBm
using the RAA program. All tests were done at a frequency of 1090 MHz.

18
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FLIGHT TESTS. The +flight tests were conducted using the Technical Center’s
Nike tracking system. In order to assure an uninterrupted source of tracking
data. both the target tracking radar (TTR) and the missle tracking radar
(MTR) of the Nike system were used.

The flights were performed with the unmodified Mode S phase monopulse
receiver during 1 day of flying. A second flight date was reserved
to repeat the same flights with the modified Mode S amplitude receiver.

The flight plan for the tests was composed of three radial flights,
each of which was made up of one inbound and one outbound run (see table 2).
Each radial flight was performed along the same radial at three different

altitudes. The radials were selected along a line of maximum accuracy
for the Nike tracking, radar. Orbital flights were originally planned
for inclusion in these tests, but were cancelled for two Teasons. The

first was due to airspace restrictions, and the second was that orbital
flights would contribute little more to assessing azimuth accuracy
than would the radial flights.

In order to minimize flight time and to permit data collection for both
an ATCRBS and a Mode S target simultaneously. the aircraft was

equipped with two seperate transponders, one ATCRBS and one Mode S

TRU-2 transponder. Both were active at the same time during the

flights. Prior to the flights, each transponder was checked to ascertain
the center frequency of their transmissions, i.e., 1090 MHz.

The two sources of data during the test flights were the Nike tracking
data tape and the sensor’s data collection tape. The tracker tape
contained the range, azimuth (referenced to true north), and elevation
angle of the target updated every 0.1 second. The sensor’s data
collection tape contained the time—tagged (time of day) ATCRBS and
Mode S target reports of the test aircraft. The target reports were
composed of the aircraft’s ATCRBS or Mode S code (depending on the
target rteport type), the aircraft’s range from the sensor, altitude.
the monopulse value of the reply, and the target bearing in AU’s. To
facilitate filtering of the ATCRBS target reports a unique code was
assigned to the test aircraft.

Throughout the test flights the times of day recorded on the Nike tracker
tape and the sensor’s data collection tape were synchronized with the
WWVB transmissions of the NBS facility at Boulder, Colorado.

INTERFERENCE TESTS. The basic procedure followed in the interference tests
was to inject simulated fruit at the RF level into the front-end of the
sensor and to collect data using the RAA diagnostic. The fruit for per-
forming these tests was generated by two pieces of specialized test equip-
ment previously used at the Technical Center for similar interference work.
The first was an ATCRBS fruit generator that can provide up to 40K ATCRBS
ATCRBS fruit/sec. The second fruit generator was designed at the Technical
Center for producing Mode S fruit.

The basic test setup for performing the interference tests is shown

in figure 9. For each type of fruit the ouput of the particular

fruit generator was used to modulate a 1090 MHz source. The resulting
signal was then fed into an RF network that provided the appropriate
sum and difference signals for a given off-boresight angle.

20
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TABLE 2

FLIGHT PLAN FOR PHASE AND AMPLITUDE MONOPULSE COMPARISON

Flight Type#
(Radial/Orbit)
Radial
Radial

Radial

#All radials were along a 151
the Mode S sensor.

Altitude
(feet)

20, 000
15, 000

11,000

degree true north radial

Range
{nmi)

5-40

centered on
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The characteristics of the fruit were held constant for the period of*time
that it took for the RAA to collect 64 complete scans of data on the

N CPME. Due to the definition of the SIR used for these tests: a given SIR

value resulted in differing amplitudes for the fruit. A correction
table was generated based on the antenna plots for the S5—foot open
array to permit inputting the correct interference amplitude for
different {D}/{S) ratios. These corrections are shown in table 3.

Preliminary data was taken to ascertain the effects of fruit at

differing signal-to-noise ratios (SNR). For a SNR of 40 dB, at SIR’s of +20
and +10 dB the fruit rate was 200 Mode S per second. At a SIR of O dB

the rates were 50, 100, and 200 Mode 5 fruit per second. Since the effects
of #ruit under these conditions were negligible, a SNR of 25 dB, the lowest
possible at which the sensor could be calibrated; was used in the rest of
the tests.

At an SNR of 25 dB the fruit rates were 1.6K, 5K and 16K for ATCRBS and 100/
sec for Mode S. At each of these rates data were collected using SIR’s

of =10, O, and +10 dB at each of the points in the beam: the +6 dB point,
crossover, and boresight. Also. for 16k ATCRBS, a worst case test was made
using an SIR of -20 dB.
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DATA REDUCTIC:.

“ The data analysis for the various phases of this test program are

presented belnw. The #light check data were collected and reduced
using software programs developed previously during the Mode S5 T&E
program and processed on the Technical Center’s Honeywell 446/60 general
purprse camputer.

The ground accuracy and interference test data were collected using the
Mode 3 system RAA program, and reduced on a PDP 11/45 computer using
software also developed under the Mode S TE program at the Technical
Center.

Data #rca the static tests were processed using a Tektronix 4034
desktop computer with software developed under this effort.

STATIC TESTS. The results of these tests are a series of plots relating
each of the measured log {S>, log {DY,and {D>/{S> outputs to the input
signal strength, relative signal strength {D}/{S}, and reply frequency.

GROUND ACCURACY TESTS. These tests:, as noted earlier, were subdivided into

accurs. ; tests, off-frequency tests, and low power tests. The analysis
planned ‘or each was essentially the same and utilized existing reduction
softwar: The primary analysis was for the purposes of establishing

azimu+> 3ccuracy of both receivers and determining azimuth error as

a func. In of reply frequency and received power. The specific measures
that > 'lted were the mean error and the deviation of the equivalent
monopu:i:+32 angle in AU’s. These were plotted as a function of actual
bearing 2>f the CPME and encompassed angles exceeding the {S> and «{D»
crosso/s ™ points. For these tests the RAA program was used to collect
the dat - while a separate data reduction program generated the plots.

Off fresquency and low power error plots were generated in the same
manner as the plots for the 1090 MHz ground accuracy tests.

FLIGHT TESTS. The data collected during thege tests were processed to
derive %the residual differences in the angular determination by the
Mode S sensor and that of the Technical Center’s Nike tracking facility.
The data tapes from the tracker and the sensor were merged and the
relevant accuracy plots generated using the reduction program

developed during the initial "Mode S Accuracy Tests" (reference 3).

The results of this processing were a set of histograms for azimuth
residuals along with the resulting mean and standard deviation for

Mode S and ATCRBS replies when operating with the unmodified and
modified rTeceivers.

INTERFERENCE TESTS. The interference data was reduced using the same DR% A
software uvtilized for the Ground Accuracy tests, giving the mean error

and standard deviaiton of the fruit affected replies. The average number
of replies per beam (two scans) for each SIR was tabulated using the
printcuts from the RAA data collection Program, RAATPD (reference 9).
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RESULTS AND ANALYSIS

("\‘STATIC TESTS

N

RECEIVER RESPONSE. The receiver response characterisics are presented

in Figures 10 to 12. The first figure is a result of the data collected
using the pulsed RF test setup and shows the amplitude response of the
log amplifiers in the amplitude receiver, i.e., the slopes of the two
curves are approximately 355 m\//dB. As would be expected some ripple is
detectable in the individual curves, with the most notable areas occuring
at less than —-465 dBm. Some compression can also be noted between -20

and -30 dBm. In order to demonstrate the rtipple that exists between

the two ocutputs, the outputs of the two amplifiers have been subtracted
from each other in figure 10B. The ripple present present is approximately
equal to 150 mV.

Figure 11 plots the delta/sum outputs af both receivers as a function

of input power at the different {D}/{S} input ratios. These plots were
generated using the data from the basic CW tests. From the plots it is
apparent that the variations for the amplitude receiver far exceed those
of the phase receiver. Based on the approximate slope of the response

of the log amplifiers (5% mV/dB), overall variations in excess of 1 dB

are treadily detectable (the voltage increments in the plots are 59 mV/dB
each}. The sharp variations that occur at -25 to -30 dBm are with {D}/{5%
ratios of from —-15 to +6 dB and are due primarily to the compression of
the log amplifiers.

" The fact that the phase receiver is not dependent upon the characteristics

of the log amplifiers is exemplified by the relative insensitivity of the
delta/sum ratios with variations in received power. The results for the
phase receiver also indicate that sufficient signal remains present at
the input to the phase detectors to provide a well behaved delta/sum
ratio. This is due to the limiting amplifiers that precede the phase
detectors in the half-angle processor.

The characteristics of the actual monopulse video, MRMVD, for both
Teceivers are shown in figure 12. The curves were derived from pulsed
input signals with a {(D>}/{5> ratio of O dB. , Again, ripple is notice-
able for the amplitude receiver over the power range tested. Since

the A/D converter digitizes into 25& discrete levels over an input rtange
of approximately O to -2.595 volts, a 10 mV variation in the MRMVD will
rTesult in a variation of one monopulse unit.

BANDWIDTH. The Tesults of the bandwidth measurements are presented in
Figures 13 to 14. The overall results of the CW tests are presented in
Figure 13 which shows the output of the {D>/{S} channel for both re-
ceivers over the power range of -25 to -B0O dBm at a {D}/4{8 input ratio
of O dB. The variation of the delta/sum output with frequency and power
are more noticeable in the amplitude receiver than in the phase receiver.
The ripple in the ocutput for the amplitude receiver arises due to fre-
quency Tesponse, while the up and down movement of the amplitude curves
are attributable to the variation in power. It was determined from
figure 13 that the ripple with frequency averaged approximately 25 to

S0 mV. A slight slope for the phase receiver can be detected with
increaasing frequency in figure 13.
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The results in figure 14 were obtained using a pulsed RF input and a
{D7/4{8Y ratio of O dB. The point of measurement (log amp outputs) makes
the plots independent of receiver type. Horizontal lines have been drawn
to mark the O, 3, and & dB points at 1090 mHz and for each power level.
The overall fregquency response of both channels (2 dB points) were for
the sum channel 1087 to 1093 MHz, and from 1087 to 1092.8 MHz for the
delta channel. The differnces, i.e., log{D}-10g{S), at each power level
as a function of frequency is shown in figure 14B. The overall variation
is approximately 200 mV.

EIVER TRACKING. The ability of the sum and delta channels to track
rh other over a wide power range is of critical importance in genera-
ng a consistent monopulse value. Figure 15 shows the rTesults of

tracking tests performed on both receivers. Generated using data
lected during the basic €W testing, the figure plots {D>/{8}> out-

5 for 2ach receiver at 2ach input power level and for in phase and
of phase conditions, i.e., right and left of boresight. The

ults for the phase receiver demonstrate the tight tracking needed

=20 to -80 dBm input power to provide a reliable off boresight
estlmate The results for the amplitude rTeceiver teveal relativily
widea variations based on input power levels. This is particularly
tTrue in the mid range of delta/sum ratios, i.e., areas between bore-
sight and the crossover point. The variations narrow at the crossover
point and then begin to diverge beyond that point. This variation was
attributed to two factors. The first was the ripple in the log amplifiers
due to the limited number of stages, seven, and the alignment procedure
used to setup the log amplifiers. In order to minimize the ripple in
the two log amplifiers a CW signal was injected via a Voltage Controlled
attenuator (VCA), figure 6. With equal power into each channel of the
amplitude receiver the input power to each channel was varied from -20
ts ~90 dBm. The tesulting curves, shown in figure 14 were monitored
sn an oscilliscope and the log amplifiers adjusted to provide an over-—
311 variation of +/~1 dB ripple. After minimizing the ripple, the input
ncwer to the delta channel was varied over +é6 to -35 dB, with Trespect
o the sum channel. The output curves were then monitored to assure
that the +/—- 1 dB was maintained. Since the adjustment of the ampli-
fiers was performed using an input RF signal rather than at IF, it did
not exclude possible variations in component characteristics prior to
the log amplifiers, The precise cause of the reduced variations that
nccur at the crossover have yet to be identified. It should be noted.
however, that the overall variation of the delta/sum ratio in figure 15
is 120 mV, i.e., +/- 1 dB. As a point of refernce the output of the sum
icg amplifier has also been included in figure 16.
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SECZIVER DETECTION. ATCRBS bracket detection for the two receivers was
serformed using simulated ATCRBS inputs at 1090 MHz. The results of
those measurements are shown in figure 17. The 90 percent detection
point for the amplitude receiver was -82 dBm. while the sensitivity for
the phase Teceiver was =78 dBm. '

SEOUND ACCURACY TESTS

The ground accuracy data are presented as a series of azimuth error plots.
The plots show both the mean azimuth ervror. shown as dashed linesy and the
+/= 1 sigma standard deviation, szhown as solid lines. The egrror is in
azimuth uni%ts (9. 022 deg/AU) and is plotted versus position in the beam,
which 1s also in AU‘s (128 AU’s being equivalent to boresight). Each
nlsved point is comprised of from 20 to 40 samples.
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H7IMUTH ACCURACY. The data collected on the azimuth accuracies of the

phase and amplitude receivers are shown in figure 18. The data were collected
2verT as wide a beamwidth as possible. This was accomplished by lowering the
thresholds which limit the delta to sum ratio (Td) and the omni to sum ratio
{To). The Tesult was a 4. 75 degree beamwidth in the phase receiver and a

3. 8 degree beamwidth in the amplitude. The tests were performed using a
recsived signal strength of -54 dBm and 1090 MHz.

The azimuth error of both rteceivers was less than 1 AU over most of the
peam and no greater than 2 AU’s at any point in the beam. The standard
deviation of both receivers was generally less than 2 AU’s with only
osccasional spikes of appoximately 4 AU’s.

OFF FREQUENCY. The off frequency azimuth error data for both receiver

types 1s presented in figures 12A and 192B. The mean data for each frequency
has been consolidated into one plot for comparisaon purposes. The standard
deviation curves for each receiver—frequency combination is not shown in
these plots. However. the standard deviation for both receivers at all
fregquencies was consistently less than two AU’s.

The effective teceived power used during the testing with the phase receiver
was restricted to ~59 dBm at 1090 MHz. This limitation was dictated by the
maxzimum power available with the RF signal generator used to teplace the CPME‘s
RF source. During the tests with the amplitude receiver the effective power
+or each frequency was seperately established at approximately —-63 dBm. This
aporoach was taken to try and minimize the errors that arise due to power
variations (discussed in the Power Variations section of this report). The
specific power level was established by the maximum power available from the
3ignal generator at which all the frequencies under investigation would rtesult
in the same =ffective power at the-sensor.

Results for the phase teceiver show a variation of mean error of +/- 4 AU’s

in the range of 1088 to 1093 MHz. The mean errtor tends to increase rapidly.
sarticularly at the beam edges for 1087, 1086, and 1094 MHz. The errtors
in these cases equal or exceed 8 AU’s. An approximate 1 AU offset is

pr2sent at boresight for the higher frequencies, i.e.. 1092 to 1094 MHz.
F2sults of the tests are generally consistent with the results of prior
aff~frequency tests performed on the Mode 5§ sensor (reference 5).

E
N

Tha amplitude receiver had a maximum mean error over 1094 to 1086 MHz of

+/—4 MHz. The plots of the mean errors show a generally linear characterstic
that consistently has a zero mean error at boresight and increases with off-
noresight angle for several of the frequencies. This phenomena is a result
2+ frequency dependent gain imbalances in the {8} and {D} channels. This
iependence does not, however, bear a one to one relationship with frequency,
i.e., higher frequencies do not cause consistently higher or lower errors.

LW POWER. The low power data (figures 20 and521) show the effects that
iow level replies have on azimuth accuracy. The CPME transmit signal was
lowsred to provide an effective received power at the sensor of —-70 dBm at

wnich point the amplitude receiver was calibrated. i.e.. the level at which
th2 monopulse curve was established. This was done in order to minimize
“ha impact of the ripple that was known to exist in the tracking between
zne two amplifiers. It should be noted in reviewing the plots that the
zaiibration for the phase raeceiver was performed at -54 dBm. Once cali-
arated the tests were performed at -70, -74, -78, and -79 dBm receive
signal level.
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The data for both receivers show a narrowing of the beam at reduced signal
levels. This is due primarily to fixed video thresholds (TSA-Fixed Sum
ATCRBS and TSD-Fixed Sum Mode S} used to eliminate low level replies.

> Since these thresholds were set to -82 dBm then replies below this point

were Tejected resulting in an apparent reduction of the beamwidth. It
should be noted that at a {D}/{S}> ratio of +4& dB the sum antenna pattern
for the S-foot open array is 9 dB down from the peak of the beam and occurs
at approximately 1.8 degrees on either side of boresight (3.6 degrees total
beamwidth).

Results of the tests performed on the amplitude receiver show a slope in
the error curve as the received signal level is reduced from the -70 dBm
calibration curve. The slope itself is essentially the tesult of the
tracking limitations of the log amplifiers. Similar type slopes were
noted during Power Variation testing in this effort. In the areas near
boresight the {D>/{5) ratio is effectively limited to approximately -25 dB
before the SNR for the {D¥} signal is equal to O dB. A second factor in
this regard is that the phase detector for sensing right and left of
boresight is more sub ject to the effects of noise with the reduction

of the {D} signal. These effects are, of course, more pronounced due to
the +/-1 dB tracking tolerance already identified for the logarithmic
amplifiers. .

The phase receiver shows an increase in the deviation of the error, not un-
like that of the amplitude receiver, but the mean error tended to remain close
to zero across the entire beam. The relative flatness of the mean error is,
in part, due to the equal signal levels present, due to the quadrature hybrid
and the ability of the components in the Teceiver to provide adequate phase
tracking at the input to the phase detectors.

POWER VARIATIONS. The reason for these data were to present the error
produced by changes in received power levels. This factor becomes critical
when evaluvating the amplitude receiver tested because of the +/-1 dB
tracking tolerance of the log amplifiers. The tests were performed by
talibrating at -54 dBm, and than collecting error data at power levels

from 1| to 92 dB below that. The plot references CPME attenuator settings

of 2 dB to 11 dB, where 2 dB results in receieved power of -34 dBm and

each addition dB of attenuation causes 1 less dB in received power.

The amplitude receiver produced azimuth errors as shown in figure 22.
This error is due primarily to the log amplifier tracking problem and
their approximated log curve output.

The same tests were run on the phase receiver with no noticable effect.

Therefore, no plots are presented.

FLIGHT TESTS ‘

The flight test data for both the phase and amplitude receivers uwere
filtered with respect to elevation in order to minimize the bias effects
that occur with increasing elevation angles (reference 3). The range of
filtering was from O to 10 and from 10 to 20 degrees elevation for both
transponder types (Mode S and ATCRBS).
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The mean and standard deviation of the flight results are compared in

table 4. The results of the phase receiver were - comparable to those

derived during prior system accuracy tests performed on the Mode § sensor

3t the Technical Center (reference 3). Figure 23A shows a mean error for
Mode S replies of 2 a.u. ‘s below 10 degrees and 1 AU’s for 10 to 20 degrees
The one sigma deviation is similar for both. The ATCRBS results had smaller
mean and one sigma stantard devaitions due, primarily, to the fact that the
replies used for ATCRBS processing are close to boresight, while Mode § are
taken at the beam edge. Figure 23B presents this data.

The amplitude data presented in figures 24A and 24B show a much larger
mean and standard deviation for both ATCRBS and Mode S. This is due
primarily to the 15 to 20 dB variation in the received power level as the
aircraft travelesd from 5 to 40 miles. The ATCRBS once again had better
resuylts because the replies used to form target reports are close to bore-
sight. The mean error for the Mode S reports below 10 degrees is 12 AU’s.
This is more than the & AU error found during the power variation test,
but these tests were conducted from —-54 to ~46&3 dBm.

The flight power levels were above -50 dBm and resulted in different log

amplifier tracking errors. The amount of power variation experienced and
tha different range of operation of the log amplifiers could account for

the increased error.

INTERFERENCE TESTS

Since the effects of interference were negligible at an SNR of 40 dB. the
suybsequen%t tests were conducted with the lowest SNR at which the sensor
would calibrate, 25 dB. The received CPME power at this SNR was -70 dBm.

Tha affects of Mode S fruit at a rate of 100/sec, at SIR’s of -10, 0O, and
+1% dB for the two receivers were negligible. Figures 25A and B show the
nean and S. D of the azimuth error for the two receivers with no inte-
ferance injected. The worst case instances for 100 Mode-S/sec, SIR equal
7o —10 dB injected at crossover, are shown in the error plots of figures
=Z5C and D.

For ATCRBS fruit rates of SK and 16K, at the SIR’s tested, the mean azimuth
2r7oT remained uneffected for both systems. The standard deviation became
siightly erratic, some points as much as B AU’s, at the left edge of the
beam using the amplitude system under 16K ATCRBS. The results for 35K

and 16K ATCRBS are shown in figure 26 for the two receivers.

The results of figures 27A and B, using 16K ATCRBS at an SIR of -20 dB,

53130 show deviations at the edge of the beam for the amplitude system

which reflect another phenomena, that is, in these areas, the number of
data points used to derive the mean error and standard deviation drop off
with an increasing rate of interference. This occurs, because, the data
coilected were filtered by the Mode S/ATCRBS processors producing only good
replies. This filtering technique attempts to correlate on a pulse-by-puise
nasis for ATCRBS replies, and on a chip-by—-chip basis for Mode-5 replies.
the monopulse values of each pulse (or chip) with a monopulse estimate.

The slight deviations seen at the beam edges of the error plots are the
2ffects of interference on those replies whoses pulses have correlated only.
Roaplies whos2 pulses do not corralate are rejected:
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TABLE 4
FLIGHT TEST RESULTS

AZIMUTH ERRORS - MEAN % STANDARD DEVIATION (A. U ‘s)

! MODE-S ! ATCRBS
b} ]
! !

Elevation ' Phase Amplitude ' Phase Amplitude
' m sd m sd ! m sd m sd
1 1

< 10 deg ! 2.1 2,7 11,1 3.9 LR O F § 1.4 3.8 3.8
f {

10 - 20 deg ! 1.3 1,7 7. 4 2.8 ' 0,95 1,0 4,4 2. 8

1 ]

30
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The number of rTeplies accepted by the Mode S/ATCRBS processors and, there-
fore used to form the plots mentioned above are tabulated for each receiver

_inm table 5. The interference conditions are the same as those used in form-

ing the above plots: crossover injected fruit at rates of 100 Mode S, 3K,
and 16K ATCRBS, at SIR’s of -10 and —-20 dBm. The number of accepted replies
under Mode S interference rtemained equal to the amount under no inteference
for both receiver types. The number of replies did not decrease appreciably
until an interference rate of 16K and an SIR of -20 dB was used, the ampli-
tude teceiver suffering the most effects, although this table is more an
indication of how well the Mode S/ATCRBS processors are functioning in con—

Junction with each of the receivers than the relative merits of either the
phase or amplitude receiver alone.
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None
100
1.5

16
16

MODE-S REPLIES/SCAN UNDER INTERFERENCE

Fruit

Mode-8S/sec
K ATCRBS
K ATCRBS
K ATCRBS

K ATCRBS (SIR=-20 dB)

(SIR=-10 DB)

TABLE S5
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# of replies/scan

Amplitude Rcvr

135
135
135

130
125

70

Phase Rcvr

135
135
135
133
127
112
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SUMMARY OF RESULTS

”ﬁThe salient features of the results presented in the foregoing section

are presented here to provide a relative comparison of the two receiver
designs. -

1. Linearity of Monopulse Output: :
From the results of the static tests the phase receiver has a marked
edge in terms of the consistency of the {D}/{S} output with changes
in input power. The prime limitation of the amplitude lay in the
relative tracking of the logarithmic amplifiers and the already
+/-1 dB db ripple that results for the {D}/{B} ouput. The phase
receiver shows little if any affect with variations in input power.

2. Dynamic Range:
The overall dynamic range of each receiver, at least for detection

purposes, was comparable (less than -80 dBm for 90 percent detection).

3. Frequency Effects:
Results of frequency varitaions for both receivers tended to favor
the amplitude receiver with a3 smaller maximum error of +/—- 4 AU’s
over a wider bandwidth (1090+/-4 MHz) when compared with that of
the phase receiver over the same frequencies (+/—=- B AU’s}.

4. Low Signal Level Operation:
Operation of each rteceiver at low received signal levels, i.e, 79 dBm
favors the phase receiver in terms of a negligible mean error when
compared to the amplitude receiver over the effective beamwidth.
In both receivers the effective beamwidth was reduced due to fixed
video thresholds used in the sensor to limit low level replies.

The mean error curve for the amplitude receiver possessed a slope with a -
maximum error of 8 AU’s at the ends of the effective beam. In both
receivers the variance of the errors increased at reduced signal levels.
The amplitude receiver was also affected near boresight due to the {D}
signal being at or below the receiver’s noise level.

Accuracy Flight Results!

Accuracy during the flight tests revealed increased bias errors for the
amplitude receiver when compared with the phase receiver. For both
ATCRBS and Mode S replies: the phase receiver demonstrated bias errors
of less than 2 AU’s. The amplitudde Teceiver, however, gave target
reports with azimuth errors of as much as 5 AU’s for ATCRBS replies

and 12 AU’s for Mode S replies

6. Susceptibility to Interference:

Both phase and amplitude receivers suffer no ill effects under a

Mode S interference rate of 100 per second or an ATCRBS inteference
Trate of 1. 7K per second. The amplitude receiver begins to show a
slight increase in error at the edge of the beam under SK and 16K
ATCRBS interference rates. For both receivers the number of detected
Teplies decreases as the inteference rate increases from 16K or the
SIR decreases from —10 dB, with the phase receiver’s performance
slightly better.
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CONCLUSION

Based on the overall results of the tests described in this report,

the phase receiver provided better azimuth accuracy results than did

the amplitude receiver. It was noted however, that the accuracy of the
amplitude receiver used in this effort was limited in part by the +/-1 dB
ripple that existed between the {8} and {D} logarithmic amplifiers.

During the tests both receivers were operated over a beamwidth in excess

of 4.3 degrees with only one limitation noted. Namely, the off-frequency
results for the phase receiver tended to increase beyond 8 AU’s at the beam
edge for certain frequencies in the band from 1086 to 1094 MHz. This charac—
teristic has already been identified for the phase receiver in reference 10.

The amplitude receiver demonstrated some frequency sensitivity over the
1090 +/-4 MHz range tested. The errors induced by this sensitivity tended
to have a smaller maximum value than in the phase receiver. The errors
also tended to be more linear with respect to the {D}/{S} ratio than did
the phase receiver.

The tresults of the flight tests tended to be consistent with other results
derived during this effort. Namely, the amplitude receiver had an accuracy
limitation that can be attributed to the relative tracking of the log ampli-
fiers. Accuracy for ATCRBS replies was somewhat better than for the Mode S
replies primarily due to the weighting that the interrogation algorithm gave
for ATCRBS replies near boresight while Mode S target reports were based on
replies at the forward edge of the beam. The phase receiver gave better
accuracy than the amplitude receiver for both ATCRBS and Mode-5 replies.

Interference effects on the azimuth accuracy of Mode S replies were only
marginally different from the no interference case for the amplitude receiver.
The effects were limited to occasional spikes of 8 AU’s in the azimuth bias.
Similar excursions were not noted for the phase Teceiver. A secondary effect
was found to be at work in both receivers when the SIR was decreased to

—-20 dB while the ATCRBS fruit rate was maintained at 16K/sec. The effect

was manifest by a reduction in the number of replies received and correctly
decoded by the sensor’s Mode S processor. In this case the phase Teceiver
showed the impact of the interference only slightly less than the amplitude
racelver.

Both receivers remained unaffected by Mode S interference rates of 100/sec
at SIR‘s between -20 and +10 dB.
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	INTRODUCTION 
	PURPOSE 
	The purpose of this test effort was to collect performance data on a phase and an amplitude type monopulse receiver that would provide a basis for comparing the relative tradeoffs of the two approaches. In particular, the thrust of this effort was to evaluate 
	the azimuthal accuracies and th~ useable beamwidths of each type of receiver. It is expected that the results of the testing conducted 
	under this effort will form part of the basis for assessing the merits 
	of either approach if proposed for the production Mode S sensors. 
	BACKGROUND 
	The Federal Aviation Administration <FAA> has, since 1979, been engaged in the test and evaluation of three Mode S sensors built by Texas Instruments (TI >, Inc. Constructed in accordance with specifications contained in the engineering requirement. FAA-ER-240-26 <Reference 1), these sensors provide an angular tracking accuracy for Air Traffic Control Radar Beacon System <ATCRBS> and Mode S transponder equipped aircraft of 0. 1 degree root mean squared <rms>. This accuracy has been attained, in part, throug
	The receiver design implimented in the Mode S sensors is a phase-type <refe~ence 2>. In this approach the received difference <<D>> and sum ({9}) levels are converted to phase information at the radiofrequency <RF> level. The relative ~alues of the <D} and <S} channels are then combined to estimate ABS[ <D}/{9} J, i. e. , the manop u 1 se va 1ue. Although this approach has fulfilled the angular accuracy requirements <reference 3> specified in the ER, alternate receiver designs are possible which may fulfill
	known as a half angle processor 
	intermediate frequency <IF> phase 

	Since both approaches are likely to be proposed for the "front-end" of 
	the FAA's production Mode S sensor. it was decided that a test effort was required to provide comparative data for evaluating the relative performance tradeoffs of each approach. In order to accomplish this testing, the FAA's Technical Center designed aryd installed a modifi­cation into the Mode S sensor located at the Center that would convert the front-end to an amplitude processor. 
	This document describes the testing performed on each receiver and the results of those tests. Also included is a description of the circuitry used to modify the Mode S sensor to operate in an amplitude mode. 
	1 
	DISCUSSION 
	~~ DESCRIPTION OF EQUIPMENT 
	~ 
	' 
	MONOPULSE RECEIVERS. The Mode S receiver is a thre~ channel system that operates on sum, difference, and control <Omni {0}) RF inputs. The sum and difference signals are derived from a 5-foot open array antenna, while the control signal is derived from the omnidirectional antenna of the sensor. The control signal is used for the suppression of replies that occur in the side-lobes of the directional antenna. i.e., it pro­vides for receiver side-lobe suppression <RSLS>. The sum and difference signals provide 
	In the amplitude system, the individual sum and difference signals are logarithmically amplified and combined to form a function of the {0}/{S} ratio, e. g. Log ({O}/{S} >, as an estimator of the off-boresi g h t angle of the target. 
	In the phase monopulse receiver the individual sum and difference signals are combined in a hybrid JUnction to form two intermediate vectors i.e., {S}+J{D} and {D}+J{SJ, which approximates the situation of two overlapping antennas with displaced phase cent~rs. The two signals, normally referred to as the A and B vectors, have the characteristic that the angle between them provides an estimator, which is related to the amplitudes of the {S} and {0} antenna patterns and, therefore, the monopulse function. 
	As noted in reference 2, the monopulse function can be approximated 
	near boresight by a phase detector having a sine output, i. e. , 
	Monopulse function = <sin {P})/2 where {P} is the angle between the A and B vectors. 
	An ambiguity arises, however, when abs({0}/{5}):>1. This occurs when {P}>90 degrees. Therefore, the {0}/{S} antenna crossover points mark the limits of the usable range of the off-boresight estimator. To extend the range of the angle estimator, a half-angle approach has been used in the Mode S receiver. In this approach, the angle between the A and B vectors is divided to form secondary vectors whose angles are always less than 90 degrees. The two angles are defined as follows (reference 2>: 
	{a},{b} = arg({S}+/-J{O})-arg({S}) 
	This process results in two angles that can be phase detected individ­, ually an~ unambiguously. The outputs of the phase detectors are then {p}, since (reference 2>: 
	combined linearly to form 

	{P} = a-b 
	2 
	RECEIVER MODIFICATION. The implementation of the half-angle processor used in the Mode S sensor is shown in figure 1. The modifications used to convert this receiver into an amplitude receiver are shown in figure 2. The maJor differences between the two occur in the retention of the original 
	{Q} and {8} signals in the amplitude system with the removal of the 90 degree hybrid. The second maJor difference occurs with the replacement of the IF hybrids <the heart of the half-angle processor> with a subtracter ~ircuit to form log <abs<<D}/{9})) in th~ amplitude processor. 
	It will also be noticed in figure 2 that two amplifiers, one inverting and the other noninverting, follow the subtracter ~ircuit. This was done for two reasons: <1> the subtraction of the {9} and {Q} signals results in an output that is symetrical with respect to bore-sight, i.e., the sense or relative phasing of the {S} and {D} signals is not present; and <2> in order for the circuit to be compatible with the A/D converter used in the Mode S sensor bipolar video had to be used, positive for right and negat
	{Q} and {8} signals. 
	In order to detect the sense of the sum and difference signals, each are seperately amplified, limited, and. subsequently. fed into a balanced mixer acting in a phase detector mode. The output of the mixer is then used to control the multiplexer and to select the appropriate video for the A/D converter. 
	A consequence of the design used was that a linear subtraction of the delta from the sum resulted in problems near boresight due to antenna 
	\ characteristics. That is, the delta/sum ratio near boresight varies as a function of elevation angle and can be between 28 ~o 36 dB. The prexisting circuitry which the amplitude modific~tion was to function boresi~ht to be positive and all left of boresight to be negative. A clipping circuit was, there­fore, employed to maintain a consistant voltage for all null depths which could be encountered near boresight. This modification also made circuit~s response very similar to that of the phase receiver, as c
	with, required all monopulse video right of 
	the amplitude 

	MODE S SENSOR OPERATION. Two factors that affect the azimuth reporting accuracy of the Mode-s sensor are the means by which it is calibrated and the different interrogation schemes used for Mode S and ATCRBS aircraft. 
	In order for the Mode S sensor to determine accurately the azimuth of a transponder equipped aircraft, it must provide a means for translating the {Q}/{8} ratio into a measure of the target's distance from boresight or off-boresight angle. This is accomplished via a stored calibration table that relates a given monopulse number. i .. e., {Q}/{8} ratio, with an off-boresight correction that is added to the pointing angle of the sensor's antenna. The correction table itself is generated by inter­rogating a fi
	as the monopulse curve or table, terms that will recur in this report. 
	\. 
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	To assure the greatest accuracy in establishing the monopulse table, the location of the fixed transponder <known as the Calibration and Performance Monitoring Equipment <CPME)), with respect to the sensor, was surveyed at the time of installation and i~ known to be within +/-0.0028 degrees in azimuth and +/-5 feet in range. This degree of survey is documented in referenc~ 2 as a Second Order. Class II Survey as d~fined by the Federal Geodetic Control Committee. 
	The Mode S sensor has essentially two modes of interrogation, depending on whether the sensor is in an ATCRBS or Mode S interrogation cycle <scheduling of these cycles is performed by the sensor's Channel Management function>. Interrogation of ATCRBS targets occurs at regular fixed intervals i~ much the same way as current ATCRBS interrogators. This means that the resulting repli~s cover the beamwidth of the sensor's antenna. The azimuth used by the sensor in the ATCRBS target report for each scan is formed
	to "catch" targets as 
	replies occurring in 

	beamwidth of the antenn~ ncluding areas beyond the sum and difference crossover.
	( 

	\ 
	TEST APPROACH The testin~ performed in his program was divided into four phases: Static Tests, Ground Ac~· r-.=ocy Tests, Flight Tests, and Interference Tests. The purposes ano the general approach to each are described in the following paragraph:;. Also, see the test plan, CT-82-100-iOLR 
	<reference 4) and the add end um to CT-82-100-iOLR <reference 5). The specifics of the tests involved and the conduct of the individual tests are presented in the "Data Collection" sect~on of this report. 
	The overall approach to this program was to conduct all testing on the phase and amplitude receiver within the environment of the same sensor, i.e., to keep all hardware elements the same except for those required to effect a changeover from a phase to an amplitude receiver and back. In this way all elements, except for those identified in the "Receiver Modification" section t:Jere the same throughout the testing. 
	STATIC TESTS. The static tests ~ere designed to establish the response and tracking characteristics of the sum {S} and difference {D} channels of each receiver. Additionally, tests were performed to determine the detection characteristics of the receivers to simulated ATCRBS targets. Receiver response and tracking were determined by inJecting CW RF signals of varying frequencies, signal strengths, and {0}/{5} ratios 
	8 
	into the {S} and {D} channels of each receiver. The range of frequencies used covered the 1090 +/-3 MHz band, while the sum signal strength varied over the dynamic range of the receivers, i. e. , -20 to -79 dBm referenced 
	,.-
	(
	-

	to the sensor's RF port. <This report will follow the convention of defining the RF port as the output of the antenna's rotary JOint.> The {D}/{S} ratios ranged from -30 dB <boresight) to +6 dB, i.e., an area beyond the crossover points of the sum and difference antenna patterns. Receiver detection for both receivers was performed at 1090 MHz. 
	GROUND ACCURACY TESTS. Tests were performed with each receiver in order to determine the sensor's accuracy with respect to a fixed geodetic point. For this testing the CPME of the subJect sensor was utilized. 
	At the same time that this testing was being performed, off frequency and low power tests were performed by varying the response frequency and transmit power of the CPME. The range of frequencies and power levels used varied over 1090 +/-6 MHz and from -50 to -79 dBm referenced to the sensor's RF port. 
	FLIGHT TESTS. Flight tests were performed in order to compare the target report accuracy of the Mode S sensor when operating with the amplitude or the phase receiver. This was done with an aircraft equipped with an ATCRBS and a Mode S transponder and employed the use of the Technical Center's Nike tracking radar as an overall reference. 
	In order to minimize errors in the position determination of the tracking radar, the flight profiles were limited to a series of radial runs along a line JOining the sensor and the tracking radar. The flights were performed at three altitudes and extended from 6 to 40 nautical miles <nmi>. 
	The data co 11 ec ted was used to determine the differences, i. e. re­
	siduals, between the angular determinations of the tracking radar and 
	the Mode S sensor. The residuals were used to constitute an estimator 
	for angular accuracy. In these tests the tracker was regarded as the 
	reference. 
	INTERFERENCE. Tests were performed to identify the extent to which ATCRBS and Mode S fruit, i.e., nonsynchronous replies. affect the azimuthal accuracy and variance of the phase and amplitude receivers. These tests were performed in terms of the relative signal-to-interference ratio <SIR>, angular separation between the interference and a fixed target, and fruit ra~es. To accomplish this, simulated ATCRBS and Mode S fruit were inJected into the sensor at the RF level while the sensor interrogated the CPME. 
	9 
	per~ormance o~ the inter~erence tests the de~inition adhered to 
	In the 

	~or SIR was the ratio o~ the received signal strength, as measured at 
	output ofl the sum channeL ofl the target, i.e., the CPME, to that ofl the 
	.fruit when both were at boresight. This meant that any .fruit originating 
	at points in the antenna beam other than boresight would be reduced 
	accordingly to re-flect the antenna's amplitude pattern. 
	Only the results o~ the e~~ects OT ~ruit on Mode S replies are shown in 
	e~~ects on ATCRBS replies will be presented at 
	this report. The fruit 

	a later date, as an addendum to this report. 
	\ 
	10 
	DATA COLLECTION 
	{'"'. The testing series that was performed during each phase of -+:his program '---is presented in the .Po 11 owing paragraphs. The types of dat.::-co 11 ec ted and the methodology for collecting that data are presented. 
	STATIC TESTS. The static tests were divided into three categories based on the functional intent of each test. These categories include deter­mining: <1> the overall response ofl each type of! receiver, <2> the tracking of! the individual channels of each receiver, and <3> the detection charac­teristics of each receiver as a function ofl received signal strength. 
	Two test configurations were used during the static teits. In one case shown in figure 4, a continuous wave <CW> RF signal was inJected into the 
	<S> and <D> ports ofl the sensor. The relative magnitudes of! each signal were varied in order to establish the <S> signal at the desired level referenced to the sensor's RF port, while the <D> signal was set to the appropriate <D>I<S> ratio. This test configuration wa• used initially to gather data on the response of each receiver to a br~ad range of input variables. The range of input variables and tne Jutput measures recorded are listed in table 1. 
	For certain tests it w•s necessary to modify the configuration in figure 4 to accomodate a pulsed RF signal. The second test ~etup is shown in figure 5. In this configuration a PIN diode modulator was driven by either the sensor's Test Target Generator <TTG> or, in certain cases. a 
	/-pulse genrator. <The TTG is a piece of! test equipment Supplied with the 
	\ sensor and provides the capability ofl providing both ATCRB8 or Mode 8 type replies, as well as all interfacing to the transmitter control functions of! the sensor.> The {D}/{8} ratios were established in the same fashion as in the CW test configuration. 
	RECEIVER RESPONSE. Data flor these tests were derived from the basic static test confliguration using CW RF. Two additional tests were performed using pulsed RF signals. In the flirst it was desired to determine the ampli~iers. This was done on the receiver configured for an amplitude ,system. In this way each ofl the two log amplifiers were at the end ofl two relatively isolated RF/IF channels. The tests were conducted by varying the input signal flrom -20 to -85 dBm in 1 dB increments. This was accomplish
	amplitude response of the Log {8} and Log {D} 

	The other additional test ·performed for receiv•r response was to record the output voltage of the Monopulse Receive Video <MRMVD> ov~r the flull me~surement because it is the input to the AID converter where the monopulse value is established. This test was conducted using the same setup as used flor the amplitude response ofl the log amplifiers. The only diflflerence was in terms of the input powers used. The input was varied from -15 to 
	dynamic range of! each receiver. The MRMVD was selected flor 

	-90 dBm in 5 dB increments, and then from -90 to -112 dBm in 1 dB incre­ment•. Al!l in the log amplifie,. meesu,.ementl!l, the <D:>/<S)-rai:io w•• 0 dB. 
	\ 
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	FIGURE 4 
	TABLE 1 BASIC <CW RF) STATIC TEST VARIABLES 
	Sum power (dbm>: -25,-30,-40,-50,-60,-70,-80 
	Delta/Sum (db): .+6,0,-5,-10,-15,-20,-25,-30,-35 
	Freq,uency <MHZ>: 1087,1088,1090,1092,.1093, 
	Delta/Sum relative 
	phase <degrees> : o. 180 
	OUTPUTS 
	Log Sum, Log Delta, Delta/Sum, MRMVD 
	Notes: 
	1. 
	1. 
	1. 
	The MRMVD is the input to the A/D converte-r. It is essentially the amplified Delta/Sum signal 

	2. 
	2. 
	In the case of the amplitude receiver the Delta/Sum signal is the output of the implimented subtracter circuit and is therefore the Log<Delta/Sum) 
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	PULSED STATIC TEST SETUP 
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	FIGURE 5 
	RECEIVER BANDWIDTH. Most o~ the data ~or determining the bandwidth o~ each receiver originated with the basic CW test. An additional set o~ measurements were made using pulsed RF. These were made with the e~rective input power to each channel was set at each o~ rive different levels: -25, -35, -50, -65, and -80 dBm. At each power setting the input frequency was varied rrom 1085 to 1095 MHz in 1 MHz increments. The resulting peak voltages o~ the log{S} and log{D} amplifiers were then recorded.. For the same 
	{D}/{S} ratio at O, dB while the 

	RECEIVER TRACKING.. As in the ~oregoing sections. data ~or receiver tracking were derived in part from the basic CW tests. Because of the need for precise tracking between the log amplifiers in an amplitude monopulse receiver, it was decided to gather data that would aid in interpreting the overall tracking of the two. This was done by using the basic CW'test configuration and modifying it to include an 80 dB voltage controlled attenuator <VCA> before the power divider (figure 6). Since the VCA provides a l
	previously. The resulting signal, along with the {0}/{S} output of the sensor <log{D}/{S}), were then photographed on an oscilliscope. 
	( 

	RECEIVER DETECTION. As a final static baseline for comparison o~ the two receivers, a5 wall as to determine their respective sensitivities. data were collected on the number o~ bracket detections that occur for inJected ATCRBS replies. This was done by using the pulsed RF setup with the driving signal ror the modulator coming from the TTG test set <see figure 7>. The input ~requency was 1090 MHz, while the {0}/{S} ratio was maintained at 0 dB. The input power was varied from -7.4 to -85 dBm <referenced to t
	Threshold Setting 
	TSA <Fixed Sum ATCRBS> -82 dBm 
	TSTCA <ATCRBS Sensitivity Time Control> OFF 
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	GROUND ACCURACY TESTS, The ground accuracy tests ~ere divided into two stages based on their functional obJectives: <1> establishment of the azimuth errors due to off-frequency replies, and <2> to establish the 
	{~\ effects of low received power levels. In each case, the sensor's CPME \..__ was the source of target replies. Duri.ng off-frequency testing the RF source for the CPME was replaced by a calibrated RF signal generator . 
	Throughout these tests the primary form of data collectlon was via the sensor's Range and Azimuth Accuracy diagnostic <RAA >. Essent ia11 y, RAA functions by scheduling a high number of interrogations of the CPME for the period of time that the sensor's antenna beam is scanning the CPME. The resu1ting monop u 1 se value, i. e. , the measured {D}/{S} quantity for each increment in azimuth, is then used by the sensor to derive off­boresight azimuths of the CPME in azimuth units <AU's> fron the mono­pulse look
	AZIMUTH ACCURACY. In this test the CPME reply frequency was established at 1090 MHz. The RAA diagnostic was used to establish the azimuth accuracy of the sensor. 
	OFF FREQUENCY. The data collection process followed in the foregoing section was repeated with the CPME operatin-g at 1086, ·1087, 1088, 1092, 1093, and 1090 MHz. The reply frequency of the CPME was established by using a stable external RF signal generator in place of the CPME's normal local oscillator. Throughtout the tests the frequency of the generator was monitored at the CPME to assure minimal variations. 
	The selection of frequencies was extended 1 MHz beyond the normal +/-3 MHz tollerance of transponders. This was done to assure coverage of as much of the frequency spread of general aviation <GA> transponders as possible. Data summarizing the distribution of GA transponder frequencies as measured between the years of 1977 and 1980 has been excerpted from references 6 to 8 and is presented in figure 8. ' 
	LOW POWER. In order to assess the impact upon the azimuth accuracy determi­nations due to r~duced signal levels, the CPME output power was reduced to levels between -70 and -79 dBm. System calibration for the low power tests was done at a received power level of -54 dBm. The power was then reduced to each of the deS'ired power 1 e-ve 1 s at.. the· CPME by means of a step attenuator. Data were collected at -70, -74, -76, -77, -78, and -79 dBm using the RAA program. All tests were done at a frequency of 1090 
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	FLIGHT TESTS. The ~light tests weTe conducted using the Technical CenteT's o~ tTacking data, both the target tTacking radaT <TTR> and the missle tTacking Tadar 
	Nike tTacking system. In oTder to assuTe an uninteTTupted souTce 

	( ........ \ <MTR> o~ the Nike system were used. 
	~lights weTe per~ormed with the unmodi~ied Mode S phase monopulse o~ ~lying. A second ~light date was reserved ~lights with the modi~ied Mode S amplitude receiveT. 
	The 
	receiver during 1 day 
	to repeat the same 

	~light plan ~or the tests was composed o~ three Tadial ~lights, o~ which was made up o~ one inbound and one outbound run (see table 2>. ~light was per~ormed along the sam• radial at three di~~eTent altitudes. The radials were selected along a line o~ maximum accuracy for the Nike tTackingradar. Orbital flights were oTiginally planned for inc 1us ion in these tests, but were cane e 11 ed for two reasons. The first was due to airspace restTictions, and the second was that orbital ~lights would contribute litt
	The 
	each 
	Each radial 
	1 

	In order to minimize flight time and to permit data collection for both aircTa~t was equipped with two seperate transponders, one ATCRBS and one Mode S TRU-2 transponder. Both were active at the same ~ime during the flights. Prior to the flights, each transponder was checked to ascertain o~ their transmissions, i.e., 1090 MHz. 
	an ATCRBS and a Mode S target simultaneously, the 
	the center frequency 

	o~ data during the test ~lights were the Nike tTacking data tape and the sensor's data collection tape. The tTacker tape 
	The two sources 

	<re~erenced to tTue north>, and elevation 
	· contained the range, azimuth 

	o~ the target up dated every 0. 1 sec ond. The sensor's data time~tagged <time o~ day> ATCRBS and o~ the test aircra~t. The target reports were composed of the aircraft's ATCRBS or Mode S code <depending on the target rep crt type>, the a i rcTaft 's range from the sensor, a 1 t i tude, the monopulse value of the reply, and the target bearing in AU's. To facilitate filtering of the ATCRBS target reports a· unique code was assigned to the test aircraft. 
	\ ang 1 e 
	collection tape contained the 
	Mode S target reports 

	Throughout the test ~li~hts the times of day recorded on the Nike tTacker ~ere synchronized with the ~acility at Boulder, Colorado. 
	tape and the sensor's data collection tape 
	WWVB transmissions of the NBS 

	INTERFERENCE TESTS. The basic proceduTe followed in the interference tests ~ruit at the RF level into the front-end of the ~or per­forming these tests was generated by two pieces of specialized test equip­ment previously used at the Technical Center for similar interference work. The first was an ATCRBS f~uit generator that c~n provide up to 40K ATCRBS ATCRBS fruit/sec. The second fruit generator was designed at the Technical Center for producing Mode S fruit. 
	was to inJect simulated 
	sensor and to collect data using the RAA diagnostic. The fruit 

	The basic test setup for performing the interference tests is shown in figure 9. For each type of fruit the ouput of the particular fruit generator was used to modulate a 1090 MHz source. The resulting 
	~. signal was then fed into an RF network that provided the appropriate sum and difference signals for a given off-boresight angle. 
	20 
	TABLE 2 
	FLIGHT PLAN FOR PHASE AND AMPLITUDE MONOPULSE COMPARISON 
	("""·
	\ 
	Flight Type* Altitude Range <Radial/Orbit> <.Peet> <nmi> 
	Radial 20.000 
	5-40 Radial 15.000 
	5-40 Radial 11.000 5-40 
	*All radials were along a 151 degree true north radial centered on the Mode S sensor. 
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	The characteT'istics oil the fT'uit ware held constant for the period of'· time that it took for the RAA to collect 64 complete scans of data on the CPME. Due to the definition of the SIR used ilor these tests, a given SIR value resulted in diilfering amplitudes for the fruit. A correction table was generated based on the antenna plots for the 5-foot open array to permit inputting the correct interilerence amplitude for different <D>I<S> ratios. These corrections are shown in table 3. 
	Preliminary data was taken to ascertain the efilects of fruit at difilering signal-to-noise ratios d3NR>. For a SNR oil 40 dB, at SIR's of +20 and +10 dB the fruit rate was 200 Mode S per second. At a SIR of 0 dB the rates were 50. 100, and 200 Mode S ilru it per sec ond. Since the effects of fruit under these conditions were negligible. a SNR of 25 dB, the lowest possible at which the sensor could be calibrated. was used in the rest of the tests. 
	At an SNR of 2~ dB'the fruit rates were 1. 6K, 5K and 16K for ATCRBS and 100/ sec for Mode S. At each of these rates data were collected using SIR's of -10. Q, and +10 dB at each of the points in the beam: the +6 dB point, crossover, and boresight. Also, for 16k ATCRBS, a worst case test was made using an SIR of -20 dB. 
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	TABLE 3 
	'\ 
	.-'· 

	DIS AND SIR CONVERSION TABLE SIR db 
	=================================== 
	=================================== 
	Angle<DIS> -10 0 +10 +20 
	========== =================================== 
	========== =================================== 
	-30 dB +10 0 -10 -20 

	!=======!=======!========!========! 
	!=======!=======!========!========! 
	0 dB +7 -3 -13 

	!=======!=======!========!========! 
	!=======!=======!========!========! 
	+6 dB +2 -8 -18 -28 
	=================================== 
	dB down from boresight for interference 
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	DATA REDUCTIO:. 
	f 'The data analqsis for the various phases of this test program are -presented bel0w. The flight check data were collected and reduced using software programs developed previously during the Mode S T&E program and processed on the Technical Center's Honeywell 66/60 general purpcse computer. 
	The ground accuracy and interference test data were collected using the Mode S system RAA program, and reduced on a PDP 11/45 computer using software also developed under the Mode S T&E program at the Technical Center. 
	Data frc~ the static tests were processed using a Tektronix 4054 
	desktop computer with software developed under this. effort. 
	STATIC TESTS. The results of these tests are a series of plots relating each of the measured log <S}, log <D},and {0}/{S} outputs to the input signal strength, relative signal strength {0}/{S}, and reply frequency. 
	GROUND_ ACCURACY TESTS. These tests, as noted earlier, were subdivided into accur~ tests, off-frequency tests, and low power tests. The analysis ~or each was essentially the same and utilized existing reduction softwarl The primary analysis was for the purposes of establishing azimu~~ ~ccuracy of both receivers and determining azimuth error as func~ Jn of reply frequency and received power. The specific measures
	planned 
	a 

	/
	I that r~· •lted were the mean error and the deviation of the equivalent
	' 
	monopwl~? angle in AU's. These were plotted as a function of actual bearing Jf the CPME and encompassed angles exceeding the {S} and <D} crosso·,, r points. For these tests the RAA program was used to collect the dat · while a separate data reduction program generated the plots. 
	Off frequency and low power error plots were generated in the same 
	manner as the plots for the 1090 MHz ground accuracy tests. 
	FLIGHT TESTS. The data collected during these tests were processed to derive the residual differences in the angular determination by the Mode S sensor and that of the Technical Center's Nike tracking facility. The data tapes from the tracker and the sensor were merged and the relevant accuracy plots generated using the reduction program <reference 3). The results of this processing were a set of histograms for azimuth residual~ along with the resulting mean and standard deviation for Mode S and ATCRBS repl
	developed during the initial "Mode S Accuracy Tests
	11 

	INTERFERENCE TESTS. The interference data was reduced using the same DR& A software utilized for the Ground Accuracy tests, giving· the mean error and standard deviaiton of the fruit affected replies. The average number of replies per beam <two scans> for each SIR was tabulated using the printouts from the RAA data collection Program, RAATPD <reference 9>. 
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	RESULTS AND ANALYSIS 
	("" STATIC TESTS 
	'-~-~ 
	RECEIVER RESPONSE. The receiver response characterisics are presented in Figures 10 to 12. The ~irst ;igure is a result o; the data collected using the pulsed RF test setup and shows the amplitude response o~ the log amplifiers in the amplitude receiver, i.e., the slopes o~ the two curves are approximately 55 mV/dB. As would be expected some ripple is detectable in the individual curves, with the most notable areas occuring at less than -65 dBm. Some compression can also be noted between -20 and -30 dBm. In
	Figure 11 plots the delta/sum outputs a; both receivers as a function of input power at the different {0}/{S} input ratios. These plots were generated using the data from the basic CW tests. From the plots it is apparent that the variations for the amplitude receiver far exceed those of the phase receiver. Based on the approximate slope o; the response of the log ampli;iers <55 mV/dB>, overall variations in excess of 1 dB are readily detectable <the voltage increments in the plots are 59 mV/dB each). The sh
	( The fact that the phase receiver is not dependent upon the characteristics of the log ampli;iers is exemplifi~d by the relative insensitivity of the delta/sum ratios with variations in received power. The results for the phase receiver also indicate that suf;icient signal remains present at the input to the phase detectors to provide a well behaved delta/sum ratio. This is due to the limiting amplifiers that precede the phase detectors in the half-angle processor. 
	The characteristics of the actual monopulse video, MRMVD, for both receivers are shown in figure 12. The curves were derived from pulsed input signals with a {D}/{S} ratio of 0 dB. , Again, ripple is notice­able for the amplitude receiver over the power range tested. Since the A/D converter digitizes into 256 discrete levels over an input range of approximately 0 to -2. 55 volts, a 10 mV variation in the MRMVD will result in a variation of one monopulse unit. 
	BANDWIDTH. The results of the bandwidth measurements are presented in Figures 13 to 14. The overall results o; the CW tests are presented in Figure 13 which shows the ·output of the {0}/{S~ channel for both re­ceivers over the power range o~ -25 to -80 dBm at a {0}/{S} input ratio of 0 dB. The variation o~ the delta/sum output with frequency and power are more noticeable in the amplitude receiver than in the phase receiver. The ripple in the output for the amplitude receiver arises due to fre­quency respons
	, __ figure 13 that the ripple with frequency averaged approximately 25 to 50 mV. A slight slope for the phase receiver can be detected with increasing frequency in figure 13. 
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	The results in figure 14 were obtained using a pulsed RF input and a 
	{D}/{8} ratio of 0 dB. The point of measurement <log amp outputs> makes 
	the plots independent of receiver type. Horizontal lines have been drawn 
	to mark the O, 3, and 6 dB points at 1090 mHz and for each power level. 
	The overall frequency response of both channels <3 dB points> were for 
	the sum channel 1087 to 1093 MHz, and from 1087 to 1092. 8 MHz for the 
	delta channel. The di.Pfernces, i.e., log<D>-log{S}, at each power level 
	~s a function or frequency is shown in -Figure 14B. The overall variation 
	is approximately 200 mV. 
	R~CEIVER TRACKING. The ability or the sum and delta channels to track ~ach other over a wide power range is or critical importance in genera­ting a consistent monopulse value. Figure 15 shows the results of t~e tracking tests performed on both receivers. Generated using data collected during the basic CW testing, the -Figure plots {0}/{8} outputs for each receiver at each input power level and for in phase and out of phase conditions, i.e. 1 right and left or boresight. The results for the phase receiver de
	-
	At tenuator ( VCA) 
	-

	~ECEIVER DETECTION. ATCRBS bracket detection for the two receivers was ~e~formed using simulated ATCRBS inputs at 1090 MHz. The results of those measurements are shown in figure 17. The 90 percent detection point for the amplitude receiver was -82 dBm, ~hile the sensitivity for the phase receiver was -78 dBm. 
	gROUND ACCURACY TESTS 
	The ground accuracy data are presented as a series of azimuth error plots. -rhe plots show both the m1nan a%imuth e.,..,..'Or, sh1Jwn· as dashed line!b and the +;-1 sigma standard deviation, shown as solid lines. The errur is in azimuth units CO. 022 deg/AU> and is plotted versus position in the beam, which is also in AU's <128 AU's being equivalent to borrsight). Each Dl~~ed point is comprised of from 20 to 40 samples. 
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	AZIMUTH ACCURACY. The data collected on the azimuth accuracies of the phase and amplitude receivers are shown in figure 18. The data were collected over as wide a beamwidth as possible. This was accomplished by lowering the 
	~' thresholds which limit the delta to sum ratio <Td> and the omni to sum ratio i.._ (To). The result was a 4. 75 degree beamwidth in the phase receiver and a 
	4. 8 degree beamwidth in the amplitude. The tests were performed using a received signal strength of -54 dBm and 1090 MHz. 
	The azimuth error of both receivers was less than 1 AU over most of the beam and no greater than 2 AU's at any point in the beam. The standard dev1ation of both receivers was generally less than 2 AU's with only occasional spikes of appoximately 4 AU's. 
	OF~ FREQUENCY. The off frequency azimuth error data for both receiver ~ypes is presented in figures 19A and 19B. The mean data for each frequency has been consolidated into one plot for comparison purposes. The standard deviation curves for each receiver-frequency combination is not shown in these plots. However, the standard deviation for both receivers at all f~equencies was consistently less than two AU's. 
	The effective received power used during the testing with the phase receiver was restricted to -59 dBm at 1090 MHz. This limitation was dictated by the maximum power available with the RF signal generator used to replace the CPME's RF source. During the tests with the amplitude receiver the effective power ~or each frequency was seperately established at approxi~ately -63 dBm. This ~pproach was taken to try and minimize the errors that arise due to power c,tariations <discussed in the Power Variations sect1
	in the same effective power 

	Results for the phase receiver show a variation of mean error of +/-4 AU's :n the range of 1088 to 1093 MHz. The mean error tends to increase rapidly, oarticularly at the beam edges .Por 1087, 1086, and 1094 MHz. The errors in these cases equal or exceed 8 AU's. An approximate 1 AU offset is present at boresight for the higher frequencies, i.e., 1092 to 1094 MHz. Results of the tests are generally consistent with the results of prior off-frequency tests performed on the Mode S sensor (reference 5). 
	The amplitude receiver had a maximum mean e+ror over 1094 to 1086 MHz of +/-4 MHz. The plots of the mean errors show' a generally linear characterstic ~hat consistently has a zero mean error at boresight and increases with orf­coresight angle for several of the frequencies. This phenomena is a result o~ ;requency dependent gain imbalances in the {5) and <D> channels. This .:le~endence does not, however. bear a one to one relationship with frequency, i.e., higher frequencies do not cause consistently higher 
	~aw POWER. The low power data <-Figures 20 and ·~1) show the effects that iow level replies have on azimuth accuracy. The CPME transmit signal was low~red to provide an effective received power at the sensor of -70 dBm at '-'Jnich point the amplitude receiver was calibrated, i.e., the level at which ~he monopul3e curve was established. This was done in order to minimize the impact or the ripple that was known to exist in the tracking between tne two amplifiers. It should be noted in reviewing the plots that
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	FIGURE 21. AMPLITUDE RECEIVER LOW POWER ERROR 
	The data for both receivers show a narrowing of the beam at reduced signal levels. This is due primarily to fixed video thresholds <TSA-Fixed Sum 
	ATCRBS and TSD-Fixed Sum Mode S> used to eliminate low level replies. 
	Since these thresholds were set to -82 dBm then replies below this point 
	.___ 
	...

	were reJected resulting in an apparent reduction or the beamwidth. It should be noted that at a <D>I<S> ratio or +6 dB the sum antenna pattern ror the 5-.Poot open array is 9 dB down .Prom the peak or the beam and occurs at approximately 1. 8 degrees on either side of bor~sight (3. 6 degrees total beamwidth >. 
	Results or the tests performed on the amplitude receiver show a slope in 
	the error curve as the received signal level is reduced from the -70 dBm 
	essential!~ the result of the 
	calibration curve. The slope itself is 

	tracking limitations of the log amplifiers. SimilaT type slopes were 
	noted during Power Variation testing in this effort. In the areas near 
	boresight the (D}/(S} ratio is effectively limited to approximately -25 dB 
	before the SNR for the (0} signal is equal to 0 dB. A second factor in 
	this regard is that the phase detector for sensing right and left of 
	boresight is more subJect to the effects of noise with the reduction 
	of the (0} signal. These effects are, of course, more pronounced due to 
	the +/-1 dB tracking tolerance already identified flor the logarithmic 
	amplifiers. 
	The phase receiver shows an increase in the deviation of the error, not un­like that ofl the amplitude receiver, but the mean error tended to remain close to zero across the entire beam. The relative flatness ofl the mean error is, in part, due to the equal signal levels present, due to the quadrature hybrid and the ability of the components in the receiver to provide adequate phase tracking at the input to the phase detectors. 
	POWER VARIATIONS. The reason for these data were to present the error produced by changes in received power levels. This factor becomes critical when evatuating the amplitude receiver tested because ofl the +/-1 dB tracking tolerance ofl the log amplifiers.. The tes·ts were performed by calibrating at -54 dBm, and than collecting error data at power levels from 1 to 9 dB below that. The plot references CPME attenuator settings of 2 dB to 11 dB, where 2 dB results in receieved power of -54 dBm and each addit
	The amplitude receiver produced azimuth errors as shown in rigure 22. This error is due primarily to the log ampli~ier tracking problem and approximate~ log curve output. 
	their 

	The same tests were run on the phase receiver with no noticable effect. Therefore, no plots are presented. 
	FLIGHT TESTS 
	The flight test data for both the phase and amplitude receivers were 
	filtered with respect to elevation in order to minimize the bias effects 
	that occur with increasing elevation angles (reference 3). The range o.P 
	filtering was from 0 to 10 and from 10 to 20 degrees elevation ror both 
	'• 
	'

	transponder·types <ModeS and ATCRBS>. 
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	The mean and standard deviation of the .Plight results are compared in table 4. The results of the pha'Se re'CeiveT we-re., compa-rable""' to those s~stem accuracy tests perform~d on the Mode S sensor at the Technical Center <reference 3). Figur'"f! 23A shows a m>ean e"r"ror for Mode S replies of 2 a. u~ 's below 10 degrees and 1 AU's for 10 to 20 degrees. The one sigma deviation is similar fo-r both. The ATCRBS results had smaller primaril~, to the fact that the replies used for ATCRBS processing are close
	derived during prior 
	mean and one sigma stantard devaitions due, 

	The amplitude data ~resented in figures 24A and 24B show a much larger mean and standard deviation for both ATCRBS and Mode S. This is due primaril~ to the 15 to 20 dB variation in the received power level as the aircraft traveled .Prom 5 to 40 miles. The ATCRBS once again had better results because the replies used to form target reoorts are close to bore3ight. The mean error fo-r the Mode S reports below 10 degrees is 12 AU's. ;his is more than the 6 AU error found during the power variation test, out the
	-

	The flight power levels were above -50 dBm and resulted in different log amplifier tracking errors. The amount of power variation experienced and the different range of operation of the log amplifiers could account for the increased error. 
	INTERFERENCE TESTS 
	Since the effects of interference were negligible at an SNR of 40 dB, the ~ubsequent tests were conducted with the lowest SNR at which the sensor would calibrate, 25 dB. The received CPME powe-r at this SNR was -70 dBm. 
	The effects of Mode S fruit at a rate of 100/sec, at SIR's of -10, o,/ and +10 dB for the two receivers were negligible. Figures 25A and B show the mean and S.D. of the azimuth error for the two receivers with no inte­ference injected. The worst case instances for 100 Mode-S/sec, SIR equal ~o -10 dB injected at crossover, are shown in the error plots of figures 25C and D. 
	For ATCRBS fruit rates of 5K and 16K, at the SIR's tested, the mean azimuth error remained uneffected for both systems. The standard deviation became sl:ghtly erratic, some points as much as 8 AU's, at the left edge of the beam using the amplitude system under 16K ATCRBS. The results for 5K ~nd 16K ATCRBS are shown in figure 26 for the two receivers. 
	:ne results of figures 27A and B, using 16K ATCRBS at an SIR of -20 dB, 3l3o show deviations at the edge of the beam for the amplitude system :.ohich reflect another phenomena, that is, in these areas, the number of data points used to derive the mean error and standard deviation drop off 'JJ i t h an i n c r eas i n g rate of interfer enc e. T h i s · o c c u r s, b e c au s e , t h e data collected were filtered by the Mode S/ATCRBS processors producing only good replies. This filtering technique attempts
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	TABLE 4 FLIGHT TEST RESULTS AZIMUTH ERRORS -MEAN & STANDARD DEVIATION <A. U. 's> MODE-S ATCRES 
	Elevation Phase Amplitude Phase Amplitude m sd m sd m sd m sd 
	< 10 deg 2. 1 2. 7 11. 1 3, 5 o. 1 1.4 3,8 3,8 
	10 -20 deg 1. 3 1, 7 7,4 2,8 0.5 1, 0 4, 4 2. 8 
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	The number of replies accepted by the Mode S/ATCRBS processors and, there­fore used to form the plots mentioned above are tabulated for each receiver in tab 1 e 5. The interference conditions are the same as those used in form­
	('•.. 
	ing the above plots: crossover inJected fruit at rates of 100 Mode s, 5K, ' 
	and 16K ATCRBS, at SIR's of -10 and -20 dBm. The number of accepted replies inter~erence remained equal to the amount under no inteference for both receiver types. The number of replies did not decrease appreciably until an interference rate of 16K and an SIR of -20 dB was used, the ampli­tude receiver suffering the most effects. although this table is more an indication of how well the Mode S/ATCRBS processors are functioning in con­Junction with each of the receivers than the relative merits of either the
	under Mode S 

	( 
	56 
	TABLE 5 
	MODE-S REPLIES/SCAN UNDER INTERFERENCE 
	Fruit # of replies/scan Amplitude Rcvr Phase Rcvr None 135 135 100 Mode-S/sec <SIR=-10 DB> 135 135 
	II
	1. 5 K ATCRBS 135 135 
	II
	5 K ATCRBS 130 133 
	II
	16 K ATCRBS 125 127 16 K ATCRBS <SIR=-20 dB> 70 112 
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	SUMMARY OF RESULTS 
	(-"\ The 
	(-"\ The 
	(-"\ The 
	sa1 i ent 
	features 
	of 
	the 
	resu1ts 
	presented 
	in 
	the 
	foregoing 
	section 

	~
	~
	-

	are 
	presented 
	here 
	to 
	provide 
	a 
	relative 
	comparison 
	of 
	the 
	two 
	receiver 

	designs. 
	designs. 


	1. 
	1. 
	1. 
	Linearity of Monopulse Output: From the results of the static tests the phase receiver has a marked edge in terms of the consistency of the <D}/{S} output with changes in input power. The prime limitation of the amplitude lay in the relative tracking of the logarithmic amplifiers and the already +/-1 dB db rip p 1 e that resu1ts for the {D}/{S} ouput. The phase receiver shows little if any affect .with variations in input power. 

	2. 
	2. 
	Dynamic Range: The overall dynamic range of each receiver. at least far detection purposes. was comparable (less than -80 dBm for 90 percent detection). 

	3. 
	3. 
	Frequency Effects: Results of frequency varitaions for both receivers tended to favor the amplitude receiver with a smaller maximum error of +/-4 AU's over a wider bandwidth <1090+/-4 MHz> when compared with that of the phase receiver over the same frequencies (+/-8 AU's>. 

	4. 
	4. 
	Low Signal Level Operation: Operation of each receiver at low received signal levels. i.e. 79 dBm favors the phase receiver in terms of a negligible mean error when compared to the amplitude receiver over the ~~fective beamwidth. In both receivers the effective beamwidth was reduced due to fixed video thresholds used in the sensor to limit low level replies. The mean error curve for the amplitude receiver possessed a slope with a maximum error of 8 AU's at the ends of the effective beam. In both receivers t

	5. 
	5. 
	5. 
	Accuracy Flight Results: Accuracy during the flight tests revealed increased bias errors for the amplitude receiver when compared with t~e phase receiver. For both ATCRBS and Mode S replies. the phase receiver demonstrated bias errors 

	o.P less than 2 AU's. The amplitudde receiver. however. gave target reports with azimuth errors of as much as 5 AU's for ATCRBS replies and 12 AU's for Mode S replies. 

	6. 
	6. 
	Susceptibility to Interference: Both phase and amplitude receivers suffer no ill effects under a 11ode S interference rate of 100 per second or an ATCRBS inteference rate of 1. 7K per secorid. The amplitude receiver begins to show a slight increase in error at the edge of the beam under 5K and 16K ATCRBS interference rates. For both receivers the number of detected replies decreases as the inteference rate incr~ases from 16K or the SIR decreases from -10 dE. with the phase receiver's performance slightly be
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	CONCLUSION 
	( ..~' 
	\ 
	( 
	Based on the overall results of the tests described in this report, the phase receiver provided better azimuth accuracy results than did the amplitude receiver. It was noted however, that the· accuracy of the amplitude receiver used in this effort was limited in part by the +/-1 dB ripple that existed between the {S} and <D> logarithmic amplifiers. 
	During the tests both receivers were operated over a beamwidth in excess of 4. 5 degrees with only one limitation noted. Namely, the off-frequency results for the phase receiver tended to increase beyond 8 AU's at the beam edge for certain frequencies in the band from 1086 to 1094 MHz. This charac­teristic has already been identified for the phase receiver in reference 10. 
	The amplitude receiver demonstrated some freque-ncy sensitivity-over the 1090 +/-4 MHz range tested. The errors induced by this sensitivity tended to have a smaller maximum value than in the phase-receiver. The errors also tended to be more linear with respect to the {D}/{5} ratio than did the phase receiver. 
	The results of the flight tests tended to be consistent with other results derived during this effort. Namely, the amplitude receiver had an accuracy limitation that can be attributed to the relative tracking of the log ampli­fiers. Accuracy for ATCRBS replies was somewhat better than for the Mode S replies primarily due to the weighting that the interrogation algorithm gave for ATCRBS replies near boresight while Mode S target reports were based on replies at the forward edge of the beam. The phase receive
	Interference effects on the azimuth accuracy of Mode S replies were only marginally different from the no interference case for the amplitude receiver. The effects were limited to occasional spikes of 8 AU's in the azimuth bias. Similar excursions were not noted for the phase receiver. A secondary effect was found to be at work in both receivers when the SIR was decreased to -20 dB while the ATCRBS fruit rate was maintained at 16K/sec. The effect was manifest by a reduction in the number of replies received
	Both receivers remained unaffected by Mode S interference rates of 100/sec at SIR's between -20 and +10 dB. 
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