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PREFACE

This is the second report issued by the Radar Division of the Naval
Research Laboratory (NRL) describing concepts for air surveillance radar
systems having wideband frequency agility. Pulse-to-pulse frequency agility
in two radar bands covering a 50% bandwidth is the basic feature of the
SENRAD project, on which work has been under way at NRL for approxi-
mately two years.

The first SENRAD report, NRL Report 7713, describes a stacked-beam
radar capable of coarse height determination. The waveforms described for
that radar feature pulses segmented into four subpulses, each at a different
frequency. The combination of stacked beams and four-frequency wave-
forms led to a requirement for a large number of receiver-processor channels,
and this, in turn, impacted unfavorably on estimated costs of the system.

An assessment of the probable cost of the stacked-beam radar led to the
evolution of the concepts for simpler two- and three-dimensional radars pre-
sented in this report.
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SHIPBOARD AIR SURVEILLANCE RADAR CONCEPTS:
SENRAD I

INTRODUCTION

In the performance of Navy shipboard air surveillance radars, a number of areas
can be identified in which major improvements are needed and can be achieved. Areas
needing improvement include electronic counter-countermeasures (ECCM), moving tar-
get indication (MTI), and data rate. All of these characteristics impact on the capability
of a radar to provide automatic detection and automatic tracking of multiple targets.

Current air surveillance radars, particularly the two-dimensional (2-D) systems, are
ineffective in a noise jamming environment. The reasons for this ineffectiveness are

1. These radars are constrained to operate in relatively narrow frequency bands.

2. They do not have pulse-to-pulse frequency agility.

3. Wide azimuth beamwidths (and low antenna gains) result from the combination
of the low frequencies of operation and aperture limitations.

The fact that the radars operate in narrow frequency bands without frequency agility allows
a noise jammer to concentrate his energy in a narrow spectrum and thus easily overpower
the radar. The wide azimuth beamwidth permits a jammer to screen targets over a rel-
atively wide azimuth angular sector without having to overcome the pattern disadvantage
of radiating into the radar antenna sidelobes. For these reasons, it is apparent that major
improvements can be made in the performance of 2-D air search radars in an electronic
countermeasures (ECM) environment by utilizing a higher radio frequency so that narrower
azimuth beamwidths can be achieved, and by designing the radars to operate with pulse-
to-pulse frequency agility over the widest band possible.

Several problems remain unsolved in the implementation of MTI systems for long-
range air surveillance radars. One of these is the need to suppress returns from weather,
or chaff, or both at ranges over 100 n.mi. without using a high pulse repetition frequency
(PRF) with its attendant range ambiguities. An aspect of this problem is the "blind
velocities" which occur at close spacing in the velocity spectrum if a PRF that gives unam-
biguous range values is used. This close spacing and the large widths which these MTI
nulls must have to suppress the wide spectral returns from weather and chaff result in
very little of the velocity spectrum being available for the detection of targets of interest.
It will be shown later that frequency agility over a wide band can alleviate the problem
of blind speeds.

Note: Manuscript submitted November 22, 1974.
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Another aspect of the MTI problem occurs when land clutter and weather clutter
exist at the same range. Because of the different mean radial velocities typically associated
with these two types of clutter (land is stationary, but rain may be blown by wind), it is
impractical to use a single-notch velocity filter to suppress both. The notch width would
have to be so great that many targets of interest would be suppressed.

Automatic detection and tracking is, of course, achievable only if the MTI processing
of a radar is sufficiently good to reduce false target reports to a manageable number. In an
air surveillance radar there is, in general, a tradeoff between MTI performance and data
rate. The slower the data rate, the more samples are available for processing and the more
reliable are the target reports. Thus, for good clutter suppression, designers prefer a slower
scan rate. On the other hand, to track maneuvering targets and to correlate target detec-
tions accurately with tracks in file, one needs to increase the antenna scan rate. The cor-
relation problem is particularly difficult with high target densities and points to a need for
a small resolution cell, as well as a high data rate. With improved MTI technology, the
compromise data interval can be adjusted more toward the faster rates required for
automatic tracking.

Nulls are created at certain elevation angles in the radiation pattern of antennas over-
looking a reflecting surface such as the sea. These nulls result from coherent addition of
a direct ray and a ray reflected from the surface. The positions of the nulls are a function
of the radiated frequency and the height of the antenna above the surface. Since the
nulls result in an inability to detect targets at fixed altitudes throughout significant range
sectors, they prevent reliable automatic tracking of targets at low elevation angles and long
ranges. It is therefore desirable, if possible, to find a means to avoid loss of detection in
the nulls. The null positions could be varied by varying the antenna height above the
reflecting surface, but this is not a practical approach. The same effect can be achieved by
varying the radiated frequency over a wide range, and this is more practical. Therefore,
by transmitting several frequencies spaced over about a 50% bandwidth in each azimuth
beamwidth, the effect of the interference nulls can be largely eliminated. That is, since
the null positions move with frequency change, if a target is illuminated by several rela-
tively widely spaced frequencies, it is likely that the target will be in a high field region
for at least one of the frequencies.

In this report, concepts are described for both 2-D and 3-D air surveillance radars,
each applicable to different sets of ship classes. These concepts are aimed at achieving
major improvements in the problem areas discussed above. The major feature of the radar,
is a capability for pulse-to-pulse frequency agility throughout both the 900- and 1300-MHz
radar bands and throughout most of the frequency spectrum between these bands.

ADVANTAGES OF WIDE-BANDWIDTH OPERATION

Three major benefits are derived from the capability to operate simultaneously in
two widely separated bands, with pulse-to-pulse frequency agility in these bands. As
indicated above, these benefits are (a) a noise jammer is forced to spread his radiated
energy over a wide band, (b) interference nulls in the elevation coverage pattern are largely
eliminated, and (c) MTI "blind speeds" are effectively eliminated. These improvements are
now discussed in some detail.
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Noise Jamming

The equations for calculating detection ranges of a self-screening target and a target
screened by a standoff jammer [1] are, respectively,

Rss = 4.817 X 10-3Ft Pt[P Gto V 1/2

and

RsoJ = 6.940 X 10-2- PtTGtFt2Fr2Ro2l 1/4

where

Pt = radar pulse power (kW)

T = radar pulse length (ps)

Gt = transmitter antenna gain

Ft = transmitter pattern propagation factor

Fr = receiver pattern propagation factor

a = target cross section

Ptj = power radiated by the jammer (W/MHz)

Gj = jammer antenna gain

Fj = jammer pattern propagation factor

V0 = visibility factor (required S/N)

CB = radar bandwidth correction factor

L = radar losses.

Assume that a number of air search radars are designed with identical characteristics with
the exception of the bandwidth in which they are capable of pulse-to-pulse frequency
agility. Assume also that a noise jammer is limited by weight considerations to a particu-
lar total radiated power and that the operator can concentrate that jamming power in
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any band segment(s) of 10-MHz or greater width. Then, for purposes of comparison of
the performance of the radars against the noise jammer, the equations above can be re-
written as

RSS = K, (Ptj)-112
and

RSOj = K2 (P tj)-114.

Generally speaking, an operator will find it necessary to spread the energy of his noise
jammer over the total agility bandwidth of a radar, if that is possible, since it is not
possible to anticipate the frequency on which the radar will transmit next. Thus, unless
he can radiate enough power throughout the band to exceed the integrated skin returns,
it is not possible for a jammer to deny range determination against the jammer-bearing
vehicle or any target closer to the radar. The so-called "fast set-on" jammer can con-
centrate energy on the current-pulse radar frequency so as to deny range determination
against targets at ranges greater than that of the jammer. This type of jammer can also
deny range determination against targets at all ranges in an environment that requires
the radar to perform doppler filtering, since the radar frequency must be maintained
constant throughout the coherent integration period and the jammer can be set on that
frequency within a few microseconds after being illuminated by the first pulse of a train.

If the jammer must spread his energy over the agility bandwidth of the radar Af
then his effective radiated power Pti is inversely proportional to Af. Thus, the self-screening
and standoff jammer range equations can be rewritten as

RSS = K, (Af)111
and

RSOj = K2 (Af)1/4.

These equations can be used to show that a radar operating with frequency agility over a
275-MHz band, against a self-screening jammer, will achieve a detection range 5.2 times
that achieved by the same radar operating at a fixed frequency. Similarly, a range 2.3
times as great will be achieved against a target screenedby a standoff jammer. In both
cases, it is assumed that the jammer energy will be spread over a 10-MHz band against the
fixed-frequency radar.

Elimination of Elevation Pattern Interference Nulls

The phenomenon that occurs when a radar overlooks a reflecting surface such as the
sea has been analyzed by many researchers. The free-space radiation patterns are modified
by the presence of a wave reflected from the surface. The pattern in the vertical plane is
the result of phasor-vector addition of the direct and reflected waves. In the maxima of
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this interference pattern, radar echo signals may be increased by as much as 12 dB com-
pared to the free-space signal, whereas in the minima, or nulls, the signal strength may
theoretically go to zero. Blake [2] has developed computer programs for plotting the
vertical-plane coverage diagram of a radar. These programs, with some modifications, were
used to generate the diagrams that appear in this section.

Figure 1 shows the vertical-plane coverage diagram for a radar operating at 900 MHz
with the antenna at a height of 75 ft above the sea. The calculated free-space range of
the radar is 148 n.mi. for detecting a 1-m 2 target. The vertical antenna pattern is 100 at
the 3-dB points with cosecant-squared shaping to 300 above the horizon. The nose of the
beam is tilted 30 above the horizon. The sea surface is assumed to be relatively smooth,
with maximum wave heights of 1 ft.
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Fig. 1 - Range-height coverage diagram for a
single-freguency (900-MHz) radar

Observation of Fig. 1 indicates that a 1-m 2 target flying a radial course toward the
radar at an altitude of 40,000 ft will first be detected at a range of 230 n.mi. The tar-
get will remain detectable to the radar to a range of 222 n.mi., at which point it becomes
undetectable and remains so until it reaches a range of 204 n.mi. Thus, over a range
sector of 18 n.mi., the target is not detectable. As the target continues toward the ship,
there are eight other range sectors in which detection is not achieved, the last one occurring
at a range of 87 n.mi. Obviously, these gaps will cause difficulty in maintaining a track
on the incoming target.
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If the target described above is illuminated with several pulses of widely spaced fre-
quencies on each scan of the antenna, the range sectors in which detection is not achieved
are largely eliminated. For example, Fig. 2 shows a composite vertical-plane coverage dia-
gram in which the maximum range achieved with one of four frequencies (850, 940, 1215,
and 1400 MHz) is plotted at each elevation angle. Antenna height and sea state are the
same as indicated before. The vertical antenna pattern is again 100 at the 3-dB points for
850 and 940 MHz, but 70 for 1215 and 1400 MHz. For both bands, csc 2 shaping to 300
elevation is assumed. Free-space ranges used in this calculation are 142 n.mi. for the 850-
940 MHz band and 154 n.mi. for the 1215-1400 band. It might be noted that these free-
space ranges are achieved on each of four frequencies with twice the average power re-
quired to achieve the 148 n.mi. with a single frequency. The quantities affecting the range
calculation that are varied for the two cases include the following:

1. Number of pulses integrated: Six for the single-frequency chart, 3 and 2 for the
low and high bands, respectively, on the four-frequency chart. The latter numbers result
from maintaining a constant data rate for the two cases and doubling the average power for
the four-frequency case so that transmissions on the low and high bands can be made
simultaneously.

2. Swerling target fluctuation case: A Case 1 fluctuation model, typical of aircraft
targets, is assumed for the single-frequency calculation. A Case 2 (fast fluctuation) tar-
get model is assumed for the four-frequency calculation, since the frequency changes should
cause a pulse-to-pulse fluctuation of the target return.

In Fig. 2 it may be observed that a target flying a radial inbound course at an altitude of
40,000 ft is rarely lost after initial detection, and then only in very small range sectors.
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Fig. 2 - Range-height coverage diagram showing maximum response from
one of four frequencies (850, 940, 1215, 1400 MHz) at each elevation angle
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Another method of presenting the effect of the interference of direct and reflected
rays, which is more easily interpreted, is illustrated in Figs. 3 and 4. These charts show
signal level vs range for a target at a specific altitude. The signal level is normalized so
that the 0-dB level represents the minimum detectable signal. Figure 3 shows the signal
level obtained by a single-frequency radar (900 MHz), on a 1-m 2 target at 10,000 ft alti-
tude. This diagram and the one which follows are for a low-insensitivity mode of the
radar (e.g., MTI mode), with a free-space range of 58 n.mi. The range sectors in which
detection is not possible are quite obvious here.

0 10 20 30 4G so 50 70 80

BRNGE, NAUTICAL MILES

Fig. 3 - Signal level vs range for a single-frequency (900-MHz)
radar on a target at 10,000 ft altitude

Figure 4 shows signal level vs range for four frequencies plotted on a single graph.
At ranges less than 100 n.mi., the range sectors in which detection on at least one of the
four frequencies is not possible are few in number and of very limited extent.
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(C) Fig. 4 - Composite graph of signal level vs range for four transmitted
frequencies (890, 920, 1215, 1400 MHz) on a target at 10,000 ftaltitude

Elimination of MTI Blind Speeds

A similarly dramatic improvement can be made in the elimination of MTI "blind
speeds". If a target is moving with respect to the radar at a radial velocity such that the
doppler shift in the return from the target is a multiple of the radar PRF, the target re-
turn will be suppressed in an MTI processor. This phenomenon is illustrated in Fig. 5,
which shows the MTI response vs velocity for a 3-pulse canceler on a 900-MHz radar with
a 1000 pulse repetition frequency. Blind speeds occur at multiples of about 310 knots.
This difficulty may be alleviated by using a staggered-interval pulse train with a digital MTI
canceler, but in order to fill in the nulls in the response curve, a large percentage variation
in the PRF is required. That leads to inefficient use of radar time, since the minimum
pulse interval must correspond to the desired instrumented range of the MTI [3]. Fur-
ther, even with an optimized design [4], the variations in MTI response vs velocity are as
great as 26 dB.

The use of agility in the radio frequency radiated, if possible over a wide band, allows
one to eliminate MTI blind speeds without inefficient use of radar time and with mini-
mal variations of filter response vs frequency. Figure 6 shows a composite curve in which
the maximum response achieved at any one of four frequencies for a given target velocity
is plotted. This curve again is calculated for a 3-pulse canceler, with a constant PRF of
1000. It is assumed that during a scan of the antenna each target is illuminated with at
least four 3-pulse trains and that each train is at a different radio frequency. As may be
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seen, the maximum variation of the response curve is approximately 12 dB; the first true
blind speed, which is not shown in the illustration occurs at a velocity of -60,000 knots,
well above the range of velocities of targets of interest.
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(U) Fig. 5 - MTI velocity response curve for a
3-pulse canceler on a single-frequency (900-
MHz) radar with PRF of 1000 pps.
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cies for each velocity. Pulse repetition frequency is 1000 pps.
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It has been shown that the capability of operating in a wide range of frequencies,
with frequency band end points at approximately ±25% of the center frequency, leads to
major performance improvements in ECCM, elimination of nulls in the elevation coverage,
and elimination of MTI blind speeds. It should be pointed out that there may be com-
binations of noise jamming environment, target elevation angle, and target velocity that
prevent obtaining a strong return on any one frequency within even a 50% bandwidth.
However, the probability of not obtaining a strong return on one frequency of the
wideband radar is small compared to the probability in the case of the narrowband radar.

DESCRIPTION OF TWO-DIMENSIONAL RADAR

In this section a concept for a 2-D air search radar intended for shipboard installa-
tion is discussed. Some of the major features of the proposed radar are listed below.

Frequency 850-942 and 1215-1400 MHz (capable of operation at

frequencies of 850-1050 and 1100-1400 MHz)

Antenna Array, stabliized for roll and pitch

Data rate 4 s

Modes (1) Long-range search combined with land and sea
clutter MTI

(2) Antichaff/weather MTI

High-quality MTI processing will reduce false alarms to a level that permits reliable
automatic detection. This characteristic, together with a 4-s data rate and a relatively
small resolution cell, will permit automatic tracking (track-while-scan) of multiple targets.

A basic block diagram of the radar system is shown in Fig. 7. Essentially, two sep-
arate transmitter-receivers, one operating in the 900-MHz band and one in the 1300-MHz
band, are diplexed into a single antenna. Transmissions on the two bands occur simul-
taneously. Received signals, after pulse compression, MTI processing, and CFAR (con-
stant false alarm rate) processing in the individual channels, are combined for detection,
beam splitting, automatic track extraction, and display. A control computer performs the
function of frequency selection, based on a clear-channel search, programmed sequence,
or pseudorandom selection. The computer also translates ship's motion information from
the stable element to stabilization commands for the antenna pedestal.

More detailed descriptions of several of the major components of the radar are
provided in the following sections.
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(C) Fig. 7 - Two-dimensional radar system

Antenna

The preferred antenna approach is to use an array of printed dipoles, as shown in
Fig. 8. The array is approximately 8 ft high by 20 ft wide and consists of 16 rows of 32
dipoles each. A printed-circuit corporate feed board feeds each row of dipoles. A single
high-power vertical feed distributes the transmitted power among the 16 rows. To reduce
wind loading, the spaces between the horizontal feed boards are kept open insofar as pos-
sible.

The pedestal provides azimuth drive over roll and pitch stabilization. This is a de-
parture from current 2-D shipboard air search radars, which are generally unstabilized and
at the most have line-of-sight stabilization. Roll and pitch stabilization, together with the
relatively narrow beamwidth of this antenna, will permit measurements of azimuth posi-
tions of targets with a standard deviation no greater than 0.50. An analysis by Cantrell
and Trunk [5] shows that with this order of accuracy the probability that a weapon
control radar can acquire a target directly from the 2-D search radar is quite high. Thts,
the need for an intermediate 3-D radar is eliminated.

To minimize the weight of the antenna, a carbon-epoxy composite material developed
for satellite applications will be used to the maximum extent possible, both for support

11



S. K. MEADS

(U) Fig. 8 - Array antenna for 2-D radar

structure and for feeds and radiators. It is estimated that with this material the total
masthead weight of the antenna and pedestal can be kept below 2,000 lb.

A wideband printed-dipole radiator has been developed at NRL [6].
was tested in a number of configurations of waveguide array simulators.
1440 MHz band, it exhibits a VSWR of less than 2.8:1.

Some calculated characteristics of the antenna are listed below.

Array size

Number of dipoles

Azimuth beamwidth
850 MHz
1400 MHz

Elevation beamwidth
850 MHz
1400 MHz

Gain
850 MHz
1400 MHz

Peak azimuth sidelobes

Polarization

Weight (including pedestal)

This radiator
Over the 850-

8 ft high by 20 ft wide

512

3.50
2.40

100, csc 2 to 300
7°0 cSC2 to 300

29 dB
32 dB

-25 dB

Horizontal

< 2000 lb
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Although the antenna described here is an array of dipoles, investigation of a parabolic-
reflector approach, which might have weight advantages, is continuing. The array approach
is preferred because of the better control of aperture illumination it provides, thereby per-
mitting the attainment of lower sidelobes, an important ECCM feature.

Transmitter

Each of the two transmitters in the baseline system design has a wideband, ring-bar
traveling wave tube (TWT) as a final amplifier. Raytheon's type QKW1722 tube operates
in the 1300-MHz band. Typical operating characteristics [7] for this tube are as follows.

Peak power 160 kW

Duty cycle 0.0625

Maximum pulse length 2000 ,s

Average power 10 kW

1-dB bandwidth 1100-1400 MHz

Power gain 50 dB

This tube is grid-pulsed, liquid-cooled, and is identical to the QKW1518SG, except that it
uses an integral solenoid for focusing. Because of the high gain of this tube, the driver
chain may consist only of transistor amplifiers.

No suitable tube currently exists for the 900-MHz band. It will therefore be neces-
sary to develop a model of the QKW1722 scaled for that band. Compared to other tube
developments, this should entail comparatively little risk.

An alternative transmitter approach would use a single TWT to cover the entire
850- to 1400-MHz band. Such a tube is currently under development in the Electronics
Division of the Naval Research Laboratory. Performance goals for this tube, which is a
helix type with liquid cooling of the helix, are listed below.

Peak power 300 kW
Duty cycle 0.05

Maximum pulse length 250 ps

Average power 15 kW

1-dB Bandwidth 850-1400 MHz

Power gain 25 dB

If this tube is successfully developed, it will be used in a single transmitter to replace the
two transmitters shown in Fig. 7. Two receive channels would still be required. Develop-
ment of this tube is considered a project of significantly higher risk than the scaling of the
QKW1722.

13



S. K. MEADS

Modes of Operation

Two operating modes are available for this radar, with mode selection an operator
option. Mode 1 is the clear-sky search mode, in which an MTI pulse burst which is ef-
fective against area clutter is interspersed with pulses used for long-range search. Mode 2
is designed for a volume clutter (rain, chaff) environment and utilizes an MTI implemented
over the full range sweep. Since both modes use the same antenna scan rate, either may
be selected under computer control on an azimuth sector basis. For example, if rain or
chaff exists in a certain azimuth sector, Mode 2 operation may be designated for that
sector while Mode 1 operation is used for all other azimuth sectors.

Clear-Sky Mode (Mode 1)

In this mode, a 3-pulse MTI group is interspersed with long-range search pulses. Separa-
tion of the pulses in the MTI group is 1 ms, and MTI is implemented to a range of 80
n.mi. For the long-range pulses, a range sweep of 3.1 ms is provided, permitting range
measurements up to 250 n.mi.

Simultaneous transmissions are made in the 900- and 1300-MHz bands. The clear-
sky waveform for one frequency band is shown in Fig. 9. At a 4-s data rate, approxi-
mately 26.7 ms are available during the rotation of the antenna through one 3-dB azimuth
beamwidth at 1400 MHz, and 38.9 ms are available per 3-dB beamwidth at 850 MHz.
Thus, the complete sequence of pulses shown in Fig. 9 will illuminate a target within a
3-dB beamwidth at the highest frequency, and half again as many pulses will be transmitted
within the 3-dB beamwidth at the lowest frequency range.

250 10 10 10 250 10 10 10 /•s

foh f2 I 2 f2 fif 3l f3 f3 l

I 3.1 I I 3.1 I I i i
0 12.4 ms

foH f2 f21 f2 f f3l f3 l f3

I 3.1 I I I 3.1 I I 1i
I 2.4 24.8 ms

(C) Fig. 9 - Clear-sky (Mode 1) waveform showing
pulses from one transmitter during antenna rotation
through one azimuth beamwidth (24.8 ms).
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It may be seen in Fig. 9 that the transmitted frequency is changed from pulse to pulse
except within the MTI groups and is changed from one MTI group to the next. Although
the illustration shows the long-range pulses and the MTI groups oscillating between two
values, it is not necessary to do this; i.e., there is no necessity to repeat frequencies in
any particular order. When the sequence shown in Fig. 9 is used, the second transmitter
is transmitting another group of pulses in a different frequency band in synchronism with
the pulse sequence shown. On each antenna scan, a target will be illuminated with high-
energy pulses at four different frequencies and with MTI pulse groups at four different
frequencies. This represents the minimum frequency change for this mode. If frequencies
are not repeated, however, the total frequencies become 10 and 10 (4 and 4 in the high
band plus 6 and 6 in the low band due to the wider antenna beamwidth at the low band).

Range calculation worksheets [1] for the MTI waveform and the long-range waveform
are shown in Figs. 10 and 11, respectively. A worst-case number of pulses for noncoherent
integration is assumed (eight for each calculation). The MTI processor is a 3-pulse canceler,
and hence only one output is generated for each 3-pulse group. Swerling Case 2 target
fluctuation characteristics are assumed for both MTI and non-MTI processing. This as-
sumption can be made because of the pulse-to-pulse and group-to-group frequency agility
of the radar. The pattern propagation factor is taken to be 1.56, since that is the average
,value obtained against relatively low-elevation targets, when the averaging is done across
an elevation sector containing one or more interference lobes. A midband frequency is
used for the range calculations, which are for 0.5 probability of detection and 10-8 prob-
ability of false alarm. . Miscellaneous losses Lx listed on the calculations include 2.2 dB
for pulse compression and 1.5 dB for MTI processing. The calculated ranges (item 11)
are 92 n.mi. for the MTI waveform and 215 njiim for the long-range waveform.

Rain and Chaff Mode (Mode 2)

In this mode a sequence of pulses is transmitted with an interpulse spacing appro-
priate for an unambiguous range of 80-n.mi. After 14 pulses at one frequency, the radio
frequency is shifted and the PRF is shifted slightly. This mode is instrumented to 160 n.mi.,
and hence, a range ambiguity exists in the output data. The purpose of the shift in PRF
is to remove that ambiguity.

As in Mode 1, simultaneous transmissions are made in the 900- and 1300-MHz bands.
A pulse length of 60 ps is used to obtain sufficient sensitivity at the maximum range of
160 n.mi. The sequence of 14 pulses requires 14.7 ms, so that two such sequences will
be transmitted within the 3-dB azimuth beamwidth at all but the highest frequencies.

Velocity filtering for this mode is a three-stage process. The first stage is a 3-pulse
canceler with its velocity notch centered on the velocity of the surface clutter (sea and
land). The second stage is again a 3-pulse canceler, but with its velocity notch centered
on the mean velocity of the volume clutter. The third stage is an 8-point fast Fourier
transform (FFT) velocity filter bank. Range extent gates are used in conjunction with
the FFT to eliminate either land, rain, or chaff residues that are extended in range.
Finally, a low-velocity blanker loop is closed around the 3-stage velocity filter to remove
those fixed clutter residues which are not sufficiently extended in range to be removed

15
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PULSE-RADAR RANGE-CALCULATION WORK SHEET
For use in conjunction with NRL Report 6930 (Dec. 1969). Based on Eq. (13),
page 10, and associated auxiliary equations and curves as referenced below.

1. Compute the system input noise temperature T., following the outline in section A below.
2. Enter range factors known in other than decibel form in section B below, for reference.
3. Enter logarithmic and decibel values in section C below, positive values in the plus column and nega-

tive values in the minus column. For example, if t (dB) as given by Figs. 4 through 9 is negative,
then - VO(dB) is positive and goes in the plus column. For Cq, see Figs. 1 through 3. For definitions
of the range factors, see Eq. (13).
Radar antenna height: h = ft. Target elevation angle: 0 = 0. 5 0 (See Fig. 13.)

A. Computation of T,:

T= +T, ++L,. T,.

(a) Compute T,.

For Tt= T
ta = 290 and

Tg = 36 use Eq. (37a).

Read T, from Fig. 11.

L,,(dB). 2. 0 LA: 1. 585
Ta = (0.876 T,'- 254)/La + 290

.;= 234 "K

(b) Compute T, using Eq. (40).
For Tt, = 290 use Table 1. /

L (dB):2. 51 =226°K

(c) Compute T, using Eq. (41)
or using Table 1.

F(dB):_ 4 Te: 438 °K

L,:1-.77 8  LrTe =7790K.

Add. T. = 1239°K

B. Range Factors
Pt(kW) 160

10

C. Decibel Values
10 log Pt (kW)

10 log "ysec

Plus (+)

22- 0
10. 0

Minus (-)

Gt 1122 Gt(dB) 30- 5 _
Gr 1122 G, (,B) 30 5
0
(sqn M) 1 10 logo 3

fMH,. 1125 -20 log fMHZ 61 . 0
Ts (K) 1239 -10 log T. 30 - 9
Vo 8 pulses -Vo(dB) • 5 .7
c8 _ -CB(dB) -

2.0 dB
1.6 dB

-Lt (dB)

-Lp(dS)

2 .0
1 - 6

L., J12.2 + 1.5( -Lx(1B) 3 -7.
Range-equation constant (40 log 1.9)445 //
4. Obtain the column totals - 97 5 104 - 9
5. Enter the smaller total below the larger-oI . 97 . 5
6. Subtract to obtain the net decibels (dB)--11 +. - 7 .4
7. In Table 2 find the range ratio corresponding to

this net decibel (dB) value, taking its sign (0) into
account. Multiply this ratio by 100. This is R0 -*

8. Multiply Ro by the pattern-propagation factor
F = 1.56J (see Eqs. (42) through (65) and

Figs. 12 through 19):
Ro xF = R'F

S65.3

I102LI-1 75 j
9. On the appropriate curve of Figs. 21 and 22 determine the atmospheric-absorption

loss factor, LB(dB), corresponding to R'. This is La(dB)(1).

10. Find the range factor 5 , corresponding to - La(dB) (1) from the formula I0 02
b = antilog (-L,(dsB),40) or by using Table 2. 0- i

11. Multiply R' by s,. This is a first approximation of the range R,. -- 92 1
12. If R, differs appreciably from R', on the appropriate curve of Figs. 21 and 22, find

the new value of La(dB) corresponding to R1. This is L3(CB)(2). -

13. Find the range-increase factor (Table 2) corresponding to the difference between 7 7
(CB)(I) and La(dB)( 2 ). This is '52. - - -- -

1-1. Multiply R, by 8,. This is the radar range in nautical miles, R. ---- L
Note: If the difference between Lc,(dB)( 1) and L 1dB)( 21 is less than 0.1 dB, R, may be taken as the fihal

range value, and steps 12 throughP14 mayTe omitted. If LI(cin)(1, is less than 0.1 dB, .•' may be
taken as the final range value, and steps 9 through 14 may be omitted. (For radar requencie5 up
to 10,000 megahertz correction of the atmospheric attenuation beyond Nhe L.,dP)e 2) value would
amount to less than 6.I dB.)

Fig. 10 - Detection range-calculation worksheet completed for
Mode 1 MTI waveform; 0.5 Pd, 108 Pf on a 1-m 2 target
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PULSE-RADAR RANGE-CALCULATION WORK SHEET
For use in conjunction with NRL Report 6930 (Dec. 1969). Based on Eq. (13),
page 10, and associated auxiliary equations and curves as referenced below.

1. Compute the system input noise temperature T,, following the outline in section A below.
2. Enter range factors known in other than decibel form in section B below, for reference.
3. Enter logarithmic and decibel values in section C below, positive values in the plus column and nega-

tive values in the minus column. For example, if Vo (dB) as given by Figs. 4 through 9 is negative,
then - VO (dB) is positive and goes in the plus column. For CB, see Figs. 1 through 3. For definitions
of the range factors, see Eq. (13).

Radar antenna height: h = ft. Target elevation angle: 0 = 0.5 0. (See Fig. 13.)

A. Computation of Tr,: B. Range Factors C. Decibel Values Plus (+) Minus (-)
Ts = Ta + Tr + Lre Pt(kW) 160 10 log Pt(kW) jI22"0 __

(a) Compute T,.

For Tt= T
ta = 290 and

Tg = 36 use Eq. (37a).

Read T. from Fig. 11.

L,(dB): 2.0 t• 1.585

T, = (0. 876 T; - 254)/La + 290

1 T = 234 "K

(b) Compute T, using Eq. (40).
For Tt,. = 290 use Table 1.

Lr(dB):_2,51 T, = 226 *K

(c) Compute Te using Eq. (41)
or using Table 1.

S(dB):: 4__T4 : 438 OK

L,.: 1.778 . Lrre = 779*K

Add. 7, =12390 K_

250 10 log rpsec 24"0
G t 1122 Gt(dB) 30"5 ,,_."

Gr 1122 Gr (dB) 30"5
0 (sqm) 1 10 log o
fMH. 1125 -20 log fMHzz 61 -0
T. (OK) 1239 -10 log T, 30 -9
VO 8 pulses -V0(dB) 5 -7
C8 -Cs(dB)

2.0 dB
1.6 dB

-Lt(cdB)

-LP (dB)

*12.2 dB 1 2L .2g

Rane-equation constant (40 log 1.292) _____

4. Obtain the column totals -Il- 111.5

2-0
1 .6

103.4
5. Enter the smaller total below the larger-, 103.4

6. Subtract to obtain the net decibels (dB)---I +8.1
7. In Table 2 find the range ratio corresponding to

this net decibel (dB) value, taking its sign (±) into
account. Multiply this ratio by 100. This is R0 -*0

8. Multiply R0 by the pattern-propagation factor
F 1.56 (see Eqs. (42) through (65) and

Figs. 12 through 19):
Ro×F = R

E159,i

248Z
9. On the appropriate curve of Figs. 21 and 22 determine the atmospheric-absorption

loss factor, La(dB), corresponding to R'. This is LO(dB)(1)-

10. Find the range factor a I corresponding to -La(dB)( I) from the formula
h = antilog (-La(dB)/40) or by using Table 2. [ 0.866 I

11. Multiply R' by 81 . This is a first approximation of the range R,. 215

12. If RI differs appreciably from R', on the appropriate curve of Figs. 21 and 22, find
the new value of L,(d,) corresponding to R1 . This is Ll(dB)(2).*

13. Find the range-increase factor (Table 2) corresponding to the difference between
and La(dB)(2). This is 5s2. -

14. Multiply RI by 8 2. This is the radar range in nautical miles, R. m j
Note: If the difference between LQ(dI)(1) and LaSM)(.• is less than 0.1 dB, R , may be taken as the final

range value, and steps 12 through 14 may be omitted. If L,.)( 3(I is less than 0.1 dB, R' may be
taken as the final range value, and steps 9 through 14 may be omitted. (For radar frequencies up
to 10,000 megahertz, correction of the atmospheric attenuation beyond the L .•,,(2 value would

amount to less than 0.1 dB.)

Fig. 11 - Detection range calculation worksheet completed for Mode 1 long-range
waveform; 0.5 pd, 10-8 Pfa on a 1-m2 target
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by the range-extent gates and which are of sufficiently large amplitude to exceed the
cancellation ratio of the first 3-pulse canceler.

The rain/chaff mode waveform for one frequency band is shown in Fig. 12. The
same pulse groups are transmitted simultansously on the second frequency band. There-
fore, as in Mode 1, each target will be illuminated by at least four frequencies within
the 3-dB antenna beamwidth.

FOURTEEN 60-A s PULSES @ f, AND 954 pps

t" 14.675 ms

FOURTEEN 60-,f s PULSES 0 f2 AND 937 pps

It -29.616ms

(C) Fig. 12 - Rain/chaff (Mode 2) waveform showing pulses from one
transmitter during antenna rotation through one azimuth beamwidth
(29.616 ms).

A range calculation worksheet for the rain/chaff mode is shown in Fig. 13. Only one
report emanates from the MTI system for each sequence of 14 pulses received. Thus, since
there are two sequences on each band, four outputs from the MTI are available for non-
coherent integration. For the reasons discussed in the previous section, the target is again
considered to exhibit the Swerling Case 2 fluctuation characteristics, and the pattern prop-
agation factor is taken as 1.56. Miscellaneous losses listed for this mode include 2.2 dB
for pulse compression and 3 dB for MTI processing. These losses are more than offset by
a 9-dB coherent integration gain for the 8-point FFT velocity filter. The calculated rangeis 183 n.mi. It should be noted that in this mode somewhat poorer azimuth beam-splitting
performance results, since only two reports per target are obtained.-'

Signal Processing

The signal processing approach is shown conceptually in Figs. 14, 15, and 16. Re-
ceived signals are separated into the two bands by the diplexer (Fig. 7), and each signal
passes through an individual duplexer and into an RF preamplifier. As shown in Fig. 14,
after IF amplification and signal processing, the signals from the two bands are added prior
to video integration, detection, and data processing. The signal channels shown in the center
of -Fig. 14, consisting only of IF amplifiers and pulse compressors, process the long-range
pulses for Mode 1 operation. The pulse-compression networks have a compression ratio
of 500:1, so that the 250-ps transmitted pulses are compressed to 0.5 ps.

18
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PULSE-RADAR RANGE-CALCULATION WORK SHEET

For use in conjunction with NRL Report 6930 (Dec. 1969). Based on Eq. (13),
page 10, and associated auxiliary equations and curves as referenced below.

Compute the system input noise temperature T,, following the outline in section A below.

Enter range factors known in other than decibel form in section B below, for reference.

Enter logarithmic and decibel values in section C below, positive values in the plus column and nega-
tive values in the minus column. For example, if v0 (dB) as given by Figs. 4 through 9 is negative,
then - Vo (dB) is positive and goes in the plus column. For CB, see Figs. 1 through 3. For definitions
of the range factors, see Eq. (13).

Radar antenna height: h = ft. Target elevation angle: o = 0. 5 (See Fig. 13.)

A. Computation of T,: B. Range Factors -7C. Decibel Values Plus (+) Minus (-)
T, ý T, + Tr + Lr T,. __t_(_kW)_ I 1160 10 log Pt (kW) 22.0

(a) Compute T,.

For Tt. = Tta = 290 and
Tr = 36 use Eq. (37a).

Read T' from Fig. 11.

2.0 Ll: 1.585

7T = (0.876 T, - 254)/La + 290

1Tý= 234 K

(b) Compute T," using Eq. (40).

For Ttr = 290 use Table 1.

L . 2._5 T, = 226 °K

(c) Compute Te using Eq. (41)

or using Table 1.

Fn (dB): 4 Te:. 438 K

L,: I. 778 F LrTe = 7 7 9 0 KI

Add. T. = 12390
K

'p ec 60 10 log rpsec 17.8
Gt 1122 Gt(dB) 30.5

Cr 1122 G, (dB) 30.5
0

(sq m) 1 10 log a - -

4MHz 1125 -20 log fMH2  61 0
T. (OK) 1239 - 10 log T, 30 "9

Vo 4 pulses --VO(dB) 8.5

CB ] -CB(dB) _____

Lt 2.0 dB -Lt(dB)
7xý /ý /// 2 "0

LP 11.6 dB -Lp(dB) .1 "6
.12.2+3.091 :(n_ _ _ _Lx costn -(4 l 19)

Range-equation constant (40 log 1.292) 4..45

4. Obtain the column totals 1- 109 .I 104 .0
5. Enter the smaller total below the larger-*-1 104 .01

6. Subtract to obtain the net decibels (dB)-P--1 +5.1

7. In Table 2 find the range ratio corresponding to
this net decibel (dB) value, taking its sign (±) into
account. Multiply this ratio by 100. This is F 0 -*-0

8. Multiply R0 by the pattern-propagation factor
F = 1.56 (see Eqs. (42) through (65) and

S= 50 Figs. 12 through 19):
RoxF= R' )1-

IL34

I 0i

9. On the appropriate curve of Figs. 21 and 22 determine the atmospheric-absorption
loss factor, La(dB), corresponding to R'. This is La(dB)(1).

10. Find the range factor 81 corresponding to - La(dB)(1) from the formula 0.876
S= antilog (-LX(dB)/40) or by using Table 2.

11. Multiply R' by s . This is a first approximation of the range R,. •- 183

12. If R, differs appreciably from R', on the appropriate curve of Figs. 21 and 22, find
the new value of La(dB) corresponding to R . This is La(dB)( 2)"

13. Find the range-increase factor (Table 2) corresponding to the difference between
d,:u)(I) and La(dB)( 2 ). This is a.5 .

14. Multiply R, by r)2. This is the radar range in nautical miles, R.

Note: If the difference between LL(,la)( I and L 1B),,-2 , is less than 0.1 dB, R, may be taken as the final
range value, and steps 12 through 14 may be omitted. If L n),1 is less than 0.1 dB, R' may be
taken as the final range value, and steps 9 through 14 may be omitted. (For radar frequencies up
to 10,000 1negahertz, correction of the atmospheric attenuation beyond the Lt (rIP)(2) value would
amount to less than 0.1 dB.)

Fig. 13 - Detection range calculation worksheet completed for
Mode 2 (rain/chaff) waveform; 0.5 Pd, 10-8 Pfa on a 1-in2 target
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IIPULSE •LOW-V I

COMPRESSION A/D MTI BLANKER
BLAKE

, I I I-

L---------------------------------J

(C) Fig. 14 - Receiver-signal processor for 2-D radar

All processing involving velocity filtering is done in the two outer signal channels
shown in Fig. 14. After compression to a pulse length of 0.5 ps, signals in these channels
are digitized and undergo velocity filtering to remove clutter returns prior to addition of
the signals from the two bands. Pulse compression is performed prior to velocity filtering
to permit use of the low-velocity target blanker described below.

The section of Fig. 14 outlined by the dashed lines is expanded and elaborated in
Fig. 15. This section is identical for both the low and high bands.

The clear-sky MTI waveform (3-pulse bursts) is processed by the circuits shown in
the lower half of Fig. 15. When the radar is in the clear-sky mode (Mode 1), the three
switches in Fig. 15 are in the down position. The 10-ps pulses are compressed to 0.5 ps
by the 20:1 pulse compressor. "I" and "Q" signals from the phase detector are digitized,
and samples of these signals are extracted for comparison with the velocity-filtered signals
in the low-velocity blanker circuit. The operation of this circuit will be explained in more
detail in connection with Fig. 16. Suffice it to note here that the circuit is used to elim-
inate returns from fixed targets so large that they exceed the cancelation capability of
the MTI processor. The 3-pulse canceler following the A/D converter is adjusted so that
its notch is centered on the relative velocity of surface clutter (sea or land).

When the radar is operated in the rain/chaff mode (Mode 2), the switches in Fig. 15
are placed in the up position. The 60-ps pulses are compressed to 0.5 ps in the 120:1
pulse compressor and go through the same phase detector, A/D converter, and 3-pulse
canceler used to process the clear-sky signals. The Mode 2 signals then are processed in a
second 3-pulse canceler for which the velocity notch is set at the mean velocity of the rain
or chaff or both. The output of this canceler is fed into an 8-point FFT velocity filter.
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VELAIN KE SIGNALS
NEXT

I ILLUSTRATION AITDFT

PUS UNIT VELOCITYI COMRESSO , 2:1CNFIELER

PULSE

COMPRESSOR

1 20:1

CANELLERT

Fig. 15 - Block diagram of velocity filtering channels

This filter and the low-velocity blanker associated with the Mode 2 processor are shown
in more detail in Fig. 16.

A shift register is used as the delay unit between each of the eight inputs to the FFT
processor. Each of these shift registers provides a delay equivalent to the interpulse spac-
ing. Outputs from the FFT processor are separated into eight doppler bands, each cover-
ing one-eighth of the range of dopplers from zero to the PRF. As indicated in Fig. 12,
the PRF is switched between two values (typically 954 and 937 pps) on alternate 14-pulse
sequences. This is done to resolve range ambiguities resulting from using a PRF correspond-
ing to one-half the instrumented range. Detection occurs in the magnitude units on each
of the eight doppler filters. A range-extent gate on each filter output acts to gate out a
signal if it exists in more than two adjacent range bins. The assumption is that targets
which extend through more than two range bins are clutter. The outputs from the velocity
filter not blanked by the range extent gates are summed to a single output.

In the upper signal channel in Fig. 16, digitized signals that have not undergone MTI
processing are detected and then attenuated. The attenuation applied is approximately
3 dB less than the cancelation ratio achieved by the MTI cancelers against stationary
objects. This attenuated signal is then compared with detected signals emanating from the
velocity filters. If the magnitude of a signal from the unprocessed channel exceeds that
of one from the processed channel (both occurring at the same range), the low velocity
gate blanks the signal. The assumption which is the basis for this action is that any target
with a significant radial velocity component will produce a larger signal in the MTI channel
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DIG I T IZED MAGNITUDE A I IAMPLITUDE
"1" &"Q" SIGNALS UNTIM AO

-,.!-S L P R REGSTED BRANRE EXTENT6-P I
SHIFT

~ REGSTERMAGNITUDE RANGE EXTENT

2 SFT UNIT GATE -
I] - IFFT I - LOW-VELOCITYI

) i. 16 VELOCITY filter and l o it b ATEr

e SHIFT ot M p7.-GSTR•MAGNITUDE •RANGE EXTENT Z.

I I -IUN•IT G ATE /

(C) Fig. 16 -t Final stage of velocity filter and low-velocity blanker

than it will in the unprocessed channel. As previously noted, the function of the low-
velocity blanker channel is to remove fixed point clutter returns, when their magnitude
exceeds the cancelation capability of the MTI processor.

To summarize, the signal processing performed in Mode 1 includes pulse compression
and video integration of the long-range pulses, and pulse compression, 3-pulse canceler MTI
processing, and video integration of the clear-sky MTI waveform. Mode 2 (rain/chaff)

processing includes pulse compression, two stages of 3-pulse cancelers with offset clutter
notches, FFT velocity filtering with blanking of range-extended targets, and video integra-
tion. Automatic target detection is provided in both modes.

Data Processing

Data processing includes azimuth beam splitting, correlation of detections with track
files, generation of track vectors for detected targets, and maintenance of tracks on multi-
ple targets.

After signal processing (pulse compression, MTI, and CFAR) is carried out in the two
individual radar channels, the outputs from those signal processing channels are combined
for video integration, adaptive thresholding, and automatic detection. The automatic
detection function is combined with the azimuth beam-splitting function, and this area
constitutes the interface between what is generally considered signal processing and what
is considered data processing.
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A moving-window digital video integrator [8] will be used to add the returns from
pulses transmitted within a beamwidth. The number of pulses per beamwidth varies as
a function of the transmitted frequency, of course, since the azimuth beamwidth varies
from 2.40 to 3.50 over the band. The moving-window integrator will be implemented to
combine the number of pulses which are transmitted in the widest (low-frequency) beam-
width. The number of outputs from the signal processor also varies with the operating
mode. Only two outputs per beamwidth are available in Mode 2, while four to six are
available in both the MTI and long-range channels in Mode 1. Thus, in Mode 1, the
moving-window integrator will be implemented for six samples, whereas in Mode 2 it will
be implemented for two samples. Because of the long intervals between outputs from the
MTI processor, random-access memory (RAM) units will be used as the integrator storage
elements rather than shift registers. The interval between MTI outputs in Mode 2 is ap-
proximately 14.7 ms, and that in Mode 1 is 6.1 ms.

The threshold-crossing azimuth-position estimator measures the length of time during
which the detection threshold is exceeded and subtracts a fixed bias to determine the
azimuth position of a target. If 01 is the azimuth at which the detection threshold is
first exceeded and 02 the azimuth at which the integrated signal (output from the moving
window integrator) drops below the threshold, the estimate of the target's azimuth is

ot = 01+ 1/2(02 - 01) - OB

where 0 B is the fixed bias. The value of 0 B is NA0/2, where N is the number of sam-
ples combined in the moving-window integrator (the number of samples available within
the 3-dB antenna beamwidth) and A0 is the azimuth increment through which the antenna
moves between samples.

In Ref. 8, a calculation is made of the position-estimate accuracy achievable with a
"small number" of samples (eight in the case for which the calculation is made) as a func-
tion of signal-to-noise (S/N) ratio. For a S/N ratio of 6 dB, the predicted rms value of
the position measurement error is 0.113 beamwidth. Since there are six samples available
for beam splitting in Mode 1 for SENRAD, it can be assumed that the position measure-
ment accuracy will be comparable. At the lowest frequency beamwidth of 3.5°, this
translates to an rms error of 0.390. Since only two samples are available in Mode 2 oper-
ation, the position measurement error is expected to be greater, although a precise analysis
has not been made. This error is a price that must be paid for detecting targets in rain
and chaff at long ranges.

Detections and position measurements are compared with the current track file.
If a target falls within a correlation cell of a target currently in the track file, it is treated
as an update of that track. If a detection cannot be correlated with a current track, it is
considered as a tentative new track. After a number of detections of a new target are
made, a velocity vector is generated for it and it is entered in the track file.

Updates of target position measurements and track data are transmitted to displays
at various user stations, including command and control, Combat Air Patrol and strike
control, and weapon control.
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Calculated Performance

In this section, calculated performance of the 2-D radar in terms of detection sensi-
tivity and performance in clutter environments is presented. Vertical-plane coverage dia-
grams are used to illustrate sensitivity.

Figure 2 shows an outline of the volume in which a 1-m 2 target would be detected
by the long-range waveform of Mode I with 0.5 probability of detection Pd and 10-8
probability of false alarm Pfa" In the calculation, the single-pulse S/N ratio required for
detection of a Swerling Case- 2 target for the stated Pd and Pfa was assumed. This assump-
tion can be made because the pulse-to-pulse, frequency-agile operation effectively trans-
forms the fluctuation characteristics of slowly fluctuating Case 1 targets to exhibit the
rapidly fluctuating Case 2 characteristics. Thus, the graph applies to either Case 1 or
Case 2 targets. At each elevation angle, the maximum response achieved on any one of
four transmitted frequencies is plotted. Thus, the detection ranges shown are somewhat
conservative in that no account is taken of noncoherent integration of pulses at different
frequencies.

When the receivers are implemented as shown in Fig. 14, the range sweep for the
long-range waveform can be instrumented to 490 n.mi. This capability is based on the
assumption that the MTI pulse burst is transmitted at a frequency different from that of
the preceding long-range pulse. Thus, targets of sufficiently large cross section could be
detected at ranges to 490 n.mi. if the range sweep were made that long. This feature
might be of some value in detecting long-range missiles with a high trajectory. Figure 17
shows the detection envelope against a 7-m 2 target. The scale change between Figs. 2
and 17 should be noted.
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A similar vertical-plane coverage diagram for the MTI waveform of Mode 1 is shown
in Fig. 18. This chart is for a 1-m 2 target. It should be remembered that the MTI system
is implemented only to 80 n.mi. for this mode.

900 600

U--tLLJ
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u.i

300

0 50 100 I50

F#GEu NRUTICRL MILES

(C) Fig. 18 - Range-height coverage on a 1-m 2 target (Mode 1, MTI waveform)

The sensitivity chart for Mode 2 operation is shown in Fig.
This mode is instrumented to a range of 160 n.mi.

an

Pdto

19, for a 1-m2 target.

Sea clutter does not present a significant problem for this radar. In a state 5 sea,
improvement factor of only 4.7 dB will permit detection of a 0.1-m 2 target with 0.9
and 10-8 Pfa. This detection capability will exist from a minimum range of 5 n.mi.
the maximum range at which sea clutter is visible under normal propagation conditions.

If a land clutter model is assumed in which the backscatter coefficient is constant
with increasing range to a range of 30 n.mi. and decreases beyond 30 n.mi. because of
obscuration due to earth's curvature, the most difficult range at which to detect targets
in the land clutter environment is at 30 n.mi. If the 95th percentile value of the back-
scatter coefficient &o is taken to be -18 dB, the improvement factor required for 0.9 Pd
on a 0.1-m 2 target is 55 dB.

Figure 20 shows the theoretical improvement factor provided by the Mode 1 3-pulse
canceler as a function of the clutter-spectrum standard deviation. The maximum expected
value of the standard deviation of the spectrum for sea clutter, considering a maximum
sea roughness defined by sea state 5, is 2.3 knots [9]. Since, as was noted above, only
a 4.7-dB improvement factor is required in sea state 5, it is obvious from Fig. 20
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Fig. 19 - Range-height coverage on a 1-m 2 target (Mode 2)
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Fig. 20 - Theoretical improvement factor of 3-pulse canceler
vs standard deviation of the clutter spectrum

that the 3-pulse canceler will deal adequately with sea clutter. The maximum-expected-
spectrum standard deviation for land clutter with windspeeds to 50 knots is less than 0.75
knots at L-band frequencies [9]. The calculated improvement required to cancel 95th
percentile land clutter is 55 dB. Extrapolating the curve in Fig. 20 shows that if system
stabilities are sufficiently good this value is theoretically achievable.
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Figure 6, which was used to demonstrate the advantages of wideband frequency
agility in eliminating blind speeds, shows the response vs target velocity curve for the 3-
pulse canceler when the target is illuminated by four widely spaced frequencies during
each antenna scan. The chart covers only 2,000 knots; the first true blind speed occurs at
approximately 60,000 knots.

Preliminary calculations have been made of the Mode 2 performance against various
levels of rain and chaff clutter. Figure 21 shows the calculated performance of the three-
stage MTI system as a function of the standard deviation of the rain or chaff velocity
spectrum [10]. These curves were based on assumed values of the standard deviation of
surface clutter (5 knots) and for the mean velocity of the volume clutter (29 knots).
The 5-knot value of standard deviation for area clutter is conservative for any expected
land or sea clutter environments. The 29-knot mean velocity chosen for the volume
clutter is arbitrary; however, it is considered typical. The result of assuming different
values of mean velocity would be to alter the responses of some of the eight outputs
from the FFT velocity filter without causing major changes in the overall performance.
The circled dots indicate the improvement factor against volume clutter due to the second
3-pulse canceler alone. The solid lines, numbered 0 to 7, show the improvement factor
of the total MTI system at the eight outputs of the FFT velocity filter. These curves were
calculated for the midband frequency. Curves marked with short vertical lines show the
improvement factor against surface clutter at the outputs of the MTI system. Since in
most channels, this improvement factor is greater than 60 dB (the maximum shown),
only two lines appear on the chart.

GCIF (DB)= '42 FMERN2 (KNOTS)= 29
DF(GHZ)=l1.25 R (N.MILES)= 80 SIGMRI (KNOTS)= 5

0010

S20"

30LIJ

ý: q0

k0

0 10 20 30 40 50 60 70

S IGMR2 [KNOTS)

Fig. 21 -- Calculated performance of 3-stage MITI system
vs standard deviation of clutter spectrum
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(C) Several curves are plotted in Fig. 22 to show the improvement factors required for
0.5 Pd at 108 Pf, in the following clutter environments:

af 1 mm/hr rain

b. 4 mm/hr rain

c. 16 mm/hr rain
d. 10 m2/(n.mi.)3 chaff

e. 100 m2 /(n.mi.) 3 chaff

f. 1000 m 2 /(n.mi.) 3 chaff.

The rain and/or chaff are assumed to be uniformly' distributed from the surface of the
earth to an altitude of 25,000 ft. and to not exist above that altitude. The break in the
curves between ranges of 80 and 90 mi is due, of course, to the fold-over of near-range clutter
onto the range bins beyond 80 mi. The shadowing of a large portion of the clutter at
those ranges, due to earth's curvature, causes the falloff of the required improvement
factor at the longest ranges. If clutter does not exist at near ranges, the improvement
factor required at long ranges will increase only about 1 dB above its value at 80 n.mi.
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Fig. 22 - Required and predicted MTI improvement factor for
environments to achieve 0.5 Pd on a 1-m2 target
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Also plotted on Fig. 22 are the calculated improvement factors that will be achieved
by the MTI system, with several assumed values of standard deviation a of the clutter
spectrum illuminated by the radar. These values of improvement factor are extracted from
Fig. 21, excluding the first three of the eight filters in the FFT filter bank.

These calculations are considered preliminary and represent a conservative design
approach. This assessment is made because of the following considerations. The improve-
ment factors were calculated on the basis of a Gaussian distribution of clutter velocities.
In reality, the velocity spectrum will be truncated by the upper altitude limit of chaff or
rain and by the horizon. Thus, when a wide fan beam is used in the elevation plane, the
clutter extent in the antenna pattern will be limited to a relatively narrow portion in wliich
the field strength remains almost constant. For that reason, something approaching a
uniform truncated distribution might be more appropriate than the Gaussian distribution
assumed. A second point is that no effort was made to optimize the combination of
three stages of the MTI system, although the individual stages were optimized. These
considerations tend to make the calculations presented in Figs. 21 and 22 somewhat
pessimistic.

DESCRIPTION OF THREE-DIMENSIONAL RADAR

The 3-D radar described here is intended to meet the need which exists on certain
ship types for tracking targets in three dimensions (range, azimuth, and height). This
radar uses a rotating planar array antenna and provides track-while-scan operation.

Elevation angle information on airborne targets is not of much value at very long
ranges since the total elevation angle defined by the horizon and the upper altitude limit
for these targets is small. That is, for reasonable apertures, the elevation beamwidth is
comparable to the total elevation sector of interest at ranges beyond 200 n.mi. For that
reason, and more importantly, for reasons of economy in cost and weight, the primary
mode of the radar is instrumented only to a range of 125 n.mi. Another mode is available
which provides elevation information to a range of 250 n.mi., but only in an elevation
sector of approximately 60.

Some of the major features of the 3-D radar are listed below.

Frequency 850-1400 MHz
Antenna Array, phase-scanned in elevation,

coverage from 0 to 70' with
monopulse in azimuth and elevation

Data rate 4s (6s in rain or chaff)
Transmitter Transistor row amplifiers.

Figure 23 is block diagram of the 3-D radar.

Associated with each row of radiators of the array antenna are a multiple-transistor
power amplifier, two low-noise preamplifiers, and two low-power phase shifters. A pulse
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at the radio frequency to be transmitted is generated by the exciter, passes through a
duplexing circulator, through one channel of a three-channel rotary joint, and into the sum
port of a low-power 1:42 elevation feed network. Each of the 42 outputs from the eleva-
tion feed passes through a low-power phase shifter, where elevation steering phases are
applied, and drives a power amplifier; each of these amplifiers in turn drives one row of
the array.

Received signals are combined by the row feed networks to form a sum signal and
an azimuth difference signal at each row. Each of these signals is amplified by a low-noise
preamplifier and is phase shifted for elevation steering. The 42 azimuth difference signals
are then summed in an elevation feed to form the total azimuth difference signal. The
42 sum signals are combined in a second elevation feed to form the total sum signal and
the elevation difference signal. The sum, azimuth difference, and elevation difference
signals pass through the three channels of the rotary joint to the signal processors. The
need for two mixers at the input to each signal processor will become apparent in a later
discussion of waveforms. The signal processors perform the functions of pulse compres-
sion and MTI and CFAR processing. Target reports go to the data processor where posi-
tion estimates are made and tracks generated.

A control computer performs the functions of frequency selection, mode control,
and phase gradient generation for electronic beam stabilization and elevation steering.
The beam-steering computer, which generates the phase commands for each of the in-
dividual phase shifters, is located on the rotating antenna. Thus, it is only necessary to
pass a phase gradient command through the slip rings to the beam-steering computer.

No mechanical stabilization is required for this antenna, and no significant position
measurement errors will occur as a result of the line-of-sight (LOS) stabilization of a
pencil-beam pattern. This is contrary to the case when LOS stabilization is used with a
fan-beam pattern, which leads to significant azimuth position measurement errors. The
difference in the two cases is, of course, that with a 3-D pencil beam radar the height
of a target can be determined and thus the correct azimuth can be calculated, regardless
of the plane in which the beam is scanned and stabilized.

Transmitter

The proposed transmitter configuration for the 3-D radar has individual final power
amplifiers driving each row of the array. Each of these final amplifiers consists of multi-
ple transistors. The dc power supplies for the row amplifiers are below deck to reduce
weight on the rotating antenna. This arrangement requires that dc current of the order of
350 A at 28 V be passed through slip rings to the antenna.

The General Electric Co., Syracuse, N.Y., has demonstrated with a transistor module
the bandwidth necessary for this application [11]. Curves showing bandwidths at the
1- and 2-dB power points of this module are presented in Fig. 24. This module consists
of one transistor driving two in parallel. If a 42-W power output and a 1.5-dB combining
loss are assumed, 20 such modules will be required to develop the required pulse power
of 595 W for one row. Thus, approximately 70 transistors, including driver stages, are
required for each of the 42 row transmitters, or a total of 2,940 for the entire array.
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Fig. 24 - Power output of GE transistor module
vs frequency for two pulse widths [11]

Some of the characteristics of the individual row transmitter and the corresponding
quantities for the entire array are listed below.

Row Transmitter Array Transmitter
Pulse power 600 W 25 kW
Maximum pulse length 400 ps 400 ps
Maximum average power 68.4 W 2850 W
Number of transistors 70 2940

Figure 25 is a diagram of a row amplifier. An input power of 1 W is amplified and
divided into two portions, and each portion is further amplified to a 60-W level. Each
signal drives a series power combiner of 10 modules, and the outputs of the two series
combiners are added to provide the 600-W pulse power for one row of the array. The
inset on Fig. 25 shows the construction of one of the 20 amplifier modules. It consists
of one 4-cell transistor driving two 8-cell transistors.
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LJL~.10 MODULES'

60w LJL. L L L L L j L600

Fig. 25 - Row power amplifier with inset of
3-transistor module

An alternative would be to drive the entire array with a below-deck transmitter in-
corporating the wideband TWT discussed earlier in connection with the 2-D radar. This
approach would result in a significant decrease in the weight of the antenna, since the
power amplifiers would be removed from that structure. There are, however, other con-
siderations which favor the solid state row transmitter.

1. If a single, high-power transmitter is used to drive the entire array, it is necessary
to use high-power phase shifters for elevation beam steering. These are more difficult to
develop and somewhat less reliable than the low-power devices which can be placed ahead
of the row transmitters.

2. The overall efficiency of the transmitter-antenna combination is greater when the
row transmitter approach is used. This is because reduced transmission line losses are
incurred when the transmitters are placed in the antenna feed structure.

3. Transistor amplifiers are "RF-modulated" devices; i.e., they require no modulation
of the bias voltage. Accordingly they are much more attractive for a scanning beam 3-D
radar transmitter than is a large tube, which requires modulation of the beam current.
Efficient use of a 3-D radar which maintains a constant detection sensitivity at a constant
altitude line requires "programming" of the transmitted energy as a function of elevation
scan angle. For example, if the elevation sector of interest is from the horizon to an
elevation angle of 700, with a maximum altitude of 100,000 ft, most efficient use of
radar time and energy requires that both the pulse energy and interpulse period be varied
as a function of elevation angle. It is much easier to achieve this type of power program-
ming with RF-modulated amplifiers than with large tubes and their associated modulators,
which are inherently inflexible.

As has been mentioned earlier, the primary disadvantages of the row transmitter
concept are the added weight of the antenna and the necessity for carrying relatively
large dc currents through slip rings.
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Some alternative transmitter configurations using transistor amplifiers which might
be considered for a rotating, 3-D phase-scanned antenna are

1. A below-deck transmitter, in which the outputs of a sufficient number of tran-
sistors are combined to provide the total radiated power.

2. Row transmitters with the associated dc power supplies located on the antenna.

3. Row transmitters with the dc power supplies below deck.

4. An approach with one module per radiator, in which the amplifiers are distributed
throughout the entire array.

A tradeoff comparison was made of these alternatives in connection with an earlier
design study [12]. The conclusion was that alternative 3 provides the best compromise
between antenna weight and total system cost.

Antenna

A conceptual drawing of the 3-D antenna is Fig. 26. The same type of open construc-
tion as described earlier for the 2-D antenna is used here, with printed board azimuth
feeds and printed dipole radiators. A significant difference in the two antennas is the cluster
of row transmitters, preamplifiers, and phase shifters along the vertical centerline of the
antenna. . These components add significantly to the weight of this antenna, of course.
A second significant difference is that no mechanical stabilization of the antenna is re-
quired. Electronic LOS stabilization is provided by the phase shifter, together with ele-
vation beam steering. The radiators are identical to those used in the 2-D antenna.

Characteristics of the antenna are listed below.

Array size 15 ft high by 15 ft wide

Number of dipoles 1008

Number of phase shifters 84

Azimuth beamwidth
850 MHz 4.80
1400 MHz 2.90

Elevation beamwidth
Transmit

850 MHz 4.00
1400 MHz 2.40

Receive
850 MHz 4.80
1400 MHz 2.90
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Gain
850 MHz
1400 MHz

Peak sidelobes (Receive)

Polarization

Monopulse

Weight

32 dB
36.3 dB

-25 dB

Horizontal

Azimuth and elevation

•5000 lb.

ELEVATION FEED NETWORK

PREAMPS, PHASE SHIFTERS, ETC.

SOLID- STATE TRANSMITTERS

Fig. 26 - Conceptual drawing of 3-D antenna

Modes of Operation

Four selectable modes of operation are described in the following paragraphs: Mode
1, an intermediate-range, clear-sky mode (considered the primary mode), Mode 2, a rain/chaff
mode; Mode 3, a long-range mode; and Mode 4, a fan-beam search mode. A variation of
the intermediate range mode is used for heavy rain or chaff.

Intermediate-Range Clear-Sky Mode (Mode 1)

This is the mode in which the radar is expected to be operated most of the time.
The instrumented range is 125 n.mi. at 00 elevation, and coverage is maintained at an al-
titude of 100,000 ft to an elevation angle of 700. The maximum pulse length used is
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200 ps (at the lowest elevation angles) and this is compressed to 0.5 ps on reception.
The maximum interpulse period is 1745 ps. Both the pulse length and the interpulse
spacing are reduced as the beam is scanned to high elevation angles because of the reduced
range sweep and reduced sensitivity required to maintain coverage at the 100,000-ft alti-
tude line.

If the environment is clear of chaff or heavy rainfall, the radar is operated in the
clear-sky mode. In this mode, (Mode 1), MTI is implemented only in the lowest beam
position and extends to the full instrumented range of 125 n.mi. A 3-pulse canceler is
used to discriminate against land and sea clutter returns. Four 3-pulse groups are trans-
mitted in the first beam position, the transmitted frequency being shifted after each group
of three pulses. This shift of frequency is used, as indicated earlier, to force a noise
jammer to spread his energy and to eliminate interference nulls and MTI blind speeds.
The clear-sky mode waveform is shown in Fig. 27. With some beam broadening at the
highest elevation angles, a 4-s data rate search of 3600 in azimuth can be maintained with
the waveform pictured here. A typical elevation-scan energy-management program is
shown in Table 1. It will be noted that in the course of the elevation scan, the beamwidth,
range sweep, number of pulses, and pulse lengths are varied.

200F s-]- -K545 ,Ls
]fo ]fo ]f, f1 f, f, f2 f2 [f 2  3 f3 f3

3 PULSE
CANCELER t=2094MS

Ist BEAM

200p~s 3-' 3rd - 4th BEAMS USE 2 PULSES
5th -I I th BEAMS USE I PULSE

fo f, f2 f3 ELEVATION COVERAGE TO 70

-H K- 1545pas DEGREES

2nd BEAM

Fig. 27 - Clear-sky mode (Mode 1) waveform for first
two elevation beam positions

With the 200-ps pulse length, the minimum range achievable is 16-20 n.mi. This is
not considered a satisfactory minimum range. Therefore, at the end of each 200-ps pulse,
the transmitted frequency is shifted to a different frequency f' for 0.5 ps. The use of two
mixers and two IF amplifiers in each receiver-processor chain, as shown in Fig. 23, permits
simultaneous reception of both the f and f' frequencies. The f' frequency is used for de-
tections in the range interval of 0.5 to 20 n.mi., and frequency f is used for detections from
20 to 125 n.mi. The offset of frequency f' from frequency f must be small enough that the
beam position is not materially changed with a single setting of the phase shifters. That is,
since both frequencies must be received at the same time, it will not be possible to use
different phase shifter settings.
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Table
Elevation Scan Program,

1
Clear-Sky Mode

In order to avoid confusion, the f' frequency pulse
waveform diagram. Suffice it to say that, at the end of
at the end of each f, pulse an fl' pulse, etc.

segments are not shown on the
each fo pulse there is an fo' pulse,

Rain/Chaff Mode (Mode 2)

To detect small moving targets in rain or chaff, it is necessary to cancel more than
three pulses in the MTI processor. This is because of the greater spectral spread of wind-
blown rain and chaff compared to that of sea and land clutter. The wider filter notch
required to suppress returns from clutter with a wide spectral spread necessitates the pro-
cessing of a larger number of pulses [13]. For this mode (Mode 2), a 6-pulse canceler
was chosen. Because these types of clutter may exist at all elevation angles, it is neces-
sary to use the MTI throughout the elevation sector. This combination of requirements
results in a further requirement to increase the data interval from 4 to 6s. Even so, there
is not enough time to illuminate any but the first elevation beam position with more
than one frequency. This position is illuminated with two groups of six pulses at two
frequencies to help alleviate the interference null problem. Because it is not possible to
utilize multiple frequencies at each beam position in this MTI mode, the interpulse spacings
of the pulse groups must be staggered to reduce blind speed problems. A method of
designing an optimized MTI filter of this type is described in Ref. 4.

Figure 28 shows the waveform for the first elevation beam position. The remaining
beam positions are illuminated with only one group of six pulses. To detect targets at
ranges less than 20 n.mi., short pulses at different frequencies are added onto the end of
each 200-ps pulse as described for the clear-sky mode.

37

Elevation Range r Time
Angle Sweep Pulses (ps) (is)
(deg) (n.mi.) (_s) (ms)

1.6 125 n.mi. 12 200 20.9
4.9 125 4 200 7.0
8.2 125 2 200 3.5

11.5 87 2 100 2.3
16.5 66 1 100 0.9
23.1 45 1 50 0.6
29.7 32 1 50 0.4
39.6 24 1 10 0.3
52.5 23 1 10 0.3
66.0 18 1 10 0.2

1 _36.6
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-- K- 200p.s

fo I fo [ fo f fo fio , ff [ , [ , [ f [ f I
to STAGGERED PRF t-1O.47MS

MTI

Ist BEAM 0-3.6 DEGREES

t=20.94 MS

2nd - 8th BEAMS HAVE ONE MTI

WAVEFORM. ELEVATION COVERAGE TO 68 DEGREES

(C) Fig. 28 - Rain/chaff mode (Mode 2) waveform for
first elevation beam position

A typical elevation scan energy management program for the rain/chaff mode is shown
in Table 2. By using beam broadening factors of 2 and 4 at higher elevation angles, an
elevation scan to 700 can be achieved in 60 ms. This is the time available during a rota-
tion in azimuth of 3.60 at a 10-rpm antenna scan rate. This scan would be completed
in something just over the center frequency azimuth beamwidth of 3.530. To assure
azimuth coverage, it may be necessary to reduce the elevation coverage by one beam posi-
tion.

Table 2
Elevation Scan Program for Rain/Chaff Mode

Elevation Range
Angle Sweep Pulses (Ps) (is)(deg) (n.mi.)

1.6 125 12 200 20.9
4.9 125 6 200 10.5
8.2 125 6 200 10.5

13.0 70 6 100 5.8
19.6 50 6 100 4.3
26.2 36 6 50 3.0
39.4 24 6 10 1.8
52.2 23 6 10 1.8
65.4 18 6 10 1.4

_ j_ 60.0

A range calculation work sheet for the intermediate-range modes is presented in
Fig. 29. The calculation is made for 0.5 probability of detection with a 10.8 false alarm
probability against a 1-m2 target with Swerling Case 1 fluctuation characteristics. The cal-
culation is made for the middle of the frequency band, and it predicts a detection range
of 112 n.mi.
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PULSE-RADAR RANGE-CALCULATION WORK SHEET
For use in conjunction with NRL Report 6930 (Dec. 1969). Based on Eq. (13),

page 10, and associated auxiliary equations and curves as rcferenced below.

Compute the system input noise temperature T,, following the 6utline in section A below.
Enter range factors known in other than decibel form in section B below, for reference.
Enter logarithmic and decibel values in section C below, positive values in the plus column and nega-
tive values in the minus column. For example, if 1` (,B) as given by Figs. 4 through 9 is negative.
then - vO (dB) is positive and goes in the plus column. For C8 , see Figs. 1 through 3. For definitions
of the range factors, see Eq. (13).
Radar antenna height: h = ft. Target elevation angle: o = 0. 5 0. (See Fig. 13.)

A. Computation of T.,: B. Range Factors C. Decibel Values Plus (+) Minus (-)
T. = T. + T, + L,Te Pt (kw) 25 10 log P,(kw) 14-0

(a) Compute T..

For Ttg = rt. = 290 and
Tg = 36 use Eq. (37a).

Read T. from Fig. 11.

LA(dB): 1.6 L.: 1. 445
Ta = (0. 876 T, - 254)/L, + 290

T o= 175 K

(b) Compute T, using Eq. (40).
For Tt,. = 290 use Table 1.

Lr(dB): 1.61 T; = 129 °K

(c) Compute T, using Eq. (41)
or using Table 1.

Ffl(dB): 4 T : 438 0K

L r: 1. 4 4 5  LrTe = 633°K

Add. T. = 937K

rp s-ec 200
3535

10 log rysec

Gt(dB)

23-0

35.5
Gr 2904 G, (dB) 34.6

O(sqm) 1 10 log ,7 V
.. _f_._ 1125 -20 log fMH_, 61 -0

Tr (°K) 937 -10 log T , 29 -7
Vo 4 pulses -v0 (d!1) 9 .1

-Lt(dB)
-Lp(dB) l<fX~

R e a n s3 .0
"Rangre-equation constant (40 logr 1.292) L4.4 5 / •,'"/,,

4. Obtain the column totals 10 Ii.6
5. Enter the smaller total below the larger-i-. 107 .6

1 .6
3 .2

107 •6

6. Subtract to obtain the net decibels (dB)-I' +4.0 -_ _•

7. In Table 2 find the range ratio corresponding to
this net decibel (dB) value, taking its sign (±) into
account. Multiply this ratio by 100. This is R0

8. Multiply R. by the pattern-propagation factor
F• = 1.0 (see Eqs. (42) through (65) and

Figs. 12 through 19):
oxF= R'F

[ 126,

[ 126

9. On the appropriate curve of Figs. 21 and 22 determine the atmospheric-absorption
loss factor, La(dB), corresponding to R'. This is La(dB)( 1)-

10. Find the range factor a corresponding to -LS(dB)(,) from the formula
S = antilog (-La(dB)/ 4

0) or by using Table 2.- s 0.891

11. Multiply R' by 8 1. This is a first approximation of the range R1 . >. LI112T iI
12. If R, differs appreciably from R', on the appropriate curve of Figs. 21 and 22, find

the new value of LS(dS) corresponding to R1. This is L,(d]3)( 2)"* ->
13. Find the range-increase factor (Table 2) corresponding to the difference between

.q.48)(1) and La(dB)(2). This is --. 1- L

14. Multiply R, by s,. This is the radar range in nautical miles, R. - [ ]
Note: If the difference between Lr,(d8)( I !nd Lr(,I13)(2) is less than 0.1 dB, R, may be taken as the final

range value, and steps 12 through 14 may be omated. If L :•I , is less than 0.1 dB, R' m:a be
taken as the final range value, and steps 9 through 14 may bc omilted. (For radar frequencies up
to 10,000 megahertz correction of the atmospheric attenuation beyond the L-. (.IT) 2, value would
amount to less than 6.1 dB.)

Fig. 29 - Detection range calculation worksheet completed for
Mode 1 waveform; 0.5 pd? 10-8 Pf ona m -i2 target
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Long-Range Mode (Mode 3)

A third mode is provided to permit detection and tracking of larger targets to ranges
of 250 n.mi. at a 4-s data rate. In this mode, elevation coverage is provided only to 6.60
(2 beamwidths above the horizon). The pulse length is increased to 400 ps and the PRF
reduced to keep the same average radiated power as in the intermediate-range mode. No
MTI processing is provided in this mode, since it is intended primarily for targets beyond
a range of 125 n.mi.

The waveform transmitted is shown in Fig. 30. The solid pulses are transmitted in
the lower beam position, and the dotted pulses are transmitted in the upper beam posi-
tion. The radiated frequency may be changed on every pulse. Since that is the case, a
target whose fluctuation characteristic is Swerling Case 1 (typical of aircraft targets) may
be made to have the pulse-to-pulse fluctuation characteristic of a Case 2 target. The re-
quired S/N ratio for 0.5 Pd of a Case 2 target with a 10-8 Pfa is 1.3 dB less than for a
Case 1 target [14]. A calculation of the detection range against a Case 2 target when
the radar is in the long-range mode is shown in Fig. 31. The target size assumed in this
calculation is 5 m2, since it seems reasonable that targets of interest in the 125-250 n.mi.
range sector are likely to be larger. Again, the calculation is made for the midband fre-
quency, and predicts a detection range of 238 n.mi.

400p.s -1 H- " -- 400u.s
r-i ... ' ] r ii . r-

f o I I• I V f 2

t=O I H-H2472

3090pLs T 19.08 MS

f3 f3 f f4 f 4'

t= 19.08

t = 38.16 MS

-Ist BEAM 0-3.3 DEGREES 250 N MI RANGE
2nd BEAM 3.3- 6.6 DEGREES 200 N MI RANGE

(C) Fig. 30 - Long-range mode (Mode 3) waveform

Fan-Beam Search Mode (Mode 4)

A mode that takes advantage of the inherent flexibility of a phase-scanned antenna
has been devised which will permit searching from the horizon to 700 elevation, to a
range of 250 n.mi., and still provide height information and 3-D tracking on selected
targets. A sufficient number of pulses are available in each azimuth beamwidth to permit
reasonably good MTI processing. The fan beam used in this mode, designed for routine
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PULSE-RA•DAR RANGE-CALCULATION WORK SHEET

For use in conjunction with NRL Report 6930 (Dec. 1969). Based on Eq. (13),
page 10, and associated auxiliary equations and curves as referenced below.

Compute the system input noise temperature T,, following the outline in section A below.

Enter range factors known in other than decibel form in section B below, for reference.

Enter logarithmic and decibel values in section C below, positive values in the plus column and nega-
tive values in the minus column. For example, if VO (dB) as given by Figs. 4 through 9 is negative,
then - VO(d3) is positive and goes in the plus column. For CR, see Figs. I through 3. For definitions
of the range factors, see Eq. (13).

Radar antenna height: h = ft. Target elevation angle: 0 = 0. 5 0 (See Fig. 13.) ]

A. Computation of T,: B. Range Factors C. Decibel Values Plus (+) Minus (-)

TI + T, + L, T, Pt(kW) 25 10 log rt (kW) I 14"0

(a) Compute T,,.

For Tt= rta = 290 and
Tg :7 36 use Eq. (37a).

Read T.' from Fig. 11.

La(dB): 1.6 La: 1.445
T. = (0.876T ,- 254)/L. + 290

(b) Compute T, using Eq. (40).
For Tt, = 290 use Table 1.

Lr(dD): L61 Tr = 129 0K

(c) Compute T, using Eq. (41)

or using Table 1.

Ffl(dB): 4 T,: 438 K
L,: 1.445 L,T, =633 0K

Add. ITs = 937°K

4- s c 400 10 log rpsec 26-0

1 3535 GI,( dB) 35.5
G, 2904 Gr (,B) 34.6 •

'7(sq m) 5 10 log,, 7a0 •
4 IMZ 1125 -20 log 4MH, . 61 .0
T7 (OK) 937 -10 I°p T, - 29.-7

V0

CR

Lt

L, x

6 nulses

Range-equation constant (40 log 1.292)

-YO (dB) 6 -5
.dB)

-Lt(dB) 1 .6
-LP(dB) 3 "2
-Lx(dn) 3 30

4.45

4. Obtain the column totals )- 3.21 • 6 105-0
5. Enter the smaller total below the larger-* 105 . 0

6. Subtract to obtain the net decibels (dB)--b-- -17.6 -

7. In Table 2 find the range ratio corresponding to
this net decibel (dB) value, taking its sign (-) into
account. Multiply this ratio by 100. This is R0  )-

8. Multiply R. by the pattern-propagation factor
F = 1.0-1 (see Eqs. (42) through (65) and

I -Figs. 12 through 19):
Ro F = R'

S275

275]

9. On the appropriate curve of Figs. 21 and 22 determine the atmospheric-absorption
loss factor, La(dS), corresponding to R'. This is La(dB)( 1 )"

10. Find the range factor 5, corresponding to - La(dB)(i) from the formula _ L
S= antilog (-La(dB)/ 4 0) or by using Table 2. - - --.- ._ 861q__

II. Multiply R' by 6,. This is a first approximation of the range R,.

12. If R, differs appreciably from R', on the appropriate curve of Figs. 21 and 22, find
the new value of L,(,,) corresponding to R,. This is L.(,,B)(2).

S238 ]

1171
13. Find the range-increase factor (Table 2) correspondling to the difference betweenL ) and L 2) This is ."

14. Multiply R, by 82. This is the radar range in nautical miles, R.

Note: If the difference between L,,!n ) and La(,10)( ) is less than 0.1 dB, R, may be taken as the final
range value, and steps 12 through 14 may be omitted. If L.I(,r,)( k1 is less than 0.1 d., .' nay be
taken as the final range value, and steps 9 through 14 may be omilted. (For radau" f:_-%quencie'A up
to 10,000 megahertz correction of the atmospheric attenuation beyond the L,,J.). 2. value v,'ouls
amount to less than 3.1 dB.)

Fig. 31 - Detection range calculation worksheet completed for
Mode 3 waveform; 0.5 pd, 10-8 Pfa on a 1-m 2 target
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search, is shaped to provide coverage at a constant altitude to an elevation angle of 700.
Shaping of the beam is accomplished by the row phase shifters used to stabilize and steer
the beam in the elevation plane.

Once a target is detected in the search mode, its range and azimuth are known. On
a subsequent scan of the antenna past that azimuth, an elevation scan of the pencil beam
pattern can be programmed to determine the height of the target. The range sweeps for
these pulses need extend only slightly beyond the range at which the target was detected,
thereby providing a significant saving of time. In addition, the elevation scan is terminated
as soon as the target is seen. Since the antenna feed network provides monopulse signals
in both the azimuth and elevation planes, an accurate determination can be made of the
heights of targets that are more than one beamwidth above the horizon. Once a 3-D
measurement of a target's position has been made, a 3-D track can be maintained on it by
illuminating it with one or a few pulses on subsequent scans of the antenna; these pulses
would be transmitted using the pencil-beam antenna pattern. Of course, time used to
make the height measurements or update tracks is subtracted from the time available for
search.

Use of the mode is illustrated in Figs. 32 and 33. Events pictured in Fig. 32 are
separated in time by at least one-half a rotation period (2 s). On the right side of the
illustration, the beam pattern used for search is shown. On the left side, an elevation scan
to determine the height of a target detected at 75 n.mi. on a prior antenna scan is depict-
ed. Figure 33 shows a possible use of the pulses available during the rotation of the
antenna through one azimuth beamwidth. Updates are performed on two targets in track,
which are located within that azimuth sector, and the remainder of the time is devoted to
search pulses transmitted in the fan-beam pattern.

700 EL. 700 EL.

SEARCH BEAM

TRANSMIT AND RECEIVE
HEIGHT 

I)VE

DETERMINATION SCAN 
/ RN

75n. mi. 250n.mi.

(C) Fig. 32 - Fan-beam search mode (Mode 4)

If a center frequency azimuth beamwidth of 3.530 is assumed, with a 4-s data rate,
there are 39.2 ms available during the rotation of the antenna through one azimuth beam-
width. With an instrumented range of 250 n.mi., it would be possible to transmit 11.2
pulses during that time. If the range sweep were limited to 125 n.mi., 22.4 pulses could
be transmitted. Either range sweep should provide relatively good MTI performance, although
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* Fig. 33 - Hypothetical utilization of energy available
during antenna rotation through one azimuth beamwidth

the performance will be considerably better with the shorter range sweep, because of the
greater number of pulses and higher PRF.

A calculation showing the radar sensitivity of this mode against a 5-m 2 target is
presented in Fig. 34. This calculation is made for an instrumented range of 250 n.ini.,
and assumes that two groups of MTI pulses are transmitted (6 pulses per group) and that
the two outputs from the MTI processor are noncoherently integrated. The predicted
detection range is 182 n.mi. It should be noted that this calculation does not purport
to show the performance in a clutter environment (i.e., the improvement factor realized in
signal-to-clutter (S/C) ratio), since that would be a function of the clutter model assumed
and of the specific implementation of the MTI filter. If the improvement factor were
sufficient to reduce the clutter residue to the noise level, the range calculated here would
be the expected detection range. With an instrumented range of 125 n.mi., four MTI
pulse groups could be processed and the sensitivity would be sufficient to detect a 1-m2
Swerling, Case 1 target at 119 n.mi.

Signal Processing

Each signal processing unit shown in Fig. 23 performs the functions of MTI process-
ing, pulse compression, and signal thresholding to maintain a constant false-alarm rate.
A simplified block diagram of one of the receiver-processor units is shown in Fig. 35.

MTI processing precedes pulse compression in order to reduce the dynamic range
requirements in the pulse compression circuitry. Ten-bit A/D converters are used to dig-
itize incoming signals. For Mode 1 operation, the lower MTI channel, with f' frequency input,
is implemented only to 20 n.mi., whereas the upper channel is implemented to 125 n.mi.
Each MTI channel may be bypassed for those modes or beam positions in which MTI
processing is not desired. Signals from the f' channel are passed to the video integrator
during the first 20 n.mi. of the range sweep. At that point, the position of the switch
at the input to the video integrator is changed to accept inputs from the f channel for the
remainder of the range sweep.

Digital pulse compression techniques permit the accommodation of a variety of un-
compressed pulse lengths, as required in the energy management program used in the
elevation scan.
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PULSE-RADAR RANGE-CALCULATION WORK SHEET

For use in conjunction with NRL Report 6930 (Dec. 1969). Based on Eq. (13),
page 10, and associated auxiliary equations and curves as referenced below.

1. Compute the system input noise temperature T,, following the outline in section A below.

2. Enter range factors known in other than decibel form in section B below, for reference.
3. Enter logarithmic and decibel values in section C below, positive values in the plus column and nega-

tive values in the minus column. For example, if V0 (dB) as given by Figs. 4 through 9 is negative,
then - v0 (d) is positive and goes in the plus column. For CB, see Figs. 1 through 3. For definitions
of the range factors, see Eq. (13).
Radar antenna height: h = ft. Target elevation angle: o =0.5 0. (See Fig. 13.)

A. Computation of T,: B. Range Factors JC. Decibel Values Plus (+) Minus (-)
T, = T, + r, + Lr Te Pt(kW) 25 10 log Pt(kW) 14 '0

(a) Compute T,.

For Tt/ = rt, = 290 and
T" = 36 use Eq. (37a).

Read T, from Fig. 11.

L.(dB): 1.6 L.: 1. 445

Ta = (0.876 Tr - 254)/L,+ 290

1 7: = 175°K

(b) Compute Tr using Eq. (40).
For Ttr = 290 use Table 1.

L, (d _):_1_6 T, = 129 " K J

(c) Compute Te using Eq. (41)
or using Table 1.

1 (d13):--4-- T: 438 °K

L,:1. 4 4 5 L,Te =6330 K

Add. T. = 937 OK

psec 400
G, 1.260

10 log "psee

Gt (dB)

26-0

31-0
Gr 1260 G, (dB) 31 .0
1( sq m) 5 10 log a 7-0
fhHz 1125 -20 log 4JHz 61.0
T. (OK) 937 -10 log Tý, 29-7
v0 2 pulses -v0 (dB) 11.5

_CB -CB(dB)____

-Lt(dB) 1-6
7-L____ ___ _ -P (dB) 1 6

___ _______ -Lc(dB) 3.0

Range-equation constant (40 log 1.292) j4.45

4. Obtain the column totals 11113.5 108.4
5. Enter the smaller total below the larger-v- 108 .4

6. Subtract to obtain the net decibels (dB) -s +5 .1
7. In Table 2 find the range ratio corresponding to

this net decibel (dB) value, taking its sign into
account. Multiply this ratio by 100. This is Ro---• - 34

8. Multiply R0 by the pattern-propagation factorLEII= 1. (see Eqs. (42) through (65) and"1. Figs. 12 through 19):
Rox F R' -

9. On the appropriate curve of Figs. 21 and 22 determine the atmospheric-absorption 1 2.35_ _

loss factor, La(dB), corresponding to R'. This is L0 (db)( 1 ). 2.3

10. Find the range factor a corresponding to -L'!(dB)(1) from the formula
B - antilog (-La(dB)i40) or by using Table 2. ,Ii .8735]

11. Multiply R' by 5 1. This is a first approximation of the range P,. - 182

12. If R, differs appreciably from R', on the appropriate curve of Figs. 21 and 22, find
the new value of La( B) corresponding to R,. This is La(dB)(2). L[

13. Find the range-increase factor (Table 2) corresponding to the difference between
L ( ,!B)(I) and La(,!B)(2). This is i2.i - _ _--

14. Multiply R, by 3 2 . This is the radar range in nautical miles, R. --

Note: If the difference between L,-,,( and LffIB) 2• is less than 0.1 dB, R , may be taken as the final
range value, and steps 12 t}•rough 14 may be omitted. If 1.•(d,), , is less than 0.1 dB, R' may be
taken as the final range value, and steps 9 through 14 may be omitted. (For radar frcquencies up
to 10,000 megahertz correction of the atmospheric attenuation beyond the L,(d1)(r ) value would
amount to less than 6.1 d.B.)

Fig. 34 - Detection range calculation worksheet completed for Mode 4;
0.5 Pd, 10" Pfa on a 5-i 2 target
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Fig. 35 - Receiver-processor for 3-D radar

After integration and thresholding, the sum, azimuth difference, and elevation dif-
ference signals are routed to the data processor.

Data Processing

In the data-processor section of the radar, monopulse signals are processed in con-
junction with beam-position commands and ship attitude information from the stable
element to generate target position estimates. Data for each detection are compared with
the positions of targets currently in the track file. If a target falls within a correlation
cell of a target currently in the track file, it is treated as an update of that track. If a
detection cannot be correlated with a current track, it is considered as a tentative new
track. After a number of detections of a new target are made, a velocity vector is generated
for it, and it is entered in the track file.

The number of tracks that can be maintained is a function primarily of the capacity
and speed of the computer and of the data processor, but it is also a function of the cor-
relation cell size; this, in turn, is a function of the radar beamwidth and compressed pulse
length and also depends on target speed and assumed maneuvering capabilities. The radar-
data processor combination will have a track capacity of at least 250 targets.

Output information from the data processor goes to displays and to various user
stations such as command and control and weapon control centers.

SUMMARY

Frequency agility over a wide band provides a number of performance benefits for
shipboard air surveillance radars: (a) vulnerability to ECM is reduced, (b) multipath inter-
ference nulls are greatly reduced in depth and number, (c) MTI blind speeds are effective-
ly eliminated, and (d) detectability of slowly fluctuating targets is improved. Concepts
for both 2-D and 3-D radars are described in this report, each having a capability of pulse-
to pulse frequency agility over approximately a 50% band. The 2-D radar is described in
greater detail, since the effort to date has been concentrated on that system.
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In addition to the 50% agility bandwidth, features of the 2-D radar concept include an
antenna stabilized against roll and pitch and a 4-s data rate. These two features should
permit direct handover of a target from the 2-D radar to a weapon control radar, thereby
eliminating the need for a 3-D surveillance radar on some ships. A sophisticated MTI
system is employed to permit detection of small targets in rain or chaff at long ranges
and to permit detection of targets at ranges where both land clutter and rain or chaff
compete with the target return. The sophisticated MTI system, together with the absence
of interference nulls and MTI blind speeds, should result in superior automatic detection
and automatic tracking performance.
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