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[Text] Abstract

Combination-pumped soft X-ray laser gain experiments have been
successfully carried out using the six-path laser facility and the LF12

laser facility at Shanghai Institute of Optics and Fine Mechanics (SIOFM).

The amplified spontaneous emission (ASE) characteristics of Li-like Al
and Si ions in a linear plasma produced by irradiating a target with a
linearly focused laser were investigated. An independently developed
grazing-incidence-grating spectrograph (GIGS) with one-dimensional
spatial resolution and a pinhole transmission grating spectrograph (PTGS)
were used to determine the axial time-integrated intensities of the
emission lines of lithium-like aluminum and silicon ions from linear
plasma of various lengths. It was found that the spectral line
intensities correspond%ng to the 5f-3d transition of the A1'0F

ion (wavelength 105.7 A) and the 5f-3d transition (wavelength 88.9 x)
and 5d-3p transition (wavelength 87.3 &) of the Sillt ion increase
non-linearly with the length of the plasma. The gain factors are

3.1 £ 0.9, 1.5 £ 0.5, and 1.4 + 0.5 cm™!, respectively. The maximum
gain length product is approximately 2.5.

This is the first time that the 5f-3d and 54-3p transitionsof the Li-
like Sil!* ion have been observed experimentally. The soft X-ray laser
wavelength is under 100 A. It is especially significant that the




results were obtained under a low pumping laser power density. Other
research shows that with the Li-like combination mechanism it is feasible
to push the soft X-ray laser to the "water window" band (43.8 - 23.3 })
with our existing laser facility.

Key Words: Soft X-Ray Laser, Laser Gain
I. Introduction

Since the successful demonstration of using a laser-induced plasma as
the gain medium for the ASE of soft X-raysl, 2, many beneficial gggempts
have been made to improve the characteristics of the X-ray laser '
particularly with regard to shorter wavelengths and higher efficiency.
There are two major pumping mechanisms for the X-ray laser: electron
collision excitation and three-body combination pumping. As far as the
electron collision excitation mechanism is concerned, a high gain
requires high plasma temperature and high plasma density (500-1000 eV,
1029-102'/em3).  In order to obtain short wavelengths, it is necessary
to produce highly ionized ions of elements with a large Z number.
Therefore, most experiments can only be done at some large laser
facilities. The three-body combination pumping mechanism has lower
plasma requirements (10-50 eV, 10'°/cm®). It uses the rapid cooling
combination of hydrogen-like, lithium-like or sodium-like ions in a
plasma of elements of medium Z number to greatly improve the efficiency
of the soft X-ray laser. Therefore, the requirement for the driving
laser is lower than that for electron collision excitation. Regardless
of the pumping mechanism, no one has grasped the optimum experimental
conditions. A variety of targets, such as fine fiber, thin foil, plate
and magnetically confined laser plasma, has been used in combination
pumping experiments. In electron collision excitation punmping
experiments, foil, plate and other structurally complicated targets have
been used. Fine fiber target, in spite of very rapid adiabatic
expansion and cooling, has very poor laser coupling efficiency. Foil
and plate have a higher coupling efficiency to effectively utilize the
pumping power. This is particularly important to experiments done with
a small laser. As far as understanding the fluid dynamic conditions to
improve and optimize the laser output, there is a need to investigate
the matter in detail for various targets and major pumping schemes.

The combination pumping of Li-like ions is an important three-body
pumping scheme for obtaining soft X-ray lasing. Its requirement on the
driving laser (linearly focused laser intensity generally in the range
of 10'2-1013 W/cm?) is not only lower than that for electron collision
excitation but also much lower than that for pumping hydrogen~like ions.
In addition, the pulse width and wavelength requirements are also not
very strict. Furthermore, the technique approaches short wavelengths
faster than Z72. Hence, it is more feasible to demonstrate the ASE




effect with a small driving laser using the Li-like ion combination
pumping mechanism. With a large high-power laser, it would be possible
to achieve a high gain-length product and obtain lasing at a wavelength
shorter than that of the "water window" (23.3-43.8 £).

Research on the soft X-ray laser involving Li-like A110F ions began at
the South Paris University in France’. Most of their experiments were
done with a 1.06-um neodymium-glass laser with a pulse width ranging
from 1 to several dozen nanoseconds. Absorption spectroscopy was
successfully used to demonstrate the ASE effect of the 5f£-3d transition
of Mg%t and A110% at 127.9 and 105.7 &, respectively. In addition,
preliminary measurements were made to determine the gain of the 5f-3d
transitjon of s13+ at 65.2 A8. The amplificationoof the 5f-34 and 5d-3p
(103.8 A) transitions or 4f-34 transition (154.7 R) of All0+ has been
studied at Osaka University in Japan and Rutherford Laboratory in
England“,> ° using a frequency-doubled neodymium-glass pulsed laser. The
Institute of Physical Chemistry in Japan achieved the amplification of
the 5f-3d and 4f-3d transitions of 21107 with a smaller laser!lO.

The laser amplification of the A110+ 4f-34 transition and Sill*

4f-3d transition (129 R) was obtained at the Plasma Physics Laboratory
at Princeton University using a high-power €O, laser and a strong
magnetic field!l. Up to now, no report has been found concerning the
laser amplification of the 5f-3d (88.9 &) and 5d-3p (87.3 R) transitions
involving Sill™.

Based on the above considerations, soft X-ray gain experiments were done
on the sixth-path neodymium-glass laser facilityl2 and the LF12 laser
facilityl3 at SIOFM by irradiating aluminum and silicon plates with a
line of focused laser beams and then measuring the effect using an
independently developed GIGS with one-dimensional spatial resolution.
Significant amplification of soft X-rays corresponding to the
combination pumping of Li-like ions such as the 5f-3d4 transition of
A110+ (105.7 R) and the 5f-3d transition (88.9 &) and 5d-3p transition
(87.3 R) of Sill* was experimentally confirmed.

II. Experimental Setup

The experiments involving Li-like A110+ ions were carried out on the
six-path laser shown schematically in Figure 1. 1In the experiment, two
of the six laser beams were combined into one. The 1.06-ym laser beam
used to irradiate the target consists of two pulses: each pulse is
250-300 ps wide and the two peaks are approximately 200 ps apart. The
total energy of this combined laser pulse is about 15 J [joules] with a
fluctuation of *25 percent and a pulse width of 500 ps. The laser beam
was focused on the target plate by a combination of cylindrical and a
spherical lens to produce a line of highly ionized laser plasma which
acts as the gain medium for the X-ray laser. The focal line is 10 mm
long and approximately 200 um wide, corresponding to a mean laser
intensity of 1.5 x 1012 W/cm2 on the target surface. Flat strips 1 nmm
thick were used as targets. In previous experiments“+ , we observed




a large-scale plasma flow at the boundary between the hot plasma and
cold target. 1In order to avoid this edge effect and to ensure the
uniform irradiation at the center of the focal line, the width of the
target plate must be less than the length of the focal line.

Figure 1. Experimental Setup

(GIGS - grazing incidence grating spectrograph, PTGS - pinhole
transmission grating spectrograph, GS - grating spectrograph, a -
Faraday cup, b - X-ray pinhole camera, ¢ - TI1AP flat crystal X-ray
spectrograph, P- polarizer)

The primary diagnostic devices used in these experiments include an
independently developed and constructed stigmatic GIGS with one-
dimensional spatial resolution 15 and a PTGS!6. These two
spectrographs were aligned on the two ends of the focal line. 1In
addition, a T1AP flat crystal spectrograph was placed on the side to
photograph the space-resolved X-ray spectrum over time in order to,
monitor the resonance lines of higher-order ions between 6 and 14 A.
The X-ray emission image of the plasma was taken with a pinhole X-ray
camera. A Faraday-cup charge collector was used to detect the ionic
emission characteristics of the plasma. 1In addition, a one-dimensional-
resolution grating spectrograph was used to measure the back-scattered
second-order harmonics.




The 1-m XUV [extreme ultraviolet] GIGS is equipped with a 2400 lines/mm,
2°-glitgering—angle gold-plated grating. The spectrum range is

20-120 A. When the incident slit width is 5 um, the resolution of the
spectrum is 0.05 A (as shown in Figure 2). The soft X-ray spectrum was
recorded on Shanghai 5F medical X-ray film without a protective layer.
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Figure 2. XUV Spectrum of Molybdenum Plasma Using a GIGS (5-um Slit)
(Spectral resolution of 0.05 A was demonstrated)

The image of the plasma X-ray source with one-dimensional spatial
resolution could be obtained using a GIGS with a grazing-incidence
hypertorus mirror. The slit of the spectrograph is parallel to the
optical axis of the driving laser, i.e., normal to the target surface.
The two radii of curvature of the gold-plated hypertorus mirror are

3315 mm and 30.5 mm, respectively. Two astigmatic images of the laser
plasma were formed, one at the incident slit of the grating spectrograph
and the other at the diffracted image produced by the spherical grating
at wavelength A. Thus, a one-dimensional image of the laser plasma was
found on the film at wavelength A perpendicular to the target surface
(as shown in Figure 3(a) [photograph not reproduced]). Figure 3(b)
shows that the instrument has a spatial resolution of 50 um. The
distance between the hypertorus mirror and the X-ray source could be
adjusted. 1In this work, however, it was fixed at 55 ca. The spatial
amplification of the instrument was approximately 1. The optical axis of
the spectrograph could be aligned with the axis of the focal line using
the hypertorus mirror at an accuracy of 0.1 mrad [milliradian] and

50 um. The angular accuracy of line focusing is approximately + 2 mrad
and the collective optical angle of the hypertorus mirror is 5-10 mrad.
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Opposite to the GIGS, a PTGS was placed on the other end of the focal
line (as shown in Figure 4). The aperture of the pinhole was either
25 Um or 50 Mm, and the spectral range was 5-200 £. The grating has
either 1000 or 2000 lines per mm.
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(a) Scanning Electron Micrographs (b) PTG Diffraction Image-

of 25-um and 50-um-diameter PTG at Forming Principle (spectral

900 X (grating lines 1 um apart) resolut%on: 1000 lines/mm,
Ars ~ 4 A; 2000 lines/mnm,
Axs ~2 R)

Figure 4. PTG (pinhole transmission grating) ((a) pictures and (b)
principle of diffraction image formation)

Because the energy of the driving laser is low, the intensity of the
converted soft X-ray is also low. Therefore, the spectrum was taken by
multiple exposure. Based on the emulsion photosensitivity theory and
experimental studyl7, reciprocity law failure does not occur in the
X-ray region. Therefore, multiple exposure would not affect the
photosensitivity of the emulsion. An added benefit of multiple exposure
is that the effect brought about from fluctuations of laser parameters
is averaged out.




The Li-like silicon ion experiments were primarily carried out with the
LF12 laser apparatus. In this work, only the southern-path laser beanm
was used in this dual-channel device. The energy of this 1.05-um laser
beam at the target is approximately 50 J, the relative fluctuation is
under 10 percent, and the pulse width is around 900 ps. Due to the use
of an array of cylindrical lenses, a focal line of uniform intensity was
obtained: it was approximately 20 mm long and 130 pym wide. This is
equivalent to a power density of 2 x 1012 W/cm? at the surface of the
target. The target used was a l-mm-thick polished silicon strip. The
length of the linear plasma might be varied by changing the width of the
silicon target. 1In this work, data was recorded on the single-grain-
emulsion Kodak 101-01 film, which had been systematically calibrated
prior to use. This special XUV film is not only very sensitive but also
has very fine grains, low noise and fog. Hence, it is possible to
obtain very good spectra. Experimentally, the hypertorus mirror was
kept at 74 cm away from the focal line. The spatial magnification
factor of the system is approximately 0.6. Even when the laser energy
was as low as 30 J, a clear spectrum could be obtained after irradiating
the target once. '

III. Experimental Results

The ASE characteristics of the 5f-3d transition (105.7 A) of the Li-like
211%% jons was observed experimentally using a GIGS in the six-path
laser facilityl®. Observation was made axially along the linear plasma,
as well as off the axis. Along the axis, the 105.7-A line was very
obvious. Off the axis, however, the line disappeared into the
background. As for the 5d-3p transition (103.8 K) of A110+, it overlaps
with other lines which made it impossible to obtain any quantitative
results. At the same target laser power density, the axial spectra of
five different lengths of plasma from five different width aluminum
targets were obtained!®. Based on the fact that the exposure of the
X-ray film is linear with respect to the dark density D under low exposure
conditions (D « 0.5)1%9-2!, and after subtracting the intensity of the
continuous background, it is possible to obtain the time-integrated
relative intensity of the 105.7-R line corresponding to any plasma
length (as shown in Figure 5). The gain factor G is determined by the
dependence of the line intensity upon the plasma length. The data is
fitted into the following equation??:

(C,GL — 1)3/1
(GLC.GL)UI

Iasg = I,

where G is the gain factor, L is the length and I is the intensity. The
gain factor thus obtained is 3.1 + 0.9 cm~! and the maximum gain length
product is approximately 2.5.
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Figure 5. Gain Characteristic Curve: Intensity of 5f-3d transition of
Li-like Al ions vs. plasma length

The soft X-ray emission spectra of the plasma at different positions
away from the target could be obtained with the one-dimensional-spatial-
resolution XUV grating spectrograph. Based on these space-resolved
spectra, ig is possible to obtain the spatial distribution of the gain of
the 105.7-A line. It was found that the maxinum intensity occurred at
approximately 440 um away from the target surface. BAn analysis pointed
out that this corresponds to approximately 8 ns after the peak of the
driving laser pulse. At that instance, the plasma has completely
undergone adiabatic expansion and is in the process of rapid cooling,
which is optimal for combination pumping.

The spectra taken by the T1AP crystal X-ray spectrograph showed that
hydrogen-like ions essentially do not exist in the plasma. However,
there is a relatively high concentration of helium-like ions. This
indicates that the target laser intensity chosen is consistent with the
combination pumping of Li-like ionms.

In early 1989, a preliminary attempt was made to study the soft X-ray
gain of Li-like ions usingothe six-path laser apparatusls. The gain
factors of the sillt 83.9-% (5£-3d) and 87.3-f (5d-3p) transitions were




found to be 1.4 and 0.9 cn~!, respectively, by measuring the axial to
non-axial spectral intensity ratio. In August 1989, additional soft
X-ray gain experiments were performed on Li-like Si ions using the LF12
laser facility. Because XUV-sensitive Kodak 101-01 film was used, a
spectrum could be obtained by hitting the target once. Multiple
exposure was not necessary. Figure 6 [photographs not reproduced] is a
picture which shows typical marks left behind by a focused laser beam on
the target. Figure 7(a) [photograph not reproduced] shows the XUV
spectrum taken by the GIGS and Figure 7(b) shows the corresponding
microdensitometer scan trace. A typical spectrum obtained by the PTGS
is shown in Figure 8(a) [photograph not reproduced] and Figure 8(b) is
the corresponding microdensitometer scan trace. By changing the width
of the silicon target (9, 12, 15 and 18 mm), we obtained a series of
axial spectra of various plasma lengths using the GIGS. Based on the
calibration data for Kodak 101-01 film obtained by Kishimoto23, the
density of the spectral line could be converted into relative intensity.
Figures 9 and 10 show the rglatlve intensity as a function of plasma
length for the 5f-3d (88.9-A) and 5d-3p (87.3-A) transitions of Sill+,
respectively, at 300 uym from the target surface. Using the above
equation for I,qp, the gain factors corresgonding to 5f-3d and 5d4-3p for
sillt are 1.5 + 0.5 cn~! and 1.4 + 0.5 cm™!, respectively. The maximum
gain length products are 2.7 and 2.5, respectively.
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Figure 7. Axial XUV Spectrum of Linear Silicon Plasma (18 mm in
length), taken on Kodak 101-01 Film with the GIGS: (a) photograph and
the corresponding microdensitometer scan trace (b)
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Figure 8. Axial X-Ray Spectrum of Linear Silicon Plasma (18 mm in
length), taken on Kodak 101-01 Film with the PTGS (2000 lines/mm, 50-um
pinhole aperture, spectral resolution 2 &) (a) and the corresponding
microdensitometer scan trace (b)
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Figure 9. Gain Characteristic Curve: Intensity of 5f-3d transition
(88.9 A) of Li-Like Si Ions vs. Plasma Length
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Figure 10. Gain Characteristic Curve: Intensity of 5d-3p Transition
(87.3 &) of Li-Like Si Ions vs. Plasma Length

Although the soft X-ray gain measurement was mainly made with the high-
resolution GIGS, as an auxiliary diagnostic instrument, the PTGS also
provided some useful information. The emission spectrum of the 11near
plasma was recorded axially using the PTGS over the range of 5-200 A.

On the LF12 laser apparatus, the transmission grating has 2000 lines per
mm and the spectral resolution is 2 . A typical zeroth-order spectrum
(see Figure 8(a)) shows the track of silicon plasma spray along the
normal direction of the target surface. The minimum transverse
dimension of the plasma was approximately 160 um and the plasma spray
range was over 800 um. In the microdensitometer scan trace of tge
spectrun shown in Figure 8(b), the continuous spectrum near 20 A

(sil2+ - gj! - combination radiation) indicates that there is a high
concentration of He-like ions in the plasma. This is obviously needed

11



in the pumping of Li-like ions. The spectrum also show§ a strong peak
near 44 corresponding to the 3d-2p transition of Si11 . This
indicates that in the laser transition (5£-3d), the lower energy level
(3d) particles can be gapidly depleted. 1In addition, there is a
distinct peak near 88 A. However, due to limited resolution, it was not
possible to distinguish the spectral lines corresponding to the

5f-3d (88.9-%) and 5d-3p (87.3-A) transitions of SillT. Therefore, it
is difficult to quantitatively determine the PTGS results. A
higher-resolution PTGS (such as using a grating with more lines per

unit length) needs to be developed.

IV. Conclusions

Soft X-ray lasing from combination-pumped Li-like aluminum and silicon
ions has been successfully demonstrated. In this work, laser gain of
the 5f-3d and 5d-3p transitions of the Li-like Sill* jons has been
observed for the g}rst time. The wavelength of the soft X-rays is
shorter than 100 A. It is especially significant that the results were
obtained at a low pumping laser power density. Our study shows that it
is feasible to push the X-ray laser to the "water window" band

(43.8 - 23.2 A) using the Li-like combination mechanism on our existing
laser facility.
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[Text] Abstract

A recently developed multi-function programmable digital radar signal
processing system is described. The system is composed of an adaptive
moving target indicator (AMTI) with variable number of pulses, a digital
pulse compression unit (DPC), a moving target detector (MTD), a digital
integrator (DI) and a constant false-alarm rate (CFAR) processor. The
mode of operation and the parameters of the system can be assigned or
changed from a program or from interactive commands via the radar
computer. The system is also equipped with advanced BITE [built-in test
equipment] which can detect and isolate faulty elements on a particular
circuit board. Test results indicate that the average noise improvement
factors of the system for suppressing ground clutter and weather clutter
are greater than 53 dB and 40 dB respectively, and the sidelobe level of
the DPC is less than -40 dB. By using innovative algorithms and
advanced hardware and architecture, the operational speed of the system
has been increased to 1148 MIPS [million instructions per second]. This
system can be used on many advanced three-coordinate and two-coordinate
radar systenms.

I. Introduction

An advanced radar signal processing system should have the following
capabilities: fast response to rapid changes in radar wavefornms;
adaptive suppression of strong interference effects such as ground
clutter, weather fluctuations, and chaff; good CFAR performance under
different clutter environment; programmability to accommodate changes in
the environment and in system parameters and mode of operation. The
multi-function general-purpose programmable radar signal processing
system described in this article can meet all these requirements.
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This newly developed system can operate in seven different modes with
dozens of different parameters. Fig. 1 shows the system block diagram,
which includes the following functional blocks: :

(1) A 12-bit four-channel A/D converter which converts orthogonal
diversity signals.

(2) An AMTI which can operate‘with 2, 3, 4 or 6 pulses; each has
several selectable notch positions. The notch coefficients can be keyed
in from the panel or assigned or changed from radar computer commands.

(3) The DPC unit consists of FFT [fast Fourier transform] array
processors and the associated controllers and floating-point/fixed-point
converters; it can perform the functions of both digital linear and non-
linear frequency-modulation pulse compression.

(4) The MTD consists of a Doppler filter bank and a bank of
controllers; it can perform the operation of 4th, 6th and 8th-order FIR
[finite-impulse-response] filters.

(5) The I and Q channel modulo circuit.

(6) When the DI detects the presence of wideband active interference,
it emits continuous pulses in the direction of interference in the PC+DI
mode.

(7) Frequency-diversity synthesis is applied to the F; and F2 signals.
(8) The noise g is estimated using a retrace or fixed-interval
estimation technique to establish the adaptive threshold for the CFAR
processor.

(9) The 4 of weather clutter is estimated by unit averaging and is used
for CFAR processing; the number of averaging units can be chosen
arbitrarily.

(10) The clutter chart is used to detect the target in the tangential
direction and to establish the clutter CFAR threshold. The recursion
coefficient of the clutter diagram can be 1/4, 1/8 or 1/16.

(11) The five-phase system clock is provided by a 20-MHz crystal
oscillator.

(12) The controller is a 2900-series bit-slice microprogram controller.

16




(13) The BITE can perform on-line self-diagnosis, and indicate the fault
location. By applying the characteristic word-compression analysis
technique and using pseudo-random code as the test sourcel , the amount
of BITE hardware is reduced, and the diagnosis success rate and the
fault location rate reach 99.9 percent.

(14) The input/output interface exchanges data and commands with the
radar computer.

This system achieves a high degree of flexibility by incorporating the
key signal-processing techniques used in modern radars. It contains 35
circuit boards and 2100 integrated circuits; its power consumption is
280 watts. The main modules of the system--the AMTI, the DPC, and the
MTD--will be described in more detail in the following sections.
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II. Adaptive MTI

The number of pulses and the position of the notch center can be varied
according to the clutter environment. The system uses a "trial and
error" AMTI technique2 whose procedure is as follows. Prior to
processing, "optimum" MTI weighting coefficients designed to suppress a
wide range of clutter waveforms are stored in the processor. The first
step is to try various weighting coefficients on each resolution
element; the set of coefficients which yield the smallest clutter
residual is selected as the weighting coefficients for the next time
segment. The trial is repeated periodically to ensure that the MTI
remains in its "optimum" state required for adaptive clutter
suppression.

The three-pulse MTI is divided into five range segments; each segment

has 11 notch centers: O Hz, *25 Hz, *50 Hz, *75 Hz, £100 Hz, and

+125 Hz. Notch width is 50 Hz. The four-pulse MTI is divided into three
range segments. The six-pulse MTI has one range segment with five notch
centers: O Hz, £50 Hz, and £100 Hz; notch width is 200 Hz.

The three-pulse MTI is used for suppressing ground clutter or weather
clutter; the four-pulse MTI is used for suppressing strong ground
clutter; the six-pulse MTI is used for suppressing simultaneous ground
and weather clutters; and the two-pulse MTI is used in conjunction with
a Doppler filter bank to form the MTD for suppressing more complex
clutter.

(A) Design of Staggered MTI Weighting Coefficients

In this paper, two design methods for staggered MTI weighting
coefficients are introduced: the resulting staggered MTI noise
improvement factor approaches the optimum improvement factor of non-
staggered MTI.

1. MTI Weighting Coefficient Correction Method

Let the optimum weighting coefficients of non-staggered MTI be {anl
(n=0, 1, ..., N-1); its frequency response is:

Hu(f):ga”e-iZanT’ (1)

n=(

where T=1/PRF [pulse repetition frequency] is the pulse repetition
interval.
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In the case of staggered pulses, let the transmission time of the nth
pulse be T,, and the time-varying weighting coefficients be {Wnl; then
the frequency response of the staggered MTI is:

N-1
Hy(f) =S W, e-i27s7n
(2)

In the coefficient correction method, corrections are made to the
coefficients fa,} to generate the time-varying weighting coefficients
fW_}. Let:

n

[Ho () P22 HW(f) |2 |7~ f,] <PRF/2 (3)

where fo is the clutter center frequency. First consider the case
fo= 0; by expanding both sides of equation (3) in a Taylor series about
zero, we obtain:
H () =Hg(0), m=0, 1, -, N=2
(4)

Substituting equations (1) and (2) into equation (4) gives (N-1)
linear equations; the additional normalizing equation yields a total of
N equations: Ne X

L3 -3
SITiW.= 3 (nT)"a,

NZ;:; W2 ___i’ilan]z ' (5)

The corrected time-varying weighting coefficients are obtained by
solving equation (5).

When f, # 0, one obtains from equation (2):
N-1 )
oD =H, (—f)= EW»G_}:)”’T" (6)
Wa=W,ei2™Ta n=(, 1, -, N—1

Substituting W, into the above equation gives the time-varying
weighting coefficients for staggered MTI when the notch center frequency
is not zero.

The correction procedure can be summarized as follows:

(1) design the optimum weighting coefficients {an} for the case of non-
staggered MTI and zero notch center frequency; (2) solve equation (5) to
obtain the time-varying weighting coefficients {Wn} for staggered MTI;
(3) the weighting coefficients lﬁh} for non-zero notch center frequency
can be obtained from equation (6).
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The weighting coefficient correction method is applicable only in a
simple clutter environment; when multiple clutter waveforms are present,
the eigenvector method should be used.

2. Eigenvector Method

The eigenvector method is a direct design method of optimum MTI
weighting coefficients when the inter-pulse stagger code is known; the
basic principle behind this method is to maximize the average noise
improvement factor for a known clutter model.

Let the staggered MTI time-varying weighting coefficients be {ﬂh}, then
its frequency response is:

Hu.'(szgV/,e‘f”Tn, n=0, 1, e, N—1
n=v
(7)
_ Eci(f)’

wherew = 27 £f. Let the clutter power spectrum be c(f) = =1
where ¢y (f) are the power spectra for ground clutter, weather clutter,
chaff, noise, etc.; the clutter correlation matrix is C = [Cij]'

The Doppler frequencies of the signal are generally assumed to be
uniformly distributed within the range of MTI velocity response; hence
they have a uniform power spectrum S(f)

(’1 for f1<|f|< £

S(f) =
1 0 otherwise

£, f, are the upper and lower bounds of the frequency response. The
signal correlation matrix is S = [sij]' where

S {ESiﬂgnfz(T;—T,-)—SinZJTfJ(Ti;—Tj)].'/gx(fz“fl)(T;_Tj), 17
ij N ’ . .
1 1=]

When the range of the staggered MTI velocity response is very wide, one
can assume fy = », f; — 0, and the signal correlation matrix becomes a
unit matrix S = I, and the improvement factor is:

WIW* i
Teve =yraye W=0V. @
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Thus, the problem of finding the optimunm weighting reduces to one of
finding the eigenvector which corresponds to the smallest eigenvalue of
the matrix C; i.e., we must solve the equation:

CW* = Aw* (10)

where X is the eigenvalue of the matrix C. WhenA = Apig,

1 ' (11)
A:rnin

I;/g :II/CmIlXZ

Fig. 2 shows the frequency response of a staggered six-pulse MTI design
based on the eigenvector method. The figure shows a deep notch at 0 Hz,
and a 200-Hz-wide notch extending from -50 Hz to 150 Hz; also, the
ripples within the passband are quite small. Therefore, this design can
simultaneously suppress ground clutter and weather clutter whose center
frequency falls in the range from -50 Hz to 150 Hz. Table 1 shows a
comparison of the noise improvement factors for four different weighting
coefficients of a six-pulse MTI; the clutter is assumed to have a
Gaussian spectrum, and the PRF is 657 Hz.

MT;)(dB)
0:1¥P¢l~¢b[tfkﬂUVVkJ&\ - I %lesc“b%£§f£¥¥”¢k}\d5¢kvzv4{$
- 10
- 30
- 50
-7 -8 -6 -4 -2z 0 = 2 4 6 8 (kilf

Fig. 2 Synthesized Frequency Response of a Staggered Six-Pulse MTI
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Table 1 Average Improvement Factors of Six-Pulse MTI

Clutter center frequency and spectral width

,=0Hz o¢=4Hz f,=0Hz o=13Hz fo= +25Hz o=13Hz

Non-staggered optimum weighting 64.6 54.1 47.9

Staggered coefficient correction 64.7 53.9 - 47.4
weighting

Staggered optimum weighting 64.7 53.8 47.5
(eigenvector)

Staggered uncorrected weighting 54.3 44,5 - 38.6

One can see from Table 1 that if the coefficients of staggered MTI are
not corrected, the improvement factor will be 10 dB lower than that of
non-staggered optimum weighting.

(B) Performance Tests of AMTI

Performance tests of AMTI have been conducted using simulated clutter
and signal sources. The clutter is assumed to have a Gaussian spectrum
with o = 4 Hz for ground clutter and o = 13 Hz for weather clutter.
‘Test results of average noise improvement factors and velocity response
indices are shown in Table 2 and Table 3, respectively.

Table 2 Average Improvement Factors of AMTI

" Number of pulses 3 4 6
Clutter type Ground | Weather Ground | Ground | Weather
-"—é“"l (dB) 54 40.2 58 58.5 | 47.6

Table 3 Velociﬁy Response Indices of AMTI

Number of pulses _ 3 4 : 6

Range of velocity response (km/h) 549 5485 609‘4061 58-» 4938

Minimum infra—passband response (dB) -5.8 —7> -7.07

Percentage of intra-passband responses 3.8 10.3 9
below -4dB
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III. Digital Pulse Compression

The system can perform digital pulse compression of linear frequency?
modulated (LFM) signals. The waveform parameters of pulse compression
are given in Table 4.

Table 4" Waveform Parameters of DPC

T pulse width (us) !is bandwidth (MHz‘): BT Rmax km)
s - 1 i 32 <200
64 1 [ 64 <200
64%2 0.5 [ 32 <2m)(§§$2¥§§§¥)
320 ‘ 0.8 i 256 200~500
640 . 0.8 ] 512 200~ 500
640% 2 : 0.4 i 256 2om~mo(§§$gggggg)

As shown in Fig. 3, DPC is accomplished using fast convolution, which
involves FFT, spatial frequency-domain weighting, and inverse FFT
[IFFT]. The weighting function is the complex conjugate of the FFT of
the transmitted LFM waveform multiplied by a generalized Hamming
weighting factor.

0«

k) W(k)

Y(n)

X(n)=-—] FFT —_®—-— IFFT

Fig. 3 DPC Implementation

() Sampling rate of LFM digital pulse compression and frequency-domain
weighting

The expression for a digitized LFM return wave is:

S(n):A-exp{—j27r [fd(n—x) T‘+oi' (n—-—Z)ZTf]}“‘

2T (12)
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where T is the pulse width, B is the bandwidth, f. is the Doppler
frequency, T, = 1/PB is the sampling period, and X is the initial sanmple
value (0 & x £ 1). Let t=_(k+3‘)~;%,—, [kl<M—1, M=1/Ts, r=f,T, N=TB,
Then the ambiguity function of digital pulse compression is: ’

. , . M

sin 7w (N/M) (k+ 5 =20r Y= | /M)

== X0 13
sin 7 (N JMD (h+ 32— M/N-1) (13)

Aa’( =(’{+x):€_’ fd____-'%)

A, (t, £4)| is a periodic function on the frequency axis with period
1/Ts. When p = 1, the periodicity of the function produces false o
sidelobes in the neighborhood of |t} = T. 1In the past, this problem has
often been solved by increasing the sampling rate
(let fg5 = 1/Tg = B+ fypax) i but when the sampling is mismatched (when x
is large), the value of x folded onto fj may be greater than f4 pax
(because in equation (13), the effects of x and f4 are equivalent).
Therefore, the false sidelobes cannot be eliminated by this method; the
best method for eliminating false sidelobes is the frequency-domain
weighting method. When the weighting process reduces all the sidelobe
levels to below a standard value, then the false sidelobes can be
completely eliminated even when the sampling rate f_ is equal to B.
Computer simulation results show that the generalized Hamming weighting
can produce low sidelobes with small weighting loss. The weighting
function is: :

W) =a-t ([ —a) cos (2rk/NY, k=1, 2, =5 N
When a = 0.54, the actual pulse-compressed waveforms are as shown in
Fig. 4 [photographs not reproduced], where the conditions are:
p=1, x = 0 (corresponding to zero target distance), f4 = 0. Fig. 4a
is for BT = 256, Fig. 4b is for BT = 512; the horizontal axis is time
and the vertical axis is amplitude whose scale is 10 dB/div. The
photographs clearly show that the pulse-compressed sidelobes are less
than -40 dB.

(B) Block Floating-Point Algorithms in Pulse Compression

Since pulse compression is accomplished using FFT, the FFT algorithms
will greatly affect the accuracy, linear dynamic range and speed of
pulse compression. The traditional FFT uses fixed-point algorithms to
avoid overflow, but this reduces the linear dynamic range due to the
loss of weak signals. The ideal approach is to use all floating-point
algorithms, but this approach results in higher cost and significantly
lower speed. A compromise is to use block floating-point algorithms.
The speed of block floating-point algorithms is close to that of fixed- -
point algorithms, and their linear dynamic range is significantly higher
with a penalty of only a small amount of additional hardware. Computer
simulation results show that the linear dynamic range of a 12-bit-word
block floating-point pulse compression is the same as that of a 20-bit-
word fixed-point pulse compression. The system maintains good linearity
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over a range of input values from 2 bits to 10 bits. The average error
of a 12-bit-word block floating-point algorithm compared to_an infinite-
word fixed-point algorithm is: A = 0.16% when BT = 64, and A = 0.23%
when BT = 256.

(C) Hardware implementation of Digital Pulse Compression

The core of the DPC hardware is the FFT module, which consists of an
array of arithmetic units to achieve higher speed for both FFT and IFFT
in order to meet real-time requirements. The number of arithmetic units
in the array, m, should satisfy the condition m = 25 (s is a positive
integer); this system has eight arithmetic units, with m = 4. This
array can perform DPC with any number of points n (n % 2™ and n = 2F)
without having to change hardware configuration . Fig. 5 shows the
data-exchange network between the FFT and IFFT arithmetic units; four of
the arithmetic units operate synchronously, and therefore can share the
same controller. 1In the figure, the BU;'s are the arithmetic units, and
Sii and Sji are the storage units. The only difference between FFT and
IFFT is in the contents of the coefficient storage units.

S B, Si
S., BU, Si
S, BU, S
S, | —[BU, BN
Sio BU, Sio|
S BU, - S
S, BU, S,
S BU, _1Sis

Fig. 5 Array of Arithmetic Units for FFT and IFFT

The measured speeds of digital pulse compression are presented in

Table 4, which shows that the actual processing times are all less than
one half the FFT data window length. Table 5 presents the measured
performance indices of pulse compression.
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Table 4 Processing Times of LFM Pulse Compression for Different BT
Values

Actual processing

Signal BT ‘No of FFT points yindow 1ength(ug)

time (us)
32 | 64 { 04 | 27.3
61 é 198 i 128 E 56.8
256 % 512 ! 640 | 263.0
512 } 1024 | 1280 ! 503.2

Table 5 Measured Indices of DPC

BT 32 | 64 : 256 % 512

Sidelobe level (dB) - 26 % - 30 f - 10 | - 42
Linear dynamic range (bits)] o | 9 , 9 : 9
Aver. linearity error (%) | 29 : 1.38 1.82 i 1.76

It is seen from Table 5 that for BT = 256 and 512, the DPC sidelobe
level is less than -40 dB; over all BT values, the linear dynamic range
of the system is 9 bits, and the error in linearity is less than 3
percent.

IV. Variable-Step MTD

The MTD mode of operation is designed for a highly complex clutter
environment; the number of pulses can be varied between 4, 6 or 8.
There are six modules in the MTD: the two-pulse cancellation unit, the
narrow-band FIR filter bank, the zero-velocity filter [ZVF], the modulo
unit, the frequency-diversity summation unit and the MTD-CFAR unit.

By using two-pulse cancellation, the pre-MTD suppresses most of the
ground clutter, and therefore reduces the dynamic range requirements on
pulse compression [PC] and on the Doppler filter bank. The basic
principle of the MTD is shown in Fig. 6.
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Doppler
A/D MTI PC filter
bank

CFARL

ZVF

Fig. 6 MTD Block Diagram.

Let the number of pulses of MTD be N, then the zero-velocity filter ZVF
and the (N-1) Doppler filters constitute a total of N filters. The ZVF
is a low-pass filter, which filters out the ground clutter and stores it
in the 1-Mbyte clutter chart to be used as threshold for detecting
tangential targets and as the CFAR threshold in the non-zero-velocity
Doppler channel. Since the return wave has already lost most of the
ground clutter as it passes through the MTI, it must be recovered in ZVF
processing. This is accomplished by making corrections to the ZVF
weighting coefficients. Let the weighting coefficients of the ZVF
filter before correction be h, (n=20,1,..., N-1), and let the
corrected coefficients by Wn' then:

N~
Wﬂz Z 2h,

By correcting the weighting coefficients of the ZVF to W,. the ground
clutter eliminated by the MTI can be recovered. The structure of the
ZVF is identical to that of each filter in the Doppler filter bank, and
they are synchronized in time; as a result, the MTD controller is
greatly simplified.

The design of the filter bank is accomplished using the optimized Remez
multiple-transform algorithm; the center positions of the filters are
distributed at unequal intervals, and the sidelobe levels are also
different. The hardware of the MTD filter bank consists of 8 identical
arithmetic boards and 1 control board. When operating as a 8-pulse MTD,
all 8 arithmetic boards are used; when operating as a 6-pulse MTD, only
the ZVF and boards F1-F5 are used; when operating as a 4-pulse MTD, only
the ZVF and boards Fj;-F3 are used.

The number of pulses of MTD and the weighting coefficients can be
changed locally from the keyboard or by radar computer commands.

The modulo unit, the CFAR unit and the clutter chart of the MTD are
quite simple and will not be discussed here.
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Table 6 shows the test results of the average MTD noise improvement
factors; the test conditions are as follows: the clutter is assumed to
have a Gaussian spectrum, the ground clutter has aoc of 4 Hz and an
amplitude of 66 dB; the weather clutter has a o of 13 Hz and an
amplitude of 48 dB.

Table 6 MTD Average Noise Improvemént Factors

No of MTD pulses 8 6 4
éiutter type Ground Weather Ground Weather Ground
€;:§6r1%0¥3§§nt 58.5 C a3 53.7 42.5 46.8

It is seen from Table 6 that except for the 4-pulse MTD, the SCI for
ground clutter is greater than 53 dB, and the SCI for weather clutter is
greater than 42 d4B. »

V. Concluding Remarks

The main features of this newly developed multi-function programmable
radar digital signal processing system are: = high performance, wide
range of capabilities, ultra-high-speed real-time calculation and highly
flexible programmability. The arithmetic speed indices are presented in
Table 7, which corresponds to an overall operating speed of 1148 MIPS.
Such high arithmetic speed is achieved by using advanced architecture
(array and parallel processing), effective control design (multiple
instruction stream/multiple data stream [MIMD], bit-slice
microprogramming), and ultra-high speed components (55-ns MAC, 45-ns RAM
etc.). . v

Table 7 Arithmetic Speeds of Different Modules

Name of module MTI DPC Filter Modulo Unit Detection Output Total

‘ bank unit averaging - - buffer
Arithmetic speed 24 848 192 - 22 26 33 3 1148
(MIPS) ' "

A single-board computer is used to perform the functions of monitoring,
fault comparison, local editing, coefficient loading and modification,
and operational control for the entire systen.
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The system is highly stable and reliable, and can be used on both three-
coordinate and two-coordinate radar systems with different parameters.
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TELECOMMUNICATIONS R&D

Eleven-Meter-Antenna Earth Station for Domestic Satcom Systém

90FE0090A Shanghai DIANXIN KUAIBAO [TELECOMMUNICATIONS INFORMATION] in
Chinese No 2, Feb 90 pp 2-6

[Article by Hang Jishi [2635 3444 2514] and Hong Xiaopei [3136 4607
1014]); see earlier brief report in JPRS-CST-89-014, 18 Jul 89 p 96]

. [Text] Abstract

The 11-m-antenna satcom earth station developed by Institute 1 of the
Ministry of Posts and Telecommunications (MPT) is primarily used for
domestic satellite communications, but it can also be used for
international satcom systems. The earth station uses all-Chinese-made
components and equipment, whose performance indices meet the national
standards; it is one of the turn-key earth stations developed by this

" country in recent years. In April 1989, MPT organized a team of experts
and technical personnel to test the earth station for certificationm.
The results showed that this earth station is superior to earlier
stations in terms of technclogical maturity and system integrity. In
addition, in terms of performance-to-cost ratio, usability, and
maintainability, it is far superior to imported facilities; it is
expected that Chinese-built earth stations will gain greater acceptance
by the users.

1. Earth Station System
The design and performance of the ll-m-antenna earth station meet the
"Overall Technical Requirements for Domestic Satellite Communications

Earth Stations” of the "National Standards". The overall system block
diagram is shown in Fig. 1.
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1.1. System Components
This system contains the following subsystenms:

Antenna-feed subsystem

-

High-power amplifier subsystem
Low-noise amplifier subsystem

FDM/FM [frequency division multiplexing/frequency modulation] ground
communications equipment subsysten

SCPC [single channel per carrier] ground communications equipment
{including up/down frequency converter and terminal equipment)

System control and monitoring subsystenm
Power supply subsystenm

It is a practical and complete earth station which has a typical system
configuration and uses the two primary modes of communication commonly
used for domestic satellite communications--FDM/FM and CVSD/PSK/SCPC
[continuous variable slope delta modulation/phase shift keying/single
channel per carrier]

The monitoring and control (MAC) system iscomputer-controlled and has an
advanced design with special emphasis on system reliability.

1.2. Overall Technical Performance

Antenna diameter 11.6 m

Receiving gain ‘ 51.6 dBi

Transmitting gain 54.9 dBi

Sidelobe characteristics meets CCIR specifications
Earth station G/T [figure of merit] 31.7 dB/K

System operating frequency range

transmit 5.925-6.425 GHz
receive 3.700-4.200 GHz
Power stability € + 0.5 dB/24 hours
Frequency stability & + 250 Hz
RF out-of-band emission 4 dBW/4 kHz
RF intermodulation product 21 dBW/4 kHz
FDM/FM capacity 24 ch - 972 ch
S/N [signal-to-noise ratio] (for specified

“ A

C/N [carrier-to-noise ratio]) > 50 dB
SCPC (data) bit error rate (BER)
C/N = 15.5 4B €1 x 10°°
C/N = 13.5 4B €1 x 10t
C/N = 13.5 dB (with FEC [forward error '
correction]) : < 1x 107
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1.3. Descripticn of System Components

Antenna. The antenna is of Cassegrain design with an aluminun

reflector. The design not only has very high reflector efficiency but
also meets strict sidelobe requirements (29-25 log ¢). In addition, a
step-by-step tracking system developed by this institute is alsoc used.

High-Power Amplifier. High-power amplification is accomplished by a
3000-W klystron power amplifier; the drive stage is a 1-W FET (field
effect transistor) amplifier located in the same container. The overall
gain of the amplifier is 75 dB. By using a power mixing network, the
earth station can simultaneously transmit an FDM/FM carrier and an SCPC
carrier to the same transponder.

Low-Noise Amplifier. Low-noise amplification is accomplished by a
thermo-electrically cooled 55K FET amplifier. This amplifier has good
performance in terms of gain-frequency response and gain stability.

SCPC Up/Down Frequency Converter. The up/down frequency conversion is
accomplished by a two-stage conversion process; the intermediate-
frequency (I.F.) is 70 MHz+18 MHz, the radio-frequency (RF)

for the up/down converters is respectively 5925-6425 MHz and 3700-4200
MHz. The instantaneous operating bandwidth is 36 MHz. This is the
first time that the SCPC up/down frequency converters have been used in
the 64 kb/s data circuit; it has sufficiently low phase noise to meet
the performance requirements for data transmission.

SCPC Terminal Equipment. The SCPC terminal uses equipment also
developed by this institute; this equipment is technologically mature and has
been widely applied in domestic satellite communications systems.
Equipment includes the CVSD codec ([coder/decoder chip], the signaling
system, the differential coder, the BPSK [binary phase shift keying]
modem, and the transceiver channel frequency synthesizer. The telephone
channels (including audio-frequency telegraphy, single-channel
facsimile, and inband data transmission at 1200 b/s and 2400 b/s) and
the ground circuits use 4-line audio-frequency interfaces. The 56 kb/s
data channels are composed of the following components: the data
interface, the R7/8 error-correcting codec, the QPSK [quarternary phase-
shift keying] modem, and the transceiver frequency synthesizer.

FDM/FM Equipment. FDM/FM equipment has had a long history in satellite
communications and is still in wide use today. The size of the
equipment has undergone miniaturization, and an entire series of FDM/FNM
equipment (24-972 lines) has been developed. The equipment has a "card"
shaped structure, and the entire system, which consists of the up/down
frequency converters, the modem, the I.F. filter, the baseband
processing unit and the monitoring circuit, fits in a 19-inch box.
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Monitoring and Control (MAC) Equipment. Each subsystem of the earth
station can perform its own monitoring and control function, but the
system also has a microprocessor-controlled MAC subsystem which can
perform the following real-time control functions:

automatic control and tracking of the antenna,
remote-control operation of the high-power amplifier,
remote-control switching of the backup high-power amplifier, and
remote-control switching of the backup low-noise amplifier.

The MAC subsystem uses the new MAC software which has been developed for
an IBM-PC microcomputer. The software is designed to extend the

functions of the peripheral equipment, which include:

display of the functional block diagram of the earth station system and
its subsystens,

display of data at the equipment monitoring points,
display of equipment faults (status and data display), and
real-time print-out of equipment status.

2. System Reliability

For a variety of different reasons, the component reliability of
Chinese-built equipment is less than satisfactory. However, by paying
attention to the availability issue in system design and system
configuration, a high availability index can still be achieved in an
earth station with all-Chinese-made equipment. The calculated
availability indices for the 1l-m-antenna earth station are presented in
Table 1. It has been shown from analysis that the overall availability
of this Chinese-built earth station exceeds 9$9.9%, and its
maintainability index is much higher than that of imported equipment.
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Table 1

MTBF(hry [Availability

Antenna 1.3%105 : 0.999725
system

Uplink 6.030x 103 0.999865
Downlink 1.3%x104 0.999923
Power-supply , :

system 2x10¢ 0.999900
Total 3.3x109 0.999410

3. Test Results

In April 1989, as part of the certification process, MPT conducted full-
scale tests of the system parameters and examined the operational

The test results showed that all technical
indices meet design requirements, and its operational performance is

performance of the systen.

superior to that of existing earth statioms.

The results of

certification {(key indices) are summarized as follows:

Earth station G/T

RF stray output

Sidelobe characteristics

S/N and C/N test

SCPC data BER test

Requirement
231.2 dB/K

<4 dBW/4kHz

(for C/N=17.8 dB,
S/N2 50 dB;for
C/N=12.8 dB,
S/N3 43 dB)

See Table 3
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Test Result
31.7 db/K

-11.3 dBW/4kHz
(972-ch. FDM/FM)

Meets CCIR specifi-
cations

See Table 2

See Table 3
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4. Conclusion

The results of certification tests and operational tests by MPT have
shown that the technical performance indices of the 1l-m-antenna earth
station meet all design requirements. The earth station is ready for
large~scale production and can be used as a type II station in the
existing satellite communications network.

- END -
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