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I. OVERVIEW

This report is basically a compendium of memos submitted to Dr. A.
Chang and Dr. D. LeVine of NASA/GSFC during the course of this contract. Also
included are copies of the vugraphs presented by J. Carr of ORI to the NASA
Earth Observing System/High resolution Multifrequency Microwave Radiometer
(EOS/HMMR) panel. This presentation covers our preliminary work with aperture
synthesis concepts for EOS, and appeared in our preliminary report. New to
the final report is an exposition of the effects of nonvanishing bandwidths on
image reconstruction in apperture synthesis systems. It is found that
nonvanishing bandwidths introduce errors in off-axis pixels when naive Fourier
processing is used. The net effect is for bandwidth to limit sensor
field-of-view. Although known to radio astronomers, this effect has to our
knowledge never previously been quantified. To quantify this effect we wrote
a computer program (a copy of which is delivered with this report) which is
documented in this report. Example runs are included which illustrate the
resultant radiometric errors and effective fields-of-view for a plausible
simple sensor.



I1. REAL APERTURE SYSTEMS

The study began by considering real aperture systems for £0S. These
concepts grew out of the considerations for a Shuttle-based instrument
examined under a previous contract with ORI.

It was decided that the instrument concepts should address the
measurement requirements of:

1) 10 km spatial resolution
2) 3 day temporal resolution
3) 1K radiometric accuracy.

The requirements were derived from the "EOS Science and Mission Requirements
Working Group Report" (NASA-TM-86129) and the published experience of other
instruments (e.g., Skylab S-194).

The first memo attached considers an electronically scanned array
with a single beam. It was found that the constraints on integration time by
the need to form an image did not permit all of the measurement requirements
to be simultaneously satisfied. A factor of two improvement in the
sensitivity is required to meet .5 K radiometric sensitivity. The remainder
of the 1 K radiometric accuracy is budgeted for systematic errors. Several
ways to enhance performance were then studied. These are:

1) Increase the reception bandwidth beyond the 27 MHz reserved for
passive use only
2) Build a total power radiometer



3) Build a reference averaging radiometer
4) Build a multibeam (wiskbroom) radiometer.

The second attached memo examines the feasibirlity ¢ baniwidth
extension. It is rejected due to the large number and nigh powers of
interferers in neighboring bands. The third memo deals with total power
radiometry. It appears that total power radiometry may be a feasible option,
but that temperature and power supply stability are crucial. On the
performance spectrum between total power and Dicke radiometers is the
reference averaging radiometer. This is described in the fourth memo and does
appear attractive.

Finally, a wiskbroom system with four beams will certainly provide
the necessary sensitivity; however, this introduces antenna design
compiications. Four beams are necessary since the number of beams increases
the integration time linearly and the sensitivity 1s inversely proportional to
the square-root of the integration time; hence the factor of four is required
to make-up the factor of two shortfall in sensitivity.
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January 25, 1985

T0: File
FROM: J. Carr and B. Candey
RE: Bandwidth Extension

Analysis to establish a baseline real aperture L-band sensor for EOS
has found that integration time constraints do not permit both the desired
spatial resolution and the desired radiqmetric resolution. It is also
anticipated that this integration time constraint will place more severe
restrictions upon synthetic aperture systems. One possible solution is to
increase the bandwidth from the nominal 27 MHz (1400-1427 MHz). Initially
this seemed feasable since the 1370-1400 MHz band is designated for passive
use on a secondary basis. However, as the following analysis will indicate

bandwidth extension is infeasable due to the presence of numerous high powered
transmitters.

The frequency bands neighboring 1400 MHz have the following
allocations]:

1) The 1300-1350 MHz band is allocated to radionavigation worldwide
except for fixed and mobile services in Indonesia and radiolocation
service in Ireland and the United Kingdom. Radionavigation use is
limited to ground-based radars and associated airborne transponders.
The U.S. government allocations also allow radiolocation but limited
to the military serJices.

~

]Manual of Requlations and Procedures for Federal Radio Frequency
Management, NTIA, May 1984. p. 4-53ff.

1



2) The 1350-1400 MHz band is allocated to fixed, mobiie, 2nd
radiolocation services in Region 1 (North and South Ame-ica) and

. radiolocation in Regions 2 and 3 (Europe, Africa and Asia) with some
existing radionavigation installations in the Eastern Bloc, U.S., and
Canada. The 1370-1400 MHz band is also allocated to passive space
and earth research and observations on a secondary basis. 1In
addition, the frequency 1381 MHz s allocated in the US to Fixed and
Mobile Satellite Services (Space-to-Earth) for the relay of nuclear
burst data. In the U.S., over 100 high powered radars operate in the

1370-1400 MHz band and 1international listings also indicate
extensive use.

3) The 1400-1427 MHz band is 'reserved solely for passive radio
astronomy, space research, and earth exploration-satellite
observations. Some second and third harmonics and various
intermodulation products of television transmitters and extraband
radiation from radars may fall within the 1400-1427 MHz band.

‘ 4) The 1427-1525 MHz bands are allocated to fixed, mobile, and
space operation and are used heavily.

Ideally one wants a large bandwidth for enhanced sensitivity;
however, artificial sources are many orders of magnitude brighter than the
thermal emmissions of the earth and must be excluded from the instrument
bandpass. We determine the interference threshold as follows. The required
receiver sensitivity is AT = .5 K which corresponds to a power level of k(.AT)'B
with R = 1.38 x 10723 J/K and B the bandwidth. The maximum sensor-
interferer range will occur just when the sensor rises above the interferer's
horizon (see Figure 1). Coincidently this is where radiolocation services
(e.g., FAA radars) would havé their maximum gain directions and so this is the
anticipated worst case geometry dispite the large range. At a nominal
altitude of h = 700 Km, the sensor - interferer range is R = 3069 Km with the
interferer at a 64° angle from the sensor's nadir. We assume a nominal 10m
x 10m sensor aperture which scans % 33° to cover a 900 Km swath. This
places the interferer 310 off the maximum gain direction at the extreme

‘ point of the scan. A uniformly weighted aperture would have a power pattern

which falls as 2
(% t)
- 14
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where L 1s the aperture dimension (10m), X s the wavelergth (21 cm), and 4>
is the angle off the maximum gain direction. For ¢>= 3l° thi: puts the peak

‘ sidelobe level at G = -38 dB. However, it is better to taper the aperature
weighting in order to trade beam width for lower sidelobes (ircreased main
beam efficiency). Sidelobe levels at Q= 31° for a 90% main beam efficient
antenna would be more 1ike G = -50 dB (see Figure 2). The power into the
sensor's receiver from the interferer 1s then

_ (EIRP) 2
P="ore L€

where EIRP is the interferer's Equivalent Isotropic Radiated Power. In which
case, the maximum tolerable EIRP to not exceed & power threshold P is given by

Z
4w KP
IRY) = ——

We will conservatively set P = k(AT)B which is the receiver
sensitivity. For B = 27 MHz, P = -157 dBW and for B = 100 MHz, P = -152 dBW.
Using R = 3069 Km, L = 10 m, 6 = -50 dB gives EIRP thresholds of + 14 dBW and
+19 dBW for the 27 MHz and 100 MHz bandwidths respectively.

Typical EIRPs for fixed stations operating near 1.4 GHz are 37 dBW to
55 dBW 2 which would definitely represent an interference threat.
Additional sidelobe rejection of -36 dB would be required to place the 55 dBW
transmitters at the received power threshold -152 dBW, and another -10 dB
should be added to place the interferer below the recieved power threshold
with adequate margin. Then a sidelobe level of -96 dB is required at 31°
of f the maximum gain directiqp. This would be extremely difficult to achieve.

2Recommendations and Reports of the CCIR, 1982: XVth Plenary Assembly in
Geneva, Volume II: Space Research and Radioastronomy, ITU, p. 386.

(b
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Using 2 received power threshold of -165 dBW (compare with -157 dBW)
corresponding to an EIRP threshold of 12 dBW (compare with 19 dBW), the
‘Internationa] Radio Consultative Committee (CCIR) has performed an
interference analysis for a 100 MHz bandwidth sensor3. The results are
shown in Figure 3 where total data loss occurs in the shaded regions. This
analysis includes only the fixed services which populate the 1350-1400 MHz
band, so the actual interference environment {s in fact worse.

Transmitters in the 1250-1400 MHz band include FAA aeronautical
radionavigation radars, DoD long range surveillance and search radars, DoD
communication radios, the GPS downlink for relay of nuclear burst data, the
TLPS Army transponder and classified military transmitters. A common FAA
radar, the ARSR-1, operates at frequencies of 1280-1350 MHz, has an antenna
gain of 34.2 dBi and 4 MW peak power over 2 microsecond pulses. DoD
communication radios, such as the AN/GRC-50 and AN/GRC-103, broadcast in the
1350-1849.5 MHz band with antenna gain of up to 20 dBi and peak power of 8-30

W. The TLPS transponder uses the 1350-1400 MHz band with a peak power of 120
4
W.

’ In T1ight of the above interference analyses, it appears that
bandwidth extension beyond the reserved 1400-1427 MHz band is infeasable.
This conclusion is corrobated by the opinion of David P. Struba, NASA
Headquarters Frequency Management Program Manager, that the secondary
allocation for passive use of the 1370-1400 MHz band is almost
meaningless.5 In addition there is also concern that extraband radiation
and TV transmitter harmonics could pollute the 1400-1427 MHz band. Although
there is no mention of interference problems in the literature reporting the
1973 Skylab L-band radiometer results, this issue should be studied further.
If it is determined that such emissions might pose an interference threat then
a Shuttle survey with a low éost low resolution antenna might be considered to
characterize the L-band environment.

3Ibid. pp. 379 - 399.

%andrew Farrar, Spectrum Resource Assessment in the 1215-1400 MHz Band, NTIA
. Report 81-83, Sept. 1981, pp. 36-8, 50.

SPrivate communications between David P. Struba and Bob Candey.

|3
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25 February 19¢5

T0: J. Carr

FROM: R. E. Prince gig ‘

SuUBJ: L - Band Amplifier Drifts with Respect to Total Power Radiometers

I have made a number of phone calls and managed to talk to about half
of the people I attempted to contact.

Two attempted contacts that never returned their calls were:

Chase Hearne, a specialist in GaAs amplifiers.
Hans Blume, a specialist in uncooled parameter amplifiers.

They are both NASA/Langley (LaRC) people whose names were given me by
their boss at LaRC, Richard Harrington (804) 865-3631. Harrington said they
would call, but . . . So be it. I mention this only because these two were
supposedly hot numbers (technically speaking). I got Harrington's name from
John Shien at GSFC.

‘ A man named Joe Rogers (GSFC, 344-8816) has tested a number of GaAs L

- band amps. He particularly likes units manufactured by California Amplifier
and by Berkshire Technologies, Inc. (also in California). Rogers indicates
that another GSFC person, David Buhl (344-8810) has a noise figure and gain
test setup for these devices based on an HP 8970 instrument. Whether he can
measure the small variations we are looking for is another question. Buhl
also suggests that we talk to Robert Jones, RF Technology Branch in 6SFC, Bldg
19. Apparently building 19 has a test setup based on an AIL instruments.

Although nobody I talked to had test or analytical data for small
scale, short term GaAs L - band amplifier gain stability with temperature, all
my correspondents agreed that primarily temperature (and only slightly supply
voltage) controls amplifier gain. Al]l agreed that with sufficient temperature
stabilization a gain stability of 10-3 (-30 db) was quite feasible.

Supply voltage requirements are typically + 15 volts @ 50 ma.
Regulation should be # 10% or better.

A1l of the amplifier people I spoke to quoted specifications for an
L - band unit similar to the following:

frequency range: 1.30 to 1.60 GHz

noise figure: .7 to 1.0 db at room temperature

o NF/ AT approx. .05 db/109c (down to a noise figure of
approx. .6 at -700c)

gain: 35 to 40 db (power) at room temperature

o6/aT: -.02 db/9c to -.04 db/Oc (gain increases with
dropping temperature)

20



This a G/ T number corresponds to approximately .10 C temperature
stability to meet a -30 db AG/G (or .010 C stability for a -40 db &6/G).
.See attached calculation).

I have enclosed some test data I received from California Amplifier,
Inc.

I talked to Jim Bremer for a short while on the telephone concerning
his reference - averaging radiometer design. He indicates that in
approximately 1977, Hughes Aircarft did a computer simulation and then built a
labatory breadboard of the reference - averaging technique. Jim said that the
Hughes work verified the Bremer calculations but that simultaneous advances in
amplifier stability mode a total-power system feasible. The Hughes work was
at millimeter wave lengths.

Jim brought up something else to be remembered about total power
systems: a D.C. - Restore capability probably will be necessary. D.C. -
Restore is essentially is a calibration - it returns the analog output to the
A/D converter to a known D.C. level for a given input every now and then.
Typically, it is done once per scan line (every few seconds) or whenever
practical. If the amplifier is stable enough that it's baseline plus dynamic
range never clamps or extends beyond the A/D converter useful range of inputs,
the D.C. - Restore function as a specific analog circuit could be omitted.
This function could then be subsumed under the calibration function and
accomplished digitally at the output of the A/D converter (or still as an
analog function, of course).

2\



People I have attempted to contact include:

.grson and Location Successful Unsuccessful

R. Harrington, LaRC X

(804) 865-3631
Chase Hearne, LaRC X
Hans Blume, LaRC X
Jim Shieu, GSFC
Roger Ratliff, GSFC
Joe Rogers, GSFC
David Buhl, GSFC
Trontech Corp., Neptune, N.J. X

(201) 229-4348
Miteq, Hauppage, N.Y. X

(Jared Siddiqui) (516) 543-8873
Applied Microwave Corp., Lawrence, Kansas X

(Dr. David Brunfield, formerly U.KS Remote

Sensing Center) (913) 749-3511
California Amplifier, Newbury Park, Cal. X

(John Ramsey) (805) 499-8535
Berkshire Technologies, Inc., Oakland, Cal. X

(415) 655-1986

x x X X

Although I did not call them, several people suggested Amplica,
'(805) 498-9671. They are a division of COMSAT.

T
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[IT. APERTURE SYNTHESIS SYSTEMS

As an alternative to real aperture systems we have considered
synthetic aperture systems. Aperture synthesis can offer high spatial
resolution with a sparse antenna array and so it can be economically
attractive. Initially the more general case of a synthesis/scanning hybrid
was considered (of which a pure synthesis instrument 1s a degenerate case).
Such a hybrid would step-scan its field-of-view across-track. Aperture
synthesis provides the imaging within each field-of-view. The first of the
following memos describes a one-dimensional scanning/synthesis hybrid. It
concludes that such instruments can perform the soil moisture mission. An
especially remarkable result is that the necessary radiometric resolution
could be achieved despite the diminished aperture area. This is because the
collection area loss is offset by both an increased integration time (set by
the real field-of-view) and the parallel channel structure of an aperture

synthesis instrument.

The second of the following memos details a two-dimensional
synthesis/scanning hybrid concept. It concludes that the sensitivity of such
an instrument is identical to the one-dimensional case for given aperture
area. Therefore, there is no advantage to this more complicated scheme and
only one-dimensional concepts were henceforth considered.

Following this memo is a set of notes detailing the theory of
aperture synthesis. It covers the signal processing theory, resolution,
grating lobes, and nonlinear effects (fringe washing). The grating lobes and
fringe washing effects are particularly important as they restrict the field-
of -view.

2%



Fincily, details of how to construct a pure aperture synthesis
instrumert were considered. In the last three memos an analog and two digital
architectures are jresented. All architectures have the same external data
rates, wherea: the digital architectures (they do correllations digitally as
opposed to using analog mixers) can have very significant internal rates.
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IV. EOS/HMMR PANEL PRESENTATION

What follows are the vugraphs from our presentation to the EOS/HMMR
panel. This presentation summarizes some of aur results and was intended to
generate some confidence that aperture synthesis could be used to perform the
soil moisture mission. We took as science requirements:

1) 10 km spatial resolution
2) 3 day temporal resolution
3) 1 K radiometric resolution.

We took the 3 day temporal resolution requirement to mean that both
dayside and nightside overpasses count as revisits. At a presumed 700 Km
sun-synchronous circular orbit, a 450 km swath implies three day coverage (at
least in a statistical sense, j.e., mean revisit time). Since swath width is
the most difficult parameter to achieve due to grating lobes and fringe
washing, and since we wanted to present a "minimal" instrument, the swath
width goal was degraded to 400 km. This implies 3 day (statistical) coverage
in the temperate latitudes above 30° and 4 day (statistical) coverage at the
equator. Increasing the swath width to 450 km (or even 900 km which gives
precisely periodic 3 day coverage rather than statistical 3 day coverage) is
possible at the cost of more antennas.

The system presented consists of 11 13.2 m x .34 m antennas occupying
a 13.2mx 16.2 m array. The array fili-factor is 23 percent. It provides 10
km resolution both along and across-track with a .6 K radiometric
sensitivity. With this one-dimensional concept, aperture synthesis provides
the across-track resolution; whereas, the width along-track of the antennas'
fields-of-view provides the along-track resolution.

&5



A digital system architecture wes presented. This arcnitecture joins
11 anterna/receiver units, arranged to form a minimum redundancy linear array,
with abcut 40 in-phase and 40 quadrature digital correlators. Each pair of
an ennas forming a unique baseline are joined with both in-phase and
quadrature correlators. In addition, several autocorrelation channels would
be required to measure the zero-baseline or DC component of the scene spatial
frequency distribution. Each channel need not physically correspond to a
unique piece of hardware, as different baselines could be time-phase
multiplexed on a common correlator. The instrument internal data rate would
be fairly high at 20 Mbps which is determined by the Nyquist sampling rate of
the signals being digitized by the antenna/receiver units. The external data
rates would, however, be quite modest at about 1 Kbps which is determined by
the dynamic range and noise levels in the measurements. Fourier processing to
construct an image could be easily done on the ground in real-time.



05802 PUBIKIBI ‘ORANO0Y « BAUQ PIBIOL GLEL « 64O SsauEnbpesH

0219162 (10E) euoudep)
G802 QW '1BAopUET
0E0L 8vNg

aauq er0d0) 1028

11 XSONBN
*oul ‘IO

J459/VSYN 8UIA 37 °(Q ‘40
J4S9/V¥SYN  BUDY) ‘Y “J(
[0 40) °T ‘AW
G861 Yadoy ¢
[9UDd YWWH/S03 3yl 03 LOTIDILDSAIY V

ONISNIS 310W3¥ JUNLSIOW T10S Y404

SISIHINAS FYNLY3dY



SUOJIDIJ[ddy JIYI( PUD SDAJY YdJDasay ‘]I
UAUNJISU] STSALIUAS 34n3Bdy pupg-T 3I0PIpW)  °[]

SIUWAITNDIY AJUaTIS aJmistoy [1o0S °I

INITLNO



¥ [ :uU0jIN{Osay Jj.J3aw0fpoy O
SADP ¢ :UOJIN[OS3Y [DJOCUWR] O

wy g1 :UOJINjosay [DFIDAg O

SINIWIYINOIY FINIIIS JYNLSIOW TI0S



006
'8

008

(W) HLVMS WAWINIW
004 009 003 00h

00¢

L
N

a0~mwm.z~z wm
SNONGYHINAS~-N

AVINOYID WY 00/
TIWNSGSY

HLAIM HLVMS QNV ﬁs..omux V0dW3L

002 0
S A
7/

L A2 R
A ™~ i

)
I

(SAVQ) 3QISIHOIN ONV 30ISAVA - S3ISSVY3A0 N3IIMi3E QO1Y¥3d

<

LS
wn

<
N

L)
o o

L
=2

— (SAVQ) AINO 3QISAVA - S3SSVJ¥3A0 N33M139 QOI¥3d

LA
(Vo)

iJ
(e

L]
o

90



)] wm:h<mmarwh SS3NLHO I Y4

00¢ 08¢ 092 ohe 022 002 0
< 1 . | 1 1 ) | O
~ -
- 20T
207
N T ¥3d LH9I3IM Ad FINLSIOW %G'(Q- = 3d07S A
- 30
um:»<mwu:mk u~z<z>aozmm:h x oom
SIWNSSY
- 204
4
(h61-S QOIAXS Joj paysoday sy)
dIHSNOI LYY u§<ﬁ%‘,,muz§w§m.u§msz 0S

1H913M A9 3¥N1SIOW 1I0S 1N3D¥3d

Qi



(W 1Z=Y) ZHW S'ETHT  :AOUBNDIUIY J3IWR)

Ol T 30 AID4N23Y [IDIRAQ)
XS AIIAJIISURS J]J3w0]pOY

pISIYGIN PUD 3PFSADQ - 3pMITIDT 40f AOQY POTJAd ADQ § -
ISIUGIN PUD aPTSADQ - SISSDAJA) USaMIDg POjRd AD] & -

(o91F) WY 00h :UIPIM YIOMS
wy 01 :UOJINIOS3Y [DJIDAS

SNOUO JYOUAS-UNS * IDTNIIT) WY 00/=U :31q40

INIWNYLSNI SISIHINAS JYNLVYIdY ILVAIANYD

9L



Emuzoguzq_ﬁmz_

93



43A1303Y

v+ ] =4d
0 l
431714
¥3ail4d

SSvd MOT asvd MO7
Y3141KS
ISYHd (06~
L |

¥3A1303Y
]
(0 Axny)

A‘
A A‘a
(z H>x“x |
_

2

LWL @ NOT LVTINH0)




M3TA-JO-P3]4 aUJWJIIa] SUJIIIDJ DUURIUY [ONPTAFPU]
UOJINTOSAY PIZISINUAS JUTWIIIIQ SUOTSUBWLQ JOJJ3IXT ADJLY

360W] S3INP0JJ
WJ0JSUDJ] JITJNO04 339.42S|(Q BUTSA SIUSWIINSDAY (A’N)Y BUTIJOAU]

UJ931D4 JoMO4 DUURIUY [DNPIATPU ST (A‘X)d
UOTINQTAISTQ AITSUIIU] 3UIIS ST (A'X)]

A= X- H
ApXp { (AA + XN)iug }dX3 \‘ (A'N)Y

(A"X)d(A"X)]
3UBUOCWOY J31JN04 D S3INSDRY ADJJY Uf 3uf[aspg YoDJ

SISIHINAS F¥NLYIdY

5



._.n_wuzotzuz:s.wzﬁ

C

W



WZ'9T = ( SSTIU] WY Of = AV
/8T’ = AV

@ Ag PaUJWJAI3Q UDJIN[OS3Y X0D.]-SSOJIY

WZ'el = 7 saprau] wy of = Xv
1/HY(6") = Xv

1 416U Ag PaUTWIR3IA] UOTINTOSIY XODJ)-BUOlY

SNOISNIWIQ ¥OIY3LXI AV

97



W hg = M BUIATOU] 591 = © 0 S3F[AU] IDMS Wy OOk

Wsh) = Mo Nis

_ SUJ33ID4 DULAILY
[DNPTAIPU] JO SJUTO4 JOMO4-JIDH A MITA-JO-PI3T14 auliaq

SH1QIM VYNNILINV

0

17



Th < W
BUIATOU] “(zg=) 700 < 190 asfnbay 6UIPIO4 PIOAY O O

W/Wy = 2 NIS

USUM SJn330 3qoT 6UjIDJY ISJf4 O

AON3ND3Y4 IVILVLS

ONITdWVS

ujowoq Aduanbat4
[D]IDAS U] 6uj(dupg A[w.J0jfup ADJAJY JD3UYT AJUDDUNDIY WNWIULW O

$3907 9NILVY9

9



s

195 1v 3807 oNILVHG 1S¥14 Sing T = N O

SYNNILNY 40 ¥3EWNN
6 8 (L 9 S h ¢

A A 1 1 A 1 i

- ON

¥ 0

SAVYYY ﬁuz_g‘gzgzzﬁg WNWINIW

SINIT3ISVE 3NDINN 40 HITWNN



AWOUOJISY OIPDY J0J P3IIBI0JD ST ZHY £Z 03 AN YIPFMPUDY

ZHW O = g XI5
41QYN-430 319NV
o0¢ oST o0
. . 0
ZHW £C
- G'
ZHY 0¢
ZHY ST
ZHY 0T = § -
ZHY T

NOILVT3¥H0 40 SSOT ANV HLQIMANVE

0

0

NOILONN4 ONIHSVYM 3ONIYd

1O\



S G'T = N/Xv =2

S/Wy 8'9 =N

I

Wi 0T = Xv

—
2008
AAN

¥oDJ]-6U0TY JUWSTI LOTINTOSIY
alQ JJUDADY O] PaJjnbay awp] Sy 33 S| aWf| UOJIDIGAU]

Wil éhgw::

JOL



MN."I@-.._'""_
MIN

103004-T114 Y3TH P3ASTUY AITATIISUSS ADSSIIBN

¥ 9' = Lv ‘ (34NIDRAL3] 3STON
X 051 “24MDJAUS[ DUUSILY ) 005) X 0Sh = SAS) og

$G'l=2 ZHW 01 = 4 gh =W
ASh=Whe' ) WZED =M1 = 1034,

2 HIZ = (WZ'9T) (W Z'ED) = @ = 13U,

v|m.\r._<m~_< E

rw~Pu:Fz>m< S| = 1v

DIMWI04 AITAJIISUSS IS

r:ﬁmmzum

(03



3~ 4= 3
(2/9 + ')z = ¥ LV 31duvs

Ng M
- \m N %
asv asv
o,
¥OLYI111950

vI07 NOWWOD

Y3AI303d

104

: Y

S1jUn JOATR0RY/oULRIWY [T O

NOTLVINWIIdWI TWLISICQ

*JYNLIILIHIYY WILSAS



mz ﬁ\ \ mz%
Wy N{

SITUN UOTID3JJ0) 3MDIPONY $h <

By @l N %
(Mo w0y ¥ (o w0y M|
S3TUN UOTID[9JI0) 3soyd-U] ¢ <

NOLLVINIWITdWI VLIS

ﬁzﬁum‘uﬁ W3LSAS

0

0

|05



Sdd OO@ =
S GQ'T / S1I9 QT X SNOILYI3¥Y¥0D JO ¥Y3AWAN X 7

SV MO SV 38 NVD 31V¥ TVI¥3s vio}] -

(ALIAILISN3S GNV 39NVY DIWYNAG A€ 13S)
SL1g TT - si19 Q[ :NOILVZILINVAD -
JYNY3LXJ

ZHY 0Z = 92 = § SY MO SV
39 NVD HOIHM 3LvY¥ ONITJWYS ([/y A€ L3S S3ivy -

(SL18 € s3sn yIA)
QgL SNOILVZIINVAD -

TYNYILN]

SILVY YLV
®

0

0

Lob



1d3INOY INIWNYLSNI

103



Y [ :UOJIN[OS3Y IfJiawoipoy -
(S3SSDAIA0 3PTSIYGIU pUD 3PTSADP L30Q
BUJIUN0D f3PNIJID] ,0¢ ID UOTIN[OSIJ [DJOCWSY ADD ¢
¢ J03OND3 10 UOJINJOSIJ [DJOAUI} ADP h) WY QOh :UIDMS -
wy O :UOJIN[OS3Y [DJIDAS -

SIUADJIND3Y 3IUITIS JNISTOY []OS SSIJPPY UD)
210y DIDJ SAQ 009 O WIIN -

11QJ0 SNOUOJLOUAS-UNS JDTNOJT) Wy 0pZ O U] -
ADJIY W Z2°97 X W 2°¢T 30 X¢Z BUTITIY -
SDUURIUY W hs' X W 2°¢1 T -

YIIM JUBWNJISU] STSSLIUAS 3InyJady Uy 0

AYVIWWAS

10%



(SWAISAS 3.Unyaay
91I3YIUAS puD [DIY UIIMIAG S}J03PDJJ 3]J3UDG/1S07) 3D IDYN

{S30UDIIT0] [DJNIINJAS ADJJY PUD DUUIILY 3Y) 3D IDUM
¢P31DJQ] D) 3G SIUSWNIISU] 3SR UDD [[aM MOH

(SIUAIJIINDIY JIMO4 Y3 94D IDYM 0S 4] pup
S3160]0UYI3] I[QOUOSIY LA TM PIILWBTAW] 3Q S2INIIBIJUYIIY YT WD)

SY3YV HOYVISHY

KA

"1

1A



(BUTSUaS 330WBY ITYADJGOUDII) PuUDG-) SD YINS SUOTIDD][daY
J3Y30 UJ pa1jo[dx3 ag SJUI UD) *3BDIUDAPY UOJINTOS3Y D SD
119M SD AIJAJIJSUSS D WAYY SAAT6 SIUNJIISU] STSIRUAS 3.n3Jady
40 24M9N1AS [aUUDY) [9][DJD4 PUD aw}] UOFIDJI6IIU] J33DAUY By)

{IATIODNIY 3q wayd

JUAWNJIISU] WOOJQUSN4/STSIYIUAS JO JIUUDIS/STSIYIUAS P]JGAH D pInoy
*SDUUBIUY JO JBQUMN 3yl SIATJ( JUSWSJIINDIY MITA-JO-PIal4 3u]

SVIYV HIYVISHY

'S

|10



ORIGH{NL PAGE 1S
OF POOR QUALITY

V. BANDWIDTH AND RECONSTRUCTION

As noted earlier, a nonvanishing system bandwidth results in imaging
errors ("fringe washing") off-axis when naive Fourier processing is used for
image reconstruction. The net effect is for system bandwidth to limit
field-of-view. In this section we exhibit the theory behind this effect.
This is exploited in the computer simulation described in section VI.

The first attached memo derives the relationship between system
response and scene brightness distribution for a polychromatic extended

source. The problem of 1mage reconstruction is cast as inverting an integral
equation:

00 +00 o)
o ux
Q(\k) — JIGCW) K(X)ezr wou dde

0 -

where
R(u) is the response at spatial frequency (or baseline) u
G(w) is the filter power gain at radian frequency ¢
W is the center or fiducial radian frequency

K(x) is the integral kernal to be estimated at scene coordinate x
(sine of angle across track).

Vi
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The kernal K(x) is the product of the antenna power pattern, scene brightne.s

-1
distribution and Jacobian factor(\~—>¢z) '* This is almost a Fourier
relationship between R(u' and K(x).

To see the connection between bandwidth and field-of-view, we perfo-m
a change of variables % =(w-w3,) and integrate over g . Then
‘*’o

+00
2Tt X
Kiw = fh(u,x)Kme dx
~ 3
00
?ﬂngX

45

woG((l+§)wc) 5 2z —\

where \r\Lu)x) = J %(g) €

ARNY) =
o ?S < =
Here h(u,x) multiplies K(x) which contains the antenna power pattern. Then
h(u,x) can be thought of as an additional but spatial frequency dependent
pattern factor. For a single frequency bandpass h(u,x) in a constant, but as
the bandwidth increases, it becomes tapered away from x=0.

The second memo describes how this formalism is translated into the
discrete problem of inverting a finite sampling of spatial frequencies to
estimate scene brightness. There we have an almost discrete Fourier
relationship:

7t(m-1){n-1)/N

where
Rm is R(u) sampled at w=(m-1)Aw and weighted by a phase factor

K, is K(x) sampled at x=(n- E§33AX
wnm is a filter design dependent weighting

1L



The samplings A, Du are such that A A =
number of baselines.

where N - s the

For a real sensor some baselines may occur with multiplicities other
than 1, in which case, we multiply W,, by the multiplicity factor//Annﬂ

13
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VI. COMPUTER SIMULATION

This section documents our aperture synthesis computer simulation
designed to quantify the nonvanishing bandwidth and reconstruction problem.
The source listing follows, it is written in Microsoft FORTRAN for the IBM
PC. The source and object codes for which are delivered on a floppy disk.
Two main programs appear - APSYNSIM and BASELINE. APSYNSIM calls subprograms
FOURT, SINC, and PLOT.

APSYNSIM is the main program for the aperture synthesis simulation.
It reads the run input data from file MASTER.DAT (listed after source
listings). The inputs are as in table VI-1. System parameters specified are
the number of baselines, null-to-null field-of-view, center frequency, and
bandwidth. The test scene is assumed to be of constant nominal brightness
temperature and limited to a specified scene width (£180°%) to avoid the
Jacobian factor in K(x) raising a division by zero error. APSYNSIM reads the
baseline multiplicities and processing weights from input specified files
(also listed). Input data sets can be concatenated for multiple runs.

The first step in the program is the creation of a scene weighted by
a (sinc)2 antenna power pattern with the necessary null-to-null FOV, and the
Jacobian factor. This is stored in array SCENE corresponding to Kn in
section V. The unweighted scene has a constant nominal brightness
temperature. Receiver responses are then calculated according to section V
and stored in complex array R. The weightings wnm are based on an ideal
rectangular bandpass filter. A scene estimate SHAT is generated by Fourier
transforming R. FOURT is a Fourier transform subroutine from the ORI program
library. The difference between SHAT and SCENE and the fractional difference
are computed as measures of estimation error. The fractional difference
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TABLE VI - 1
APSYNSIM Input Variab es

Name Meaning Format
RIDNAM Run ID name A20
N Number of baselines I3
(power of 2)

SWDTH Scene full width (degrees) F8.2
Fov Null-to-null FOV (degrees) F8.2
FO Center frequency (GHz) F8.2
BW Bandwidth (MHz) F8.2
TEMP Constant scene temperature (K) F8.2
MULTF 1 Multiplicity file name A20
WGTFIL Weighting file name A20
QUTFIL Output file name A20



(SCENE-SHAT)/SCENE is a measure of the raiiometric error induced since SCENE
and SHAT both are brightness distriouzion~ weighted by the same antema and
Jacobian factors. Since the scene nomina temparature is specified,
multiplying the fractional difference by t-.e noiinal temperature gives the
radiometric error.

Output at the various stages of the calculation are displayed on
printer plots generated by PLOT. 1In addition, an output file is created with
the input data as a header and four columns containing the abscissa (scene
coordinate x)} and three ordinates-the test scene, scene and estimate
difference, and radiometric error. The output file is in a format suitable
for importation to LOTUS from which graphics can be readily generated.
Simulation results are discussed in the next section.

A second main program, named BASELINE, is included here. It reads
from a keyboard specified input file and writes to a keyboard specified output
file. The input file contains integer antenna locations in a one-dimensional
array. The output file lists the multiplicity for each baseline in the array.
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7 Microez'Y =0 o 077 7000
T OATLRATURT SYHTHES S SINULATION
FLRAMETER (NMAY = 205
DIMEMSION SCEND (Metfd ., X 1ivlads . SHAT vl -0 0 =0 T obFaA ) L ldl s Gl s
COMFLEY RONMSY S, SUE L WOD' . WELG-T (3 -0
~RBECTERY 20 RIDAAM.: OLTE 2 JWETFIL ,OUTr o' 0 " S0t THEL
FI = %.14159.654
DZR = FI / 160.0
READ THE IMFUT FARAMETERS
OFEM(D1 FILE= "MASTER.DAT  ,STATUS= 06D
10 READ (21,20, END=C40, RIDNAM, ML SWDTH, FOV , Fo Bl TEdR  FULTF I WGTF IO,
1GLTFIL
20 FGRMAT (ATO/ , 17/ ,S(FB.27) ,Z(ATO/) [ aZn,
CEﬁm(zz,FILE =MULTFI,STATUS = OLD
READ (2D, 30) MLTHED
30 FORMAT(ALG, ,13)
DO 40 I = 1, ¢ -
READ (22, ° (IS) YMUL T(I!
40 CONTINUE
OFEM( DT, FILE=WETFIL . STATUSG="0LD )
FEAD (DS, 45 WETHED L ORIGINAL PAGE is
FORMaT (AD0/ ,17) , OF POOR QUALMTY
DT oS3 1 = 1, L
READ (DT, " (2E10.5) “yWEIBHT L I)
5 CONTINUE
IMITIALIZE THE SCENE
v o= FI / SIN(.S * FOV )
X1IN = —SIN(.S % SWLTH * DUFOD
Ca o= (=2 % XMIND / (N — 1)
£ 70 I = 1, M
X (1) = (I-1) % DX + XMIN
F o= SINC(VG » XtI) .
SCENE(I) = (P » FY / SORT(1 = (¥(I) = £{I:;)) < TCiF
70 CONTINUE
LISFLAY SCENE
WRITE (%, (1A1) "
CALL FPLGT (M, X ,SCENECY
WRITE (=, 90) N, FOV, SWLTH
90 FORMAT (/1X, 'TEST SCENE WITH'/IX. N =,
& DEGREES /7Y, "SUDTH = *,F&6.7, 1%, ‘DEGREE
COMPUTE RECEIVER RESFONSES
FiI0 = 2 # FI 7 N

i

R
w

FTKLFOV = Fe.D, 1,

Vo= (FT * BW) / (FO % 10000 » N)
LS 110 1 =1, N
FHI = (I — 1) ¥ FHIO

SUM = CMPLX(Q,0)
DO 170 J = 1, M
U= (I - 1) = (0] = 2.5 — (.5 « Ny, ¥ un
Wo= SINC(U)
SUM = SUM + SCENE (IS # b+ E3F(CATLA (D, WFHI » (J—1))3
170 COMT [NUE
ROIY = SUM 7/ N » MULT (D)
110 CONTUNUE
WEIGHT RESFONSES CALCULATED
Lo 115 [ = 1. W
Rel) = BRI} < WEIGHT(I)
148 2T TNUE
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1=
U Lines 1 i ) Microcscrt FORTRANTY VL0050 Maron
=7 C COl-UTE T € Fhg I3TIMATE
] CALUL FOUPT (R, J,1,~1 .1, W3R
q‘ S% 0o 150 1 = 1, N
d &0 SHAT T, = "TE2 (% (1))
&1 150 CoONTINUE
= C DiSFLAY THE SIENL ESTIMATE
63 WRITE(+,  (1H1 )
&4 CALL FPLOT(N,X,SH&T)
€5 WRITE(#,170)FD, R
&6 170 FORMAT(/1X, 'SCENE ESTIMATE WITH /72X, ‘'FO =" ,F6.2,1%, "GHz " /7%, EW =~
67 7,F8.2,1¥%, “MHz= ") ’
68 C COMFUTE WEIGHTED SCENE ERROR
&% LG 200 1 = 1, N
1 70 SHAT(I) = SCENE(I) — SHAT(I)
1 71 200 COMTINUE
72 C DISFLAY WEIGHTED SCENME ERROR
73 WRITE(+, " (1H1) ")
74 ChLL FLOT(M,X,SHAT)
75 WEITE (#,210)
76 210 FORMAT(/1X, "ECENE ESTIMATE ERROR ")
77 C COMFUTE SCENE ERROKH
78 Lo 2201 =1, N
1 7% THAT (I} = (SHAT(1) / SCENE(I)); = TEM&
80 220 CINTINUE
81 C CISFLAY SCENE ERROR
82 WRITE (#,  (1H1) 7))
87 CALL FLOT(N,X,THAT)
84 WRITE (% ,270)
8% 2TO FORMAT(/1X, 'SCENE ESTIMATE PERCENTAGE ERRONK )
' 86 CFEN(24,FILE=QUTFIL,STATUS="NEW")
87 WRITE(24,236)RIDNAM,N,SUDTH,FOV ,FL  BW, TEMF ,MULTFI ,WGTFIL ,ML_THED,
89 2W5THED
89 236 FORMAT (IH" JAZO 1K,/ ,IZ,5F8.2,/7 1H" JAZ20,1H" , 1H" ;A20  1H", /,
90 JiH" ARG IHY J1IH" ,R20, tHY)
91 pgo 278 1 = 1, N
1 Sz WRITE(24,277)X(1) ,SCENE(T) ,SHAT (1) ,THAT (1)
1 9= 277 FORMAT (4E2OV.S)
1 94 228 CONTINUE
95 GO TO 10
9& 249 STOF
37 END
Name Type Offcet P Clacss
R REAL 9276
oML X INTRINSIC
DR REAL 92T6
DX REAL 9444
ExF INTRINSIC
Fo REAL P27
i~ Ov RESL 268
I INTEGLR~4 410
J IMTEGER~4 624
¢ INTEGERS 2 PIRE
L INTEGER~a G478
M_THED CHR+70 FI7H



L Lain
MULT
MULTF

Mrtax
QUTF1
F
FHI
FHIO
FI
K
REAL
RIDWpe
SCENE
4 SHAT
SINM
SINC
J SORT
Sur
SWDTH
TEMF
THAT
L
Vo
W
WE IGH
WGTFI
WGETHE
WO}

X
’XMIN

1
Name
FOURT
MAIN

~.0T
SINC

Fass

10-05 -5
g ] 7 rocraccd s FOLTANT7? VL0700 March 1525
IMTEGLR - 8.0
1 CHAR<Z0 Q264
IMTESZF» . G2
INTECER» o FARAMETER
L CHAR~ZO Q24
REAL 947
REAQL 96172
REAL G604
REAL @232
COMFLEY &£160
INTRINSIC ORIGINAL PAGE is
M CHAR<20D P47, OF POO
REAL 16 R QUALITY
REAL 20464
INTRINSIC
RLAL FUNCTION .
i INTRINSIC
TCOMPLEX 9616
REAL G264
REAL Q28
REAL 088
RE&SL GL32
REAQL. 9456
REAL 836
T COMFLEX 4112
L CHAR¥*ZD FO04
D CHAR®20 9418
COMFLE X FEP6
REAL 1040
REAL FI6H0
EAt]
9?9
1)
Type Sice Class
SUBROUTINE
FROGRAI
SUBROUT INE
REAL FUNCTION
One No Errors Detected
100 Souwrce Lines
17 )
)




S/NC

U Lincel
1 C Hi5 I8 A FUNCTION TC CGr " UTC
2 PPUONCTZION SIMC U2
= IF (U .EO. O) GG TG 1
4 CINL = SINW, 7 U
5 FZTURD
6 1 SINC = 1
7 f ZTURN
8 END
Name Type Offset F Class
SIN INTRINSIC
U REAL O ¥
Name Type Sice Clasc
SINC REAL FUNMNCTION
Fass One Ma Erroare Detectea
g Source Lines
A

(24

e cTart FOR16ens ™
SINE LY /X
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-8

100

45
101

50

FLO

7

T T

SUpROUT IME FLC &

SUEROQUTIME PLOT (N, 1,Y)
FARGMETER (MNXx = 70,1y = 20}

DIMEASION X (1) Y LL) ~

DIMENSION IXT(5),IYTIS) ,XLakiS:

CHARACTER#1 SCREEM (NX,NY)

XLO = X (1)
YLO = Y (1)
XHI = X(1)
YHT = Y (17
DO 30 I = 2, N
IF (X(1) JLT. ¥LO)
IF (X(I) .BT. XHI)
IF (Y(1) .LT. YLO:
IF (Y(I) .GBT. YHI)
CONT INUE
YECOALE = (NX — 1) / (XHI -
YSCALE = (MY — 1) / (YHI -
DO Z5 + = 1, MY
DO e J = 1, NY
SCREEM{(J,t ) =
COMT TNUE
DO 36 1 = 1, NX

SCREEN(I,NY) = ‘="
CONT INUE
DO 37 I = t, NY
SCREEN(1,1) = ‘I°
CONTINUE

XTIC = (XHL - XLO) / 4.0
YTIC = (YHI - YLO) / 4.0
0o 38 I =1, 5
XLAB(I) = XTIC ¥ (I -
YLAR(I) = YTIC * (I —
k = (XLAB(I) - XLO) *

IXT(I) =
SCREEN (1 ,NY) = “+°
(YHI — YLAE(I)) =
IVT(I) = &
SCREEN(1,t) = “+°
CONT INUE

b=

Miorocatl

TO IMi—-FrC SCRECNS

YLt (G

XLg = (1
XHI = X (I}
YLO = Y(I}
YHI = Y {1,
XL

YLa)

1) + XLO
1y + YLD

XSCALE + 1

YSCALE + 1

DO 40 I = 1, N
IX = (X(I) — XLO} % XSCALE + 1
IV = (YHI - Y(I)) * YSCALE + 1
SCREEN(I%,IY) = ‘.°
CONTINUE
DO S J = 1, NY
DO St} =1, S
IF (J .EC. IYT{()) 60 TO 4%
CONT INUE

WRITE(*,100) (SCREEN(L 3,1
FORMAT (10X ,70A1)

60 70 9

WRITE (¥, 101 YLAR(L),
FORMATILX,B9.2,7041)
CONT INUE
LRITE (¢, 102 LLAK

= 1, N

(ECREEN(TI,JY, I =

FORIRATITT

MDY

VLT
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Me Errors Detected
Source Lines

N

L e et
E7 0 b6
D oines 8 Ficrosctt Fob WG o7 WIDT0 Mereh 1929
o7 Yool VIOV Twexk Bl .2, 4617.2)
, S FETURN
. 59 ED
Nar . Type Otfaect F Class
1 INTEGER>4 1516
1X INTEGER~4 1552
IXT IMTEGER=S 144G
1Y INTEGER~4 1556 gg’GWAL PAGE |5
IYT  IMTEGER+4 1480 POOR QUALITY
J INTEGER*4 1576
k. INTEGER=4 1532
N INTEGER=*& 0O x
NX INTEGER*4 FARAMETER
NY INTEGER»4 FARAMETER
SCREEN CHARx1 &0
X TRE&L 4 #*
AHI REAL 1508
XLAR REAL 41
x1L.0 FEAL 1500
XSCALE REAL 1524
XTiC REAL 1540
Y REAL 8 =
YHI REAL 15i2
YLAER REAL 20
YLO RERL 1504
YSCALE REAL 1528
"bYTH: Feal 1544
&0
Name Type Sice Clacss
FLGT SUBROUTINE



D Lines
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o= O

¢ R [ T P

(SNSRI VIR U S U 0 B S P ol ol
o W

44
45
a4
47
45
49
=0
A
=™

=
~

[
Sa
{=ag 4

La

o)

maoOn

10

‘

LR

W -
\—" ¥

GOCO00R

-

O f

=OuUR T ‘

Mircracott COF (ke 17272 V.0

PPCOTINE FOURT FOLLOWS

(mn

SDROUTING FOURT (DATA N, NDIN, ISIGH, IFORM, WUR! )
CIoENSIOMN DARTA L) (Nel (1) G IFACT (520 JWORE (i
TuDFI=6.28718B5207

=MD IM-~-13920,1,1

MT0T=2

LD 2 IDIM=1,NDIw™

IF(NH(IDIH))Q”H 90,2

NTOT=NTOT NN (LDTi1)

MAIM LOOK FOR EAQCH DIMENSIGH

[

LD P10 IDIM=1,NDIe b
Pr=NNCIDIM)

M= 2=NE L s

IF(N=-1)GZ0,900.,5

FalTOR N

o« 7

!
W=nF1

bt bt :7_7
[ B F Y
[ Y

- i

V=7
IOU0T=M/1DIV
IREM=M-IDIVs [QUOT
I=(10UDT-IDIVISO,11,11
IF(IREM) Z20,12,20
NTHWO=NTWO+NTWO
M=10U0T

0 TO 10

IDIV=T
I1CUOT=M/ILIV
IREM=M-IDIV+IQUAOT
IF(IOUDT-IDIVY 60,331,701
IF(IREM) 40 ,32,40
IFACT(IF)=IDIV
IF=IF+1

M=10U0T

GO TO 30
IDIV=IDIV+D

3 10 o
IF(IREMIEO,. 51,60
NTUHO=NTWO+NTWG

GO TO 70
IFQCT(IF) =M

SEZFARATE FOUR CASES--

1. COMFLEY TRANSFORM OR REAL TRAMSFORM FOR THE 4TH, STH,

DIMEMSIONS.

8]

TRANGFORM HALF THE DATA, SUFFLYLING THE OTHER HaLF
JUGATE SYMMETRY.

-

REAL TRANSFORM FOR THE 2ND OF ZRD DIMENSION.  METHOD--
v LON-

T. REARL TRANSFORM FOR THE 1ST DIMEMGION, M ODD. METHID---

15T~

LIPS
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fa

"3

Pl O

Lined
S7
58
S9
&
&1
&2
&3
b4
65
&b
&7
68
69
70
71
72
72
74
75
76
77
78
79
80
81
82
8=
84
85
86
87
88
89
Q0
91
o
93
Q4
5
9&
Q7
8
99

100
101
102
103
104
105
106
107
108
109
110
111

44

Loam

~!

4.

NONZ=HN
ICASE:=
IF(IDI
IF(IFQ
ICASE=
IF(IDI
ICASE=
IF (NTU
ICASE=
NTWO=N
M=M/2

NF2=NF
NTOT=N
I1=C

DG &0

DATA (I
I=1+2

I 1RNG=

Mezrmoe-(t

FORTRANT T VT,

TRANSFORM Hedl FOTHE DETA AT EACH SE7wBE, SUPFLYL

HALLF Ry CONJUGATE SYMMETRY.

REAL TRANCFORM FOR THE 18T DIMENSIGON. N EVEM.
TERANSFORNM & COMFLEX ARRAY COF LENZ H N/T WHGSE REAL FARTS

ARE THE EVDiN NUMEERED REAL VALUES
ARE THE OCD NUMBERED REAL VALUES.

AND WHOSE TH
SEFARATE AN

THE SECONMD HALF BY CONJUGATE SYHMETRY.

Fis (NF2/NTWO)
1

M=4)71,90,90
R 72,72,90

2

M=-1)7Z2,7%,90
O-NF1; 90, 90,74
4

TWG/ 2

e VWar]
PRy AN

T0T/2

J=2,NT0OT
y=DATALLY

NF1

IF (ICASE-2) 100, 95, 100

I1RNG=

NFOs (1 +MPREV/Z2)

SHUFFLE ON THE FRCTORE OF TWC IN M. AS
CAN EE DONE BY SIMFLE INTERCHANGE, NO WORKING ARRAY IS NEEDED

IF(NTW
NFZ2HFE=
J=1

DG 159
IF(J-1
I1MAXY=
DO 125
DD 125
J3=J+1
TEMFR=
TEMFI=
DATA(I
DATA(I
DATA (I
DATA(J
M=NF2H
IF{(J-M
J=J-M
M=1/2
IF (M-N
J=J+M

MAIN L
LENGTH

O-NF1) 600,600,110
NF2/2

I12=1 ,NFZ,NOND2
2Y120,130,130
I2+NONT-2

I1=12,I11MAX,2

1Z=I1,NTOT,NFD
3-12
DATA(IZ)
DATA(IZ+1)
3)=DATAID)
S+1)=DATA(IT+1)
3 =TEMFE
3+1)=TEMFI
F

Y1B0,150,145

ONZ2 130,140, 1 440

—

CCr FOR FACTOH

i m

F TWG. FERFORM FOURIER

30 Marcn 1Sch

NG THE OTH=ZS

METHCOD--

ABIMARY FERTE
L SUFFLY

THE SHUFFLING

FOUR, WLTH OME OF LENGTH TWO IF NEEDED. THE

T

TRANSFORMS OF

TWIDDLE FACLTOR
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AR SEDED DU NNN

10
o0

40

=50
~

AT-IN
[70

e=1

90
400

405

4116,

470

30
440
450

A&

470

7 Mrerigofe Famifany:

W=Er (ISIGN»Z¥FI+SORT (1) >/ (4#HHQ ) ) | CHzZUE FOR

AND REFEAT FOR W=1SIGN*SORT (1) «CONMIUGATE - W .

MOM2T=NON2+NOND
IFAR=NTHO/ ML

IF C(IFAR-2) 250,330, 320 ORigj
1PAR=1FAR/ 4 OF ng}’?. PAGE 13
GO TO 210 QUALMTY

DO 40 I1=1,I11RNG,Z

DO 40 J3=11,NON2,NF1

DO T49 K1=J3,NTOT,NOM2T
2=} 1+NOND

TEMER=DATA (1.2)
TEMFI=DATA (}F 2+1)

DATA(FD) =DATA(F 1) ~TEMFR
DATA(t 2+1)=DATA(} 1+1) -TEMFI
DATA(t 1) =DATA (I 1) +TEMFR
DATA(L1+1)=DATA (1.1+1) +TEMF 1
MMAY.=NON?2

IF (MMAX-NFDZHF) 370,600, 600
LMAYL=MAXD (NONDT , MMAX/2)
IF (MMAX-NOND) 405 405, 580
THETA=-TWOPI*FLOAT (NOND) /FLUAT (A= MiaK)
IF (ISIGN) 400, 390, 790
THETA=-THETA

WR=COS (THETA)
WI=SIN(THETA)

WSTRFR=—2. *WI¥H1

WSTRI=2. ¥WR+WI

DO S70 L=NONZ,LMAX,NONDT
M=L

IF (MMAX—NOND)Y 420,420,410
WRR=WR*WR—W [ %W ]

M2 T=2. ¥WR*WI
WIR=WIR*WR-WII*WI
WIT=W2R*WI+W2 I %WR

DO S3I0 I1=1,I11RNG,2

DO S30 J3=I1,NONZ,NF1
kMIN=J3+IPAR*H

IF (MMAX-NON2) 430,430,440
FMIN=JT

t DIF=IFAR*MMAX
KSTEF=4+} DIF

DO S20 t1=iMIN,NTOT,} STEF
K2=t.1 +t DIF

KI=t 2+ DIF

¥ 4=t I+NDIF

IF (MMAX-NOND) 460, 460, 480
UIR=DATA (L 1) +DATA D)

U1 I=DATA(} 1+1)+DATA(L2+1)
UTR=DATA (1.7) +DATA (H4)
UDI=DATA{LI+1) +DATA(H 4+1)
UTR=DATA (I 1) -DATA (L)
UTI=DATA( 1+1)-DATA{L2+1)
[T {ISIGN) 470,875,475
L4R=DATA V. T+1) ~DATA (h4+1)

D

CoaAut

LR LT L
. PR

1e: 2207
V2,00 terch 1907

W= ISIGN=-50RT (-1,
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Line#
1469
170
171
172
1735
174
175
176
177
178
179
180
181
182
187
184
185
184
187
188
189
190
i91
192
193
194
195
1946
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
217
214
215
216
217
2193
219
200

221

475

430

490

S0

S10

SO0

broe sl

—~ r
(V= PR

1.

7 Microcaftt FORTRAN?Z VL. 270 March 15-7
UaI=DATA(t 4)-DaTa 7))
GO TO Sl

U4R=DATA (I 4+1)-DATA T+1)
uda1=Darn =) -DAT AL &b

GO T0 S1d¢
TIR=W2IR4DATA (I 2) ~W2T+DATA(FZ+1)
T2I=W2R*DATA (Y 2+ 1) +WZTI*DATH (L 2)
TIR=WR*DATA(F3) —WISDATA(F3+1)
T3I=WR+*DATA (+'Z+1) +UI+DATA 3)
TAR=WIR*¥DATA(114) ~WII+DATA (I 4+1)

TAI=WIR*DATA (t 4+1) +WII*DATA(H 4) ORI
UIR=DATA (h1} +T2R OF ?alcl)\‘(l)"' PAGE IS
Ui I=DATA(L.1+1)+T21 R QUALITY

USR=T3R+T4R

UZ2I=T3I+T41

UZR=DATA(} 1)} -TZR ;
UZI=DATA(.1+1)-T21
IF(ISIGN)Y 490,500,500
UAR=TZI-T41

UaI=T4R-TTK

GO TO S10

UaR=T4T-T31

U4I=T3R-T4R
DATA( 1) =ULR+UZR
DATA(L.1+1)=U11+U21I

DATA (V2) =UTR+U4k

DATA (+.2+1)=UTI+U41
CATA(KZ) =U1R-UZR

DATAG 3+1)=U11-U21

DATA (K4) =U3R-U4R
DATA(L.4+1)=U3I-U41
KMIN=4% (KMIN-JZ) +J3
tDIF=t STEP

IF (} DIF-NF2) 450,530,330
COMTINUE

M=MMAX-M

IF (ISIGN)S40 ,550,350
TEMFR=WR

WR=-WI

WI=-TEMFR

GO TO S6u

TEMRFR=UWR

WR=WI

WI=TEMPR

IF (M-LMAX) 565,265,410
TEMFR=UE
WR=WR*WSTFR-WI S WSTFI+WR
WI=WI*USTPR+TEMFPR+WSETR1+W]
IFAR=Z-1F&R

MMAX =MMAX +MMAX

GO TO 360

MAIN LDODF FOR FACTORS NOT EOUAL TO TWO. AFFLY THE TWIDDLE FACTOR
W=EXF (ISIONED<FI-8O0RT (1) % (J2-1) = (J1 -J2) /A (NF2*[FF1)), THEN
FERFORM & FOURIER TRANSFORM OF LENGTH IFACT(IF) , MALING USE CF
COMJUGATE SYMRETRIES.



D Lines

it~
PRI

~my
LG

bt s
Zoal.

228
209
2760
271
232
=
o b 2

27

e
Pagn b

o 3t

-t

2737
~= e
g

-

o3

240
241
242
247
244
245
246
247
248
249
259
251
o)

L el

253

254

J b
nond
4}

256
25

289
260
261
262
2673
264
266
267
268
269
270
271
lalvdal
~g
74
275
270
277
278
279

280

0cr00~oo-t.n-‘.ﬂbbumwo—»»—-—»-w»-uf.a-,awtrocrLnuuawunmnmnmmuww»~»~»-»-»---»—--aw‘»—»a

Eini

&NG

610

620

675

&T0

&35

640

£45
&S0

7 fiicrosoes

IF (NTWO-NFZ2) 605, 700, 700
IFF1=NON2

IF=1

NF{HF =NP1 /72
IFF2=1FP1/IFACT (IF)

J 1RNG=NP2

IF(ICASE-T) 612,611,612
J1IRNG= (NP2+IFF1) /2
JZSTF=NF2/IFACT (IF)

JIRG2= (J2STR+IFFD) /2
J2MIN=1+IFF2

IF(IEF1-NFD) 615,640,640

DO 675 J2=J2MIN.IFF1,IFF2
THETA=-TWOFI+FLOAT (J2~1) /FLDAT (NFZ)
IF (ISIBN) 625,220,620
THETA=-THETA
SINTH=SIN(THETA/2.)
WSTFR=-2. «SINTH<SINTH
WSTFI=SIN(THETA)
WR=WSTPR+1.

WI=WSTFI

JiMIN=J2+IFF1

DO 635 J1=J1MIN,J1RNG, IFF1
I1MAX=J1+11RNG-2

DO 630 11=J1,I11MAX,2

DO 630 I3=I1,NTOT,NFZ2
JTMAX=13+IFF2-NP1

DO 630 JI=13,J3MAX,NFL
TEMFR=DATA (J3)

DATA(JI3) =DATA(JI3) *WR-DATA(JI3+1) %W [
DATA(J3+1) =TEMFR*WI+DATA(JT+1) ¥R
TEMFR=WR
WR=WRXWSTPR-W I *WSTF I +biF
WI=TEMFR*WSTPI+WI~WSTFR+WI
THETA=-TWOFPI/FLOAT (IFACT (IF))
IF (ISIGN) 650,645, 645
THETA=-THETA
SINTH=SIN(THETA/2.)
WSTFR=-2.*SINTH*SINTH
WSTPI=SIN(THETA)
LSTEF=24N/IFACT (IF)

KRANG=t STEP= (IFACT (IF) /2)+1
DO 698 I1=1,I11RNG,Z

DO 698 IZ=I1,NTQT,NF2

DO 690 hLMIN=1,} RANG,! STEF
JiIMAX=T13+J1RNG-IFP1

DO 680 J1=1T,J1iMAX, IFF!
JIMAX=J1+IFFP2-NF1

DO &80 J3I=J1,J3MAY,NF1
JOMAX=J3+ (FFL - [FFD

h=tMIN+ (I3-J1+(J1-13) /IFACT (IF) 3 /NMF1HF
IF (FMIN-1) 655,655, 6465
SUMR=".

SUMI=r.

DI 660 J2=J3,J2HMAY, IFFT

120

FORTRMT ™7

Y

L

~ =
Q< ]

~—~

-
o
RTINS SR

PR

T30 FMeren 1SEN
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4 avv

X

2e1

1

S

L70

&80

686

EFD

&91
&9

SUMR=VUMRHLATAWIZ)
TLEI= I+ DATA(GR+L)

LUTE (Y =S R

bR (21 =M

. TQ -80
FCONI=% 42% (N-FIMIN+1)
J2=J2Ma)

SiUMR=DATA(ID)
SUMI=DATA(IZ2+1)

C..DSR=D.

0i_DSI=0.

J2=J2-1FF2

TEMFR=SUMR

TEMPI=SUMI
SUMR=TWOWR¥SUMR—-OLDSR+DATA(JZ)
SUMI=TWOWR*SUMI-0OLDSI +DATA(JD+1)
OLDSR=TEMFR

OLDSI=TEMPFI

Jo=J2~-1FF2

IF(J2-JTY 675,675,670
TeMPR=WR*SUMR-0OLDSR+DATA(JDT)
TEMRI=WI*SIMI

WORE (F ) =TEMFR-TEMFI

WORE (FCONJI) =TEMFR+TEMF I
TEMFR=WR*SUMI-0OLDSI+DATA(JIZ+1)
TEMPI=WI*SUMF

WORE (L+1)=TEMFR+TEMF I

WORE (RCONJ+1) =TEMPR~-TEMFI
CONT INUE

IF (KMIN-1) 685,685,486
WR=WSTFR+1.

WI=WSTF1

GO TO 690

TEMPR=WR
WR=WR¥WSTFR-WI*WSTFI+WR
WI=TEMFPR®UWSTFI+WI*WSTFR+WI
TWOWR=WR+WR

IF(ICASE-3) 472,691,690
IF(IFF1-NF2) 699,692,692
b=1

IZMAX=13+NF2-NF1

D3 697 I12=I3F, I2MAX,NF1
DATA(I2)=WORt (}.}
DATA(I2+1) =WARK (} +1)

b=t +2

GO TO 698

COMFLETE A REAL TRANSFORM IN THE 1ST DIMENSION,

JUGATE SYMMETRIES AT EACH STAGE.

JTMAX=[Z+IFF2-NF1

0O 697 J375=13,J3MAX,NF1
JIMAX=J3+NPZ-J25TF

DO 4897 J2=J3,J2MAX,J2STH
JIMAaX=J2+JiRG2-IFF2
JICNI=JS+HIZMALX+IISTR-J 2

r A

)y > <

ez
-

i--7

ricraeontt FORTRANT7 V5,530 Heren

N ODD, EBY CON-

1-
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Line#
327
37

e
340
S4i
42
347
344
345
346
347
348
349
330
35

S o
355
354

~d
355
3ISs6

-
35

IER
359
360
361
I62
367
T84
265
364
367
368
369
370
371
I72
3773
374
375
376
377
378
379
3Ign
381
382
3873
-84
i8S
386
>87
388
89
390
et
39T

697
658

onoon

700
701

70
707

710

720

725
730
731

35

740

7
£EO 77 J1=3_.31MAL,IFFZ
N RS
D2Th J1)=L0rs (1)

Tl i+l =Rt (et
IF(J1—d2Y 697,697,696
DATA (J1CHI) =LAkt (1)
DATAJICNI+1)=-WOkR} (t +1)
JICNI=JICNI~IFFZ

COriT IMUE

IF=1F+1

IFF1=1IFF2

IFCIFPL-NFL) 700,705,610

Microsott FORTROMZ7

ORIGINAL PAGE IS
OF POOR QUALITY

COMPLETE A REAL TRANSFORM IN THE 157 DIMENSIOM, N EVYEN,

JUGATE SYMHMETRIES.

GO TO (S00,800,900,701) , ICASE
NHALF =N

N=N+N
THETA=-TWOF T /FLOAT (M)

IF (ISIGN) 707,702,700
THETA=-THETA
SINTH=SIN(THETA/2.)
WSTFR=-2, *SINTH*S INTH
WSTFI=SIN(THETA)
WE=WSTPR+1.

WI=WSTFI

IMIN=T

IMIN=2+NHALF-1

GO TO 725

J=JMIN

DO 729 I=IMIN,NTOT,NED
SUMR= (DATA (1) +DATA(J)) /2.
SUMI=(DATA(I+1)+DATA(J+1)) /2.
DIFR=(DATA(I)-DATA(I) ) /2.
DIFI=(DATA(I+1)-DATA(J+1)) /2.
TEMFR=WR*SUMI+WI*DIFR
TEMF1=WI*SUMI -WR*DIFK

DATA (1) =SUMR+TEMFR
DATA(I+1)=DIFI+TEMFI

DATA (J) =SUMR-TEMFR

DATA (J+1)=-DIFI+TEMPI
J=J+NF2

IMIN=IMIN+T

JMIN=JIMIN-2

TEMPR=WE
WR=WR*WSTFR-WI+WSTF I+UR
WI=TEMPRYWUSTPT+WI-WSTFR+WI
IF (IMIN-JMING 710,730,740
IFCISIGN) 731,740, 740

DO 735 I=IMIN,NTOT.,NFZ
DATACI+1) ==DATA(I#1)
NEZ=NED+NED

NTOT=NTQT+NTOT

J=NTOT+1

IMAY=NTQT/2+1

BY

Fagm

(37 it - s

.

te.: 2.2

VI,3Z0 March §34E

CON-
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760

7465

770

780

onooon

=DW

805

810
820
870

840
830

860

2 C
L PO

5 10

(LR}
7l

IMIN=IMAX-2¥HHALF
IT=IMIN

G2 10 75%
LeTA(J)=DATA(I)
DeTA(J+1)=-DATA(I+1])
I=1+22

J=J-2

IF(I-1IMAX) 750,760,760
CATA () =DATA(IMIM) -DATA(IMIN+1:
DaTA(I+1) =0,
IF(1-3)770,780,780
DATA(J)=DATA(I)
DATA(J+1)=DATA(I+1)
I=I-2

J=J-2

IF(I-IMINY 775,775,765
DATA(J)=DATA(IMIN) +DATA(IMIN+1)
DETAGI+1) =0.

IMAYX=IMIN

GCZ> TO 74%
DETA(1)=DATA(1)+DATA ()
DETA (D) =0,

6 TO 200

COMFLETE A REAL TRANSFORM FOR THE 2ND OR

CONJUGATE SYMMETRIES.

IF (I 1RNG~NF1) 895,500,900
LD 860 I3=1,NTOT,NFT
I2MAX=II+NFZ-NF1

DO 840 I2=13,I2MAX,NFL
IMIN=I2+11RNG
IMAX=12+NP1-2

IMAX=2% I3+NP1-IMIN
IF(12-13)820,820,810
IMAX=IMAX+NF2

IF (IDIM~2) 850,850,830
J=JIMAX+NFO

DO 844 I=IMIN,IMAYX,2
DATA(I)=DATA (J)
DATA(I+1)=—-DATA(JI+1)
J=3-2

J=JIMAX

DO 840 I=IMIN, IMAX,NFO
DATA(1)=DATA(JI}
DETA(I+1)=—-DATA(J+1)
J=J-NFD

END OF LOO® ON EACH DIMENSION

RED=NE L
wE1=NF2Z
N-REY=N
F=TURNM
el

|24

‘ Micreozof

T

F

c)

b TRAN 7

T

Fage &
02--NS-—-Ce
S —

1607270
F2rch 19c¢

JRD DIMENSION BY



I Line#

@

C =
DTA
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VII. SIMULATION RESULTS

In this section we present our simulation results using a simple but
realistic sensor as an example. The sensor parameters are listed in table

VII-1. A scene width of 900 and a nominal temperature of 250K are used.

The sensor resolution is approximately the scene sampling interval
(900/32). At an altitude of 300 km this corresponds to 15 Km resolution
with an antenna array dimension given approximately by

,_D:: (.l\m>(300krw> _ 4?_/\4

15 Km

The value .21 m is the wavelength. There are no grating lobes as the value

sn B®, = {;E£EZL}E§ ~ |
Gu D
Figure VII-1 shows the constant test scene weighted by the antenna
power and Jacobian factors as a function of scene coordinate (sineof across
track angle). Figures VII-2 to 7 show the weighted errors in the scene
estimates. By this we mean the error before the antenna and Jacobian factor
are removed. Figure 2 is for zero bandwidth, in this case the Fourier
processing is perfect and only random round-off error is present. Figures VII
- 3 to 7 have bandwidths of 10, 20, 30, 40, and 50 MHz respectively. As the
bandwidth increases the error amplitude envelope increases.
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Name

Fov
FO
BW

TABLE VII - 1
Sensor Parameters

Parameter

Number of baselines
Field-of -view
Center frequency
Bandwidth

Uniform multiplicities

Uniform processing weights

Value

32
60°

1.4 GHz

0, 10, 20, 30,
40, 50 MHz



The most important information is contained in figures VII - 8 to 12
which show the radiometric (or unweighted) errors. These errors are small but
nonzero near nadir (scene coordinate 0). Off-nadir they become large,
especially near the pattern nulls. In general, a region around nadir exists
where radiometric errors are uniformly tolerable. Defining this region to
have radiometric errors less than say 1.0 K specifies the useful field-of -view
of this sensor. 1In figure VII - 13 we have plotted useful field-of-view
versus bandwidth by interpolating the scene coordinate for which the
radiometric error exceeds 1.0 K. At zero bandwidth the entire 60°
field-of -view is usable, but this diminishes as the bandwidth increases.
Finally, at 50 MHz there is no usable field-of -view since nadir radiometric
errors exceed 1.0 K. The bandwidth of 30 MHz (just greater than that
allocated for passive use) has a useful field-of-view of about 30° by this
definition. Obviously there is a tradeoff here between radiometric errors
induced by this effect and the receiver radiometric sensitivity, since the
former increases with bandwidth and the latter decreases.
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V. CONCLUSIONS AND AREAS FOR FURTHER STUDY

Aperture synthesis may be an attractive approach to perform the soil

moisture measurement mission. It can have both a resolution and a sensitivity
advantage over real aperture systems. Further study is needed especially in

the areas of:

1)

2)
3)
4)
5)

6)
7)

Technologies

a) antenna design
b) signal distribution
c) digital correlator design

Calibration

Antenna and array structural tolerances

Trade-offs between pure and hybrid aperture synthesis techniques
Trade-offs between real and synthetic aperture systems (i.e.,
when does the cost of electronics exceed the savings from
antenna area).

Failure modes and reconfigurability

Adapting of the spacecraft concepts to aircraft prototypes.





